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Fundamental R&D in c-Si: Enabling Progress in Solar Electric Technology 
 
 

Bhushan Sopori 
National Renewable Energy Laboratory  

1617 Cole Boulevard 
Golden, CO 80401 

 
 
With increasing acceptance of photovoltaic (solar electric) energy as a solution to many energy 
needs of the world, PV production has grown at about 20%/year in recent years.  Worldwide 
shipments of PV modules reached about 400 megawatts (MW) in 2001.  Because Si continues to 
be the dominant technology, solar cell manufacturing using c-Si (single or multicrystalline) has 
reached new pinnacles.   Shipments of solar electric power products based on c-Si materials 
reached about 320 MW in 2001, representing more than 80% of total solar cell shipments. 
Because of the increasing demands of PV energy use, much of the current activity in the PV 
industry is heavily geared for increasing manufacturing capabilities.  Nearly all major 
manufacturers are installing new production lines.   
 
The industry expansion and attempts toward reducing production costs are guiding the 
production technologies in several directions: 
— Development of automated processing-equipment such as infrared furnaces, and wafer/cell 

handling machines  
— Fabrication of crystal-growth furnaces for larger ingots and higher chemical purity 
— Sawing (cutting) thinner wafers (faster edge removal for ribbons) 
— Encapsulation and module fabrication machines 
— Testing and process monitoring instrumentation. 
 
Many of these technologies implement the latest knowledge from fundamental research 
programs.  These areas of science and technology that were topics of discussions in previous 
workshops include: 
— Improved material quality through better thermal profiles and reduced impurity content 
— Methods of mitigating deleterious effects of impurities and defects in Si through gettering 

and passivation 
— Metallization techniques, screen printing with finer fingers, and fire-through SiN 
— Minimizing the number of process steps. 
These technologies are promising >17% solar cell efficiencies in commercial production. 
With the tremendous push for manufacturing growth, there is a certain degree of danger in that 
installing these technologies may prevent the entry of newer scientific results into production.  
Such a stagnation of technologies can also diminish the interest in fundamental research and may 
promote a tendency to devote R&D resources to more applied research. 

One may ask: have we run out of fundamental research?  Clearly, the answer is NO. 

1



The theme of this workshop reflects a need to establish directions for the future R&D—
directions that can take Si PV beyond 17%-efficient commercial solar cells to 20% cells and 
further lower the processing costs.  

Some of the important R&D areas are identified and are included in this workshop for further 
discussions.  The various sessions are: 

•  Advances in rapid crystal growth and material issues 
•  Wire sawing and future wafering techniques 
•  Defects/light degradation 
•  Solar cell fabrication 
•  Characterization techniques 
•  Shunting in solar cells: mechanisms and diagnostics 
•  Hydrogen passivation and processing. 
 
The discussions in this workshop will pave the way for R&D efforts that will enable future 
progress in the solar electric technology, particularly in Si PV.  This workshop provides a forum 
for informal exchange of scientific and technical information among international researchers 
and industry representatives.  Traditionally, this workshop has helped define the R&D objectives 
of the NREL/U.S. Department of Energy Silicon program.  Attaining the objectives of this 
workshop is greatly helped by devoted efforts of all participants — many people who help in 
organizing, planning the program, making presentations, and participating in discussions.  The 
workshop also recognizes the need to involve young scientists who will shape the future of the 
solar electric discipline.  We are particularly thankful to PV companies who have contributed to 
the Graduate Student Awards; this year, seven students will share these awards. 
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CHARACTERIZATION OF SILICON-FILM SHEET MATERIAL 

 
James Rand1, George Rozgonyi2, Ralf Jonczyk1, Sarbajit Datta1, Jinggang Lu2, Robert Reedy3, Renhua Zhang2 

1AstroPower, Inc., Newark, DE, 2North Carolina State University, Raleigh, NC;  

3National Renewable Energy Laboratory, Golden, CO 
 

 
INTRODUCTION 

 
The Silicon-FilmTM process produces a continuous 

sheet of polycrystalline silicon for use in the production 
of solar cells.  This is a relatively new material for the 
industry considering the growth method, the relatively 
high level of impurities, and small grain size. This paper 
reports on the progress in characterizing this relatively 
new material.  The conversion efficiency for Silicon-
FilmTM solar cells is presently approximately 80% of 
those achieved with the industry standard CZ or large 
grain cast materials. The smaller grain size and the 
lower purity are the logical explanations for perform-
ance differences.  With advances in the understanding 
of critical high temperature processes, such as getter-
ing, views on impurity requirements have changed.  
Similarly, conventional grain size limits are shown to be 
inaccurate, allowing higher performance than thought 
possible from smaller grains.  To delve into these and 
other specific material issues, an industry – academic – 
government team has been established.    This paper 
reports on some of the results found by that team and 
highlights some of the conclusions that have been 
drawn as regards impurities and gettering.  

 
Sheet Growth and Solar Cell Processing 

 
AstroPower presently has the fifth and sixth genera-

tion of its Silicon-Film machines in production.  The 
top surface of the polycrystalline silicon sheet has co-
lumnar grains, ranging in size from 100 µm to 5 mm.  
The total sheet thickness ranges from 600 to 800 µm.  
Each machine has a production capacity of 15MW per 
year and a linear sheet speed of 3.1 meters/min [1]. 
 
 Silicon-Film wafers are processed into solar cells 
using a conventional industrial process sequence.  After 
the sheet is cut square, which is done by laser or a 
conventional saw, the process sequence is a NaOH-
based etch, continuous phosphorus diffusion on a belt 
furnace, continuous HF etch, SiN anti-reflection coating, 
and screen-printed metallization [1].  In addition, two 
novel, high temperature gettering steps are being 
evaluated as part of the standard processing sequence.    
 
 
Characterization Requirements 
 

In its pure, single crystal state, silicon is a well un-
derstood and predictable semiconductor material, ac-

cordingly it is tempting to attribute all the deleterious 
effects seen in polycrystalline material to grain bounda-
ries and impurities.  Historically, it was believed that 
small grains (100 µm in diameter) limited solar cell per-
formance to efficiencies less than 8% [3].  Similarly, 
impurity studies in CZ ingots found that certain impuri-
ties in concentrations as low as 1012 ppma could devas-
tate solar cell performance [4].  Both of these conven-
tional models are inadequate to explain the perform-
ance of Silicon-Film.   

 
To fully understand the impact of defects and impu-

rities on efficiency, a hierarchy of contributing factors is 
presented in Figure 2.  The starting contributing factor 
remains impurities in the feedstock – with a special 
delineation for dopants (intentionally added) and high 
temperature compounds that may react differently than 
their elemental components.  Examples are oxygen, 
carbon, and nitrogen, and their high temperature sili-
cides. 
 

Extensive studies of the impurity impact on CZ 
grown wafers were reported in 1980, some details of 
which are shown in Figure 1.  The ranges of some criti-
cal impurities found in Silicon-Film material are also 
shown.  The levels found are well in excess of the quan-
tity expected to strongly impact efficiency, yet Silicon-
Film efficiencies remain at roughly 80% of the base-
line 14% efficiency reported in that work [4]. 

  
 
Figure 1.  Impact of impurities on CZ ingots as reported in 
1980 [4].  The dashed boxes represent the range of impurities 
found in Silicon-Film for Ti and W (box A) and Fe (box B). 
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                                   Figure 2.  A hierarchical table of the materials factors contributing to solar cell efficiency. 

 The next tier of contributing factors shown in Figure 
2 are those occurring in the wafer formation process.  
Again, these are very well understood for the CZ and 
FZ methods, but not yet well known for the Silicon-
Film sheet process.  Critical controlling variables are 
the impurity segregation effects and the role of inclu-
sions.  Critical results are the density of grain bounda-
ries, dislocations, precipitates, stacking faults and the 
role of point defects in their formation.  
 

Gettering is highlighted in Figure 2, as it spans both 
wafer formation and solar cell processing.  Many excit-
ing advances have occurred in the past decade in get-
tering for wafers used in the integrated circuits field and 
photovoltaics [5].  This area holds great promise for the 
proactive engineering of impurities.  The impact in Sili-
con-FilmTM material is actively under study.  In addition 
to gettering, other areas of defect engineering include: 
surface passivation, hydrogenation, and optimized 
thermal profiles.   The material characteristics resulting 
from these contributing factors are the minority carrier 
diffusion length, the effective doping level, and the level 
of discrete shunts, which when taken as a whole, de-
termine solar cell efficiency. 
 
 
Impurity Studies by SIMS  
 

Our objective has been to determine the impact of 
each of the contributing factors shown in Figure 2 to the 
overall device performance.  The first step was to 
measure the bulk impurity concentration.  ICP-MS, 
NAA, and GDMS have all been evaluated.  GDMS was 
determined to have needed detection limits and also 
the ability to measure impurities in only the active re-
gion of the device.  Methods that determine an “aver-
age” measurement over the wafer from front to back 
give misleading results for Silicon-Film material.  The 
range of GDMS results for Silicon-Film is shown in 
Figure 1 for Fe, Ti, and W.  Analysis of the data shows 
that there is more than enough Fe, W, Al, Mo and Ti to 
account for all the lifetime degradation in Silicon-Film 
individually, let alone in total.  The level of the impurity 

did not track lifetime in careful comparisons of material 
with high and low lifetimes.  The question then becomes 
which impurities are detrimental and which are benign.  
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Figure 3.  SIMS depth profiles showing a large carbon precipi-
tate, with high levels of chromium, aluminum, and iron at the 
same site.  The lower scan shows an expanded view of a sin-
gle precipitate containing C, Cr, Fe, and Al with the peak con-
centrations normalized.  The striking similarity in the C, Cr, and 
Fe scans led to the conclusion that the particulate was an 
inclusion, as opposed to being precipitated in the process. 
(SIMS done at NREL). 
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In an attempt to quantify the role of the impurities, 
SIMS (Secondary Ion Mass Spectroscopy) depth pro-
files were taken at the National Renewable Energy 
Laboratories.  An example of a SIMS depth profile is 
shown in Figure 3 where a number of precipitates can 
be found. 

 
One plausible conclusion from the SIMS data is that 

the transition metals are gettering to the larger carbon 
precipitate.  The similarity of shape of the profiles in 
Figure 4 implies that the impurities are uniform through 
the precipitate, which is not what would be expected 
from a gettered impurity.  A detailed analysis was car-
ried out on 13 different carbon precipitates by calculat-
ing the total concentration of Al, Fe, and Cr, and com-
paring it to the concentration of carbon.  Figure 4 shows 
the relative impurity concentrations are surprisingly uni-
form in both raw sheet samples (virgin) and processed 
materials.  This has led to the conclusion that the 
particulates are not precipitated from the melt at all, but 
are inclusions.  The characteristic impurity profile has 
been traced to certain insulation materials in the Sili-
con-Film furnace. 
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Figure 4.   Analysis of 13 different carbon precipitates as 

identified by SIMS.  The impurity concentration for Fe, Al, and 
Cr was calculated and compared with C.  The data shows that 
the ratio of Fe to C, and ratio of Cr to C, varies over a relatively 
narrow range, where the ratio of Al to C varies greatly.  Com-
bined with the inconsistent shape of the Al peak, this has lead 
to the conclusions that the Al is gettered to the site, and the Cr 
and Fe are present in the carbon inclusion.  

 
 

TEM Results  
 

 TEM studies have been carried out at both at NREL 
and at NCSU.  A review of the NCSU findings is pre-
sented in a separate paper at this workshop [6].  Car-
bon particulates were identified in Silicon-Film mate-
rial through TEM analysis done by NREL.  One example 
is shown in Figure 5.  The image shows a particulate 
surrounded by a network of dislocations.  Clusters such 
as these have also been identified in EBIC images and 
have a significant impact on device performance.  

 
Figure 5.  A TEM image of a particulate with a corresponding 
network of dislocations (work done by NREL). 
 

Similar large dislocation networks have been identi-
fied by NCSU with precipitates, inclusions, and voids at 
their core.    Utilizing EELS analysis, C and O have 
been found to be present in these particles.   There is 
also evidence of transition metal gettering to these 
sites.   As sample sizes and areas are small with TEM 
studies, further studies are required before conclusions 
with regard to overall material performance can be 
drawn.  
 
 
Oxygen Precipitates 
 
 Work done at North Carolina State University 
(NCSU) has focused on direct observation of defects 
through polishing and defect etching.  An example of 
that work is shown in Figure 6.  This sample shows a 
clearly delineated denuded zone (DZ) and a uniform 
distribution of stacking faults inside the grain.  
 
 A detailed study of this effect has focused on oxy-
gen levels and is presented at this workshop in a sepa-
rate paper [7].   In that study stacking fault formation in 
samples with high and low oxygen levels were analyzed 
after gettering and phosphorus diffusion steps.  Stack-
ing fault formation was evident in the high oxygen sam-
ples and missing in the low oxygen sample.  Minority 
carrier properties correlated with stacking fault pres-
ence.  A conclusion is draw that for Silicon-FilmTM ma-
terial with the annealing schedule presently in use, ini-
tial interstitial oxygen concentrations need to be below 
about 12 x 1017 cm-3 to avoid the formation of stacking 
faults.   
 

The size of the denuded zone in Figure 6 indicates 
that the mechanism causing the nucleation of the oxy-
gen precipitates has the ability to diffuse on the order of 
50 microns during the thermal schedule of the growth 
and processing sequences.   This distance rules out 
slowly diffusing interstitial oxygen, but includes carbon,  
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DZ

 
 
Figure 6.  Optical micrograph of an annealed sample SECCO etched 
for 1 minute.  A clearly defined denuded zone (DZ) can be seen 
around the grain boundary.  High initial interstitual oxygen levels 
have been associated with the high density of stacking faults formed 
in the intergrain regions. This work was done at NCSU. 
 
nitrogen, and iron – all known to enhance oxygen pre-
cipitation, and all present at high levels in Silicon-
FilmTM material.  Following this theory, the nucleation 
causing agent is gettered to the grain boundary, leaving 
an oxygen precipitation free zone.   The gettering of 
self-interstitials is another plausible cause for the forma-
tion of the denuded zone put forth in [7].  

 
The impact of the denuded zone can be seen quali-

tatively in the EBIC image of Figure 7.  If the stacking 
fault defects dominate device performance, a conclu-
sion could be drawn that smaller grain material would 
make better solar cells.  The impact of the grain 
boundaries on shunt conduction needs to be taken into 
consideration. 

Figure 7.  EBIC of a sample showing enhanced performance 
near grain boundaries. 
 
 
Conclusion 
 

The application of new processing steps and better 
understanding of defect and impurity interactions is 
allowing small grain polycrystalline silicon sheet mate-

rial to produce solar cell efficiencies approaching that of 
cast material and CZ.  To realize the full benefit of work-
ing with this highly defected, impure material, a thor-
ough understanding of which impurities and defects are 
benign and which are limiting performance is needed.  
Several characterization techniques are being evalu-
ated and their effectiveness in addressing these issues 
reviewed.  
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ABSTRACT 

The Ribbon-Growth-on-Substrate (RGS) silicon wafer manufacturing technology is a very 
promising high-speed wafer production technique under development at the moment. It has 
the promise to lead to a manufacturing technology, which allows silicon wafer manufacturing 
at the 25 MWp/a to 50 MWp/a level.  

A future development of this technology in the areas, RGS machine prototyping, wafer 
quality improvement and solar cell process optimization should lead to a commercialization of 
this technology in 2005.  

In the following an outline of the past developments, a status of the RGS technology today 
and the most probable road ahead is presented. 

Motivation 

In the last years a remarkable growth of the PV industry with annual growth rates well 
above 25% was achieved [1]. It is expected that PV can and will maintain growth rates at 25 
to 35% in the foreseeable future [2]. This also means that the PV industry has to adjust its 
manufacturing capacities to satisfy the market.  

Table 1: Production speed and capacity of different silicon ribbon production technologies. 
The last column shows the number of furnaces for a 100 MWp production line. [3] (EFG: 
edge defined film fed growth, SR: string ribbon) 

Material Pull speed 

(cm/min.)

Throughput 

(cm2/min.)

Furnaces per  

100 MWp 

EFG 1.7 165 100 

SR 1 – 2 5 – 16 1175 

RGS 600 7500 2 – 3 

 

To fulfill this market demand is the main challenge for PV manufacturing technology in the 
next years. Although it is expected that the world PV market will approach GWp module 
shipment levels shortly after 2006, the technology to produce PV modules efficiently on the 
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100 MWp scale is not available yet. Thus technological developments can be expected in all 
parts of the PV module production chain, from solar grade silicon, over wafer and solar cell 
manufacturing to module production. In the field of wafer production, the ribbon-growth-on-
substrate silicon wafer technology promises the effective production of silicon wafers at low 
manufacturing costs, at high production rate (see table 1) and with almost 100% silicon usage. 

During the late 70’s and 80’s a number of potentially high-speed crystal growth 
technologies were developed in laboratories in the US and in Europe. Their main difference 
were the way how the crystallization heat was removed from the liquid silicon and how the 
geometrical definition of the wafer was realised. Although a number of these technologies 
were very promising and successfully demonstrated on the lab-scale, most of the 
developments were stopped in the late 80’s in a development state, where major investment 
into a production prototype became necessary.  

 

Figure 1: Web supported silicon ribbon (S-Web) pulling was under development by Siemens. 
High throughput and 12% efficiency were demonstrated in the early 90’s. The major problem 
was the single use of the supporting web, which was made of very pure and expensive 
graphite. Brandl GmbH in Germany now owns this technology. [4] 

Among these processes, there were a number of methods where silicon was solidified in 
contact with another material (substrate or inlay). Wacker, as an example, at that time 
developed the so-called RAFT technology, which is similar to the RGS technology in the way 
that a re-usable substrate material was used to grow the silicon wafer. Other technologies 
under development were the LASS (low angle silicon sheet) technology or the S-web 
technology as outlined in figure 1. 

None of the above mentioned high-speed silicon ribbon technologies made it into 
production yet. However driven by the strong market pull and the expectation of a rapidly 
expanding silicon PV industry, some technological development are started (Sharp's rotational 
solidification), speeded up (RGS) or revived (S-Web). 

Ribbon-Growth-on-Substrate wafer manufacturing 

Promises 
Compared to all other high-speed wafer manufacturing technologies the Ribbon-Growth-

on-Substrate technology was under continuous development since its start in 1984 at Bayer 
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AG in Germany. But similar to the other technologies there was a strong dedication into the 
RGS development in the late 80’s and early 90’s resulting in the building of an RGS 
laboratory infrastructure and two laboratory scale RGS machines. In the time period between 
1994 and 1999 major steps in RGS technology development were realized with respect to 
wafer quality and solar cell efficiency but it was never decided to invest into the pilot scale 
RGS machine. Nevertheless this situation resulted in a unique possibility for RGS in the late 
90’s due to the following:  

- It is a very promising high-speed silicon wafer manufacturing technology, which 
demonstrated continuous improvements throughout its development. 

- RGS is well understood from a scientific point-of-view, and a number of 
advanced solar research laboratories are supporting the further development with 
their know-how. 

- Reasonable solar cell efficiencies are demonstrated and there is sufficient know-
how available to justify the development of the pilot machine. 

This formed the base for a co-operation between Deutsche Solar (as successor of Bayer 
Solar) and ECN on one side and a Dutch development consortium with support from S'Energy 
on the other side for a further development of the technology. [5]  

RGS principle 

Finished foils

AnnealingGassingCasting frame 
(cut)

Continuous substrate Preheating

Direction

 

Figure 2: Principle of the RGS process and schematic drawing of the continuos RGS machine 
built by Bayer. The most important process feature is the de-coupling of the crystal growth 
velocity (Vc) from the production speed (Vp) (src. Bayer AG). 

The principle of the RGS wafer casting process is simple. A ‘cold’ (below silicon melting 
temperature) substrate is moved underneath a casting frame filled with liquid silicon (melting 
point 1414oC). Thus heat is extracted from the silicon melt forcing a crystallization process of 
silicon from the substrate into the silicon melt. During this process the substrate is moved 
underneath the casting frame and crystal growth is stopped at the moment the substrate leaves 
the casting frame. Thus crystal growth direction and silicon wafer production direction are 
perpendicular to each other, which allows the independent control of both. Therefore 
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relatively slow crystal growth can be combined with high substrate transport speed and thus 
high production volume. 

After the casting frame, the wafers and the substrates are cooled down. During this process 
the wafer and the substrate separate, forced by their different thermal expansion coefficients. 
This allows the substrate to be re-used after the wafer has been picked-up. The RGS process 
as shown in figure 2 was demonstrated on Bayer’s lab-scale machines. 

Silicon crystal growth process 
Silicon crystal growth in contact with a cold substrate can be described by mathematical 

models, which belong to a class of transient heat transfer problems with a moving boundary 
condition, the solidification interface. The simplest case of this important class of problems is 
called the 'classical Stefan problem' [6]. It assumes that a liquid at uniform temperature Tl, 
which is higher than the melting temperature Tm is confined to a half space x>0. At time t=0 
the boundary surface (x=0) is lowered to a temperature T0 below the melting temperature (i.e. 
contact with the cold substrate) and maintained at this temperature. As a result solidification 
starts at the surface x=0 and a solid liquid interface s(t) moves into positive x-direction. Under 
these assumptions the heat conduction equations can be solved and the position of the solid-
liquid interface in time is described by: 

tts sαλ=)(  

with sα  being the thermal diffusivity of the solid phase and λ  being the solution of 
equation: 
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with the parameters: 

 b: ratio of liquid and solid heat conductivity 

 a: ratio of liquid and solid heat diffusivity 

 hsf: solidification heat 

 cps: specific heat capacity of the solid phase. 

Although this model is much too simple to describe the crystal growth in the RGS case, its 
solution can be useful for the qualitative understanding of crystal growth velocity and wafer 
thickness. 

In dependence of the substrate temperature, the following two figures show the wafer 
thickness grown after a certain time and the growth velocity of the solid liquid interface. 
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Figure 3: (a) Wafer thickness in dependence of the initial substrate temperature after 0.1s, 
0.5s and 1.0s. (b) Growth velocity as a function of time depending on substrate temperature. 
Note that the analytical expression approaches infinity for t->0. 

As indicated in the figures above, silicon wafer thickness in the range of 0.8 mm up to 
more than 1.6 mm for reasonable substrate temperatures can be reached in 1 s, with typical 
growth velocities in excess of a few mm/s range. Compared to other silicon crystallisation 
methods the silicon crystal growth rate in such a process is very high. 

The experimental results from RGS runs are in qualitative agreement with the picture as 
outlined above, although for a detailed quantitative analysis a much more sophisticated model 
is needed. In agreement with the classical Stefan problem, the initial crystal growth velocity is 
high in the beginning of the process and decreases rapidly. However, after a growth period of 
1 s, the typical wafer thickness is in the range of 0.3 mm to 0.4 mm, which is much thinner 
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than predicted by the model. The reason for the overestimation of the wafer thickness by the 
model is caused by the facts,  

- that the substrate temperature is not constant during crystal growth but increasing,  

- that there is a finite heat transfer between liquid silicon and substrate, which slows 
down the crystallisation speed and  

- that the liquid silicon melt is most probably in turbulent flow, transporting heat form 
the hotter top surface of the melt to the liquid-solid interface.  

All extensions to the simple Stefan problem solution slow down the crystallisation process, 
which means, that the solutions above can be regarded as upper limit. In reality, crystallisation 
speed and wafer thickness is lower, depending on system properties such as silicon-substrate 
properties, melt temperature and melt behaviour. 

RGS wafer technology and solar cell process development 

 

Record solar cell efficiencies achieved with RGS wafer based solar cells show a 
remarkable trend over the last 10 years. One of the main reasons for this development was the 
good co-operation between wafer manufacturer (Bayer AG), solar cell process developers as 
well as basic silicon material research and development (HEXSi, KoSi projects). This led to 
an increased understanding of the material characteristic and the behavior of the RGS wafer in 
a solar cell process. The consequences of this development can be seen by the steady 
efficiency increase as shown in figure 4. 

 

Figure 4: Record RGS solar cell efficiencies. Earliest results were from Telefunken and its 
successor ASE. In later projects the Fraunhofer Institute for Solar Energy Systems (FhG-ISE) 
and the University of Konstanz (UKN) held the efficiency records. 

In the future, it is expected that this development can be continued at the same or even 
increased speed. In order to do so, the next improvements in wafer manufacturing will be:  

- A reduction of the high oxygen content of the wafers by better silicon melt treatment. 
The oxygen concentration in the wafer limits at the moment the effect of hydrogen in-
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diffusion and thus the efficiency of an RGS solar cell in an industrial-type cell process. 
The high oxygen content also leads to the formation of oxygen related recombination 
centers during the cell process (thermal and new donors) [7, 8, 9].  

- The application of results from the silicon growth modeling to lower the wafer growth 
speed further and to improve crystal quality.  

- In a second phase the casting process will be optimized to allow better thickness 
variation control and to lower the amount of liquid silicon film extraction from the 
casting frame. 

Initial steps taken to implement the improvements as outlined above, resulted in the 
manufacturing of RGS wafers without major shunts, which were regularly seen in the past. 
These shunts were most probably caused by inversion channels of highly oxygen decorated 
extended defects, which could in the most extreme cases result in a carrier collecting network 
in the RGS wafer [10]. In a similar way series resistance problems, which were often lowering 
the fill factor of RGS wafers, could be solved. Both improvements resulted in the production 
of the first RGS based solar cell with efficiencies above 10% using an industrial-type solar 
cell process (i.e. screen printed contacts, firing through silicon nitride ARC, no texturisation). 

Table 2: Cell parameters of an RGS wafer based solar cell produced by an industrial type 
screen-printing process (cell size 5x5 cm2). 

Voc [mV] Jsc [mA/cm2] FF [%] efficiency [%] 

563 24.0 75.1 10.1 

Summary 

Ribbon-Growth-on-Substrate silicon wafer manufacturing technology is one of the most 
promising technological developments for the further improvement of silicon wafer based PV 
modules. Its productivity rate in the 25 MWp to 50 MWp range allows the construction of a 
100 MWp wafer production facility with only 2-4 RGS machines.  

In two R&D projects RGSolar and RGSells, the three important areas of machine 
development, RGS wafer manufacturing and solar processing are developed in parallel. In the 
area of machine development, design phase and technical drawing phase is finished resulting 
in a technical product documentation of the RGS prototype machine. Improvements in wafer 
manufacturing process development and solar cell processing techniques resulted in better 
wafer characteristics and a deeper understanding of the factors influencing wafer quality. 
Main near term challenges are decreasing the oxygen concentration and controlling the crystal 
growth velocity. Both are accompanied and guided by model forming in the fields of solution 
and evaporation behavior of impurities in the silicon melt and silicon crystal growth during 
the casting process. 

First steps in reducing the oxygen content resulted in RGS wafers and solar cells, which 
showed reasonable good cell parameters in a screen-printing process. Promising efficiencies 
of more than 10% could be achieved. Future improvements in melt treatment should result in 
further reduction of oxygen concentration and to an increase in solar cell efficiency. 
Additionally, this new material should react much faster on hydrogen passivation, which 
makes the material even more compatible with a standard firing through silicon nitride solar 
cell process. 
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These results and the promises of high-speed, low-cost silicon wafer manufacturing are the 
driving force to push this technology forward to commercialization in 2005. 
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AlBSTRACT 

To reach the cost and volume goals of the rapidly developing photovoltaic industry it is 
inevitable, to create an independent feedstock supply with SoIar Grade High Punty Silicon 
(SGS), because the availability of the hitherto used by-products of the Electronic Silicon 
Industry is limited and will not increase reasonably withn the next 10-15 years. The growing 
feedstock demand today is already irritating the PV market but a true shortage must not be 
expected. Recent results of a global assessment will be presented here. 
One of the conclusions implies that a new, cost effective Silicon feedstock, not depending on 
Electronic Grade Silicon production chain, must be available on the market by 2005 to meet 
the cost objectives. 
The implementation of a new technology jointly pursued by SoiarWorld AG and Degussa AG 
will make the production of solar silicon substantially more efficient and cost-effective while 
maintaining the same high quality level. The vigorously expanding solar industry will thus be 
able to draw on a source for its supply of solar silicon that will be reliable in the long run. 

Keywords: Solar Silicon, Feedstock, Production 

INTROD U CTlO N 

A11 PV experts are well aware that Silicon and Oxygen are the most abundant elements loolung 
at 16 km of the earth’s crust. 50 % Oxygen and 25 % Silicon are guarantees that Silicon is 
available forever. So there is an abundant amount of Silicon, why not for photovoltaic devices 
at reasonable costs? 
The explanation for it is a high-energy demand for the reduction to elemental Silicon and the 
purity needed because the cleaning processes request a lot of investment for the plants. 
Reviews of the present situation have been given by us earlier in two past studies carried out by 
BAYER and LIFE within EPIA the first denominated “Photovoltaics in 2010” [ALTNl] in 
1995-1997 and the second denominated “Present and likely future bottlenecks analysis for a 
sustainable photovoltaic poiicy” [AL?”2, Woditschl Kochl] in 1998-1 999 and by Hubert 
Aulich [AULICHI]. Not to mention the NREL and EPIA roadmap considerations. 
A part of Aulich’s conclusions was: “EG-Si produced by gas-phase decomposition of SiHC13 
and Sifi  represents the only source material for all crystalline silicon solar cells. 
There are only 7 companies producing Prime Poly Silicon material today and 6 out of 7 are 
producing crystals and wafers as a forward-integrated product as well. Comparing these 
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1 .  

2. 

3. 

4. 

conventional microelectronic technologies used by e.g. Wacker, ASiMi, MEMC and Hemlock, 
the production cost is high, with 30-45 $/kg too high for a mass product of the PV industry. 
Because of area related efficiency PV is not in a position to lower the cost by minimising the 
amount of feedstock like the electronic industry going into higher integration making more and 
more chips out of one wafer. 
A new global assessment of the ,,solar feedstock situation" has been finished just recently (June 
2002) by the EU-SAHARA project (A Task Force for the Creation of a Consortium to Set-up a 
SoG-Si Production Plant) and some results will be presented here. The SAHARA task force 
partners were: Deutsche Solar, ECN, Netherlands, JRC, Ispra, Italy, Scatec, Norway and 
Transenergie, France. Main objective of the SAHARA project was to set up a task force to act 
as a leverage towards the setting up of Solar Grade Silicon (SoG-Si) production plants. 
From those studies, and in particular from the feedstock bottleneck study in 98-99, clearly 
emerged that a feedstock crisis would have happened towards 2005 unless something was done 
towards the production of SoG-Si. In fact at that time no industrial Si producers would have 
thought to produce Silicon for the PV Industry also in view of the very good electronic market 
in the same period against the crisis which hit it later. 
A complete assessment at world-wide level o f  the current status of accomplished and on-going 
researches and industrial developments in the field of silicon production processes for solar 
cells applications has been tried. It has been the aim of the SAHARA Project to get the most 
updated, clear and objective document existing in the sector. This evaluation was on one side 
the basis for the analydrevision of the [ALTN2] Study which was critically reviewed and 
validated in its main statements and on the other side it assisted into the definition of the most 
suitable technologies for fbrther industrial development. 
Main hndamental objectives ( the SAHARA 'a priori' project goals) were : 

At technical level, to review state of the art of current industrial and R&D activities on 
Solar Grade Silicon production to ascertain if one or more technologies exist mature for 
industrial production or for pilot phase and a complete definition of the same technologies. 
At economic and commercial level, to update and validate [ALTN 21 study previously 
carried out by BAYER and LIFE within EPIA in 1999 to ascertain if a shortage of 
feedstock is confmed and therefore if the need of a SoG-Si production still remains. 
In case of positive answers for points 1 and 2 above, to promote some kind of association 
actions (Joint-ventures, Consortia, Link-agreements etc.) among mainly European partners 
for the R&D development first, the industrial development later and the commercial phase 
to immediately follow for those viable SoC-Si production routes. 
At policy level, to understand what role can Public Organisations play (National 
Governments, European Union, etc.) and which policy could be suggested, to sustain the 
risk and the huge investments of the actions described in 3 above. 

GENERAL ASSU MPTlONS 

1. The expectation in the market growth makes it worthwhile considering big efforts. The 
development in the past will be shown in Fig. 1 (next page) and the prognosis for market 
growth for the time 2002 and 2010 may be discussed in terms of three different models. 

Model 1 
Model 2 
Model 3 

Growth rate +1 l,tj%/year, starting in 2002 (average growth rate up to 1996) 
Growth rate +21,9%/year, starting in 2002 (average growth rate 1990 to 2001) 
Growth rate +34,3%/year for 2002 and 2003, levelling off to I l,6% (Model 1) 
from 2004 (34,3% was the average growth rate from 1997 to 2001, Japanese 
and Geman funding programmes end after 2003) 

16



MWP 

2000 

1500 

I000 

500 

0 

Fig. 1: History and projection of market growth of solar cell 

2. Crystalline Silicon is the workhorse of the global PV Industry at least for a decade. The 
distribution of the market shares of different solar cell technologies since 1980 (Fig. 2) 
demonstrates it's growing dominance. The growth of thin film technology is unlikely to 
have an impact on the demand of silicon feedstock over the time period considered." 
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Fig. 2: relative market shares of d#erent solar cell technologies (in percent of total turnover) 
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3. The specific consumption of silicon decreased from about 20 g/Wp in 1995 to about 
15 g/Wp nowadays and will decrease further to about 10 g/Wp in 2010. 

4. Some Solar Grade Silicon Qualities can be defined and used in different wafer and cell 
processes which go somewhere in between electronic grade and upgraded metallurgical 
specifications of the max im allowable impurity content as sketched in Fig. 3. 

Electronic grade 

to  reduce cost 
S crl a r grade 

improving purity to , match ISpec: c.100 ppb I 
PV requirements 

pgraded 
stallurgical E pec: e10,OOO ppb 

Low End 

Fig. 3: Different principles to approach Solar Grade Silicon 

SOLAR SILICON DEMAND 

Taking the above mentioned assumptions into account together with the decrease of the 
specific feedstock use and some assumption concerning some growing market penetration of 
thin film modules. The silicon demand will grow dependent on the different models presented 
in fig. I to ca. 6.000 to 9.000 t by the year 2005 roughly. 
The capacities for Electronic Grade Silicon (EG-Si) will been shown, together with some 
statements that are describing the present knowledge of the feedstock supply situation for 
electronic and PV business. 
The idle capacities of EG-Si are used today to follow the demand for Silicon by the PV 
companies. As the Prime Poly Silicon production in 2000 was 18*200 t there should be a 
Silicon supply for PV industry of 6.370 t if 35 % of the Silicon used in the production chain is 
recovered for PV wafer production. This amount of Silicon is reduced to 13 % by losses of 
recovering by subtracting highly doped material and by loosing material during sorting and 
cleaning as well as internally recycling. Total off spec Silicon together with MEMC granular 
for PV industry today is available up to 2.100 t in 2001 as will be shown in Fig 4. 

The demand for a Solar Grade Silicon will rise up to at least 8,000 tons in 2010 on the 15 % 
growth rate scenario and to more than 12.000 tons in case that all announced capacities are 
going on stream. The data are evaluated under the premises that 20 YO of the market in 2010 is 
covered by Thin Film and technoIogy development will reduce the demand of Silicon per Wp 
by 70 % to 10 g per Wp in 2010. 
The supply/dernand balance is shown in fig. 4 for the three different growth scenarios. 
The 
feedstock part are presented by hatched fields. 

capacities announced for 2003 and the coming years of the entirely PV dedicated 
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Fig. 4: Supply/Demand Balance for Solar Grade Silicon in the PV Industry 2000-2005 
(moderate scenario) 

The scheduled amounts in tonsjyear can be seen in the next table: 

Year 2003 2004 2005 
ASiMI-REC Poly 2.000 2.000 2.000 

WACKER Solar by Purpose 2.000 2.000 2.000 
JV DegussdSolarWorld 0 0 800 

Tokuyarna 10 10 200 

The challenge and the solution to meet the coming demand is visible: the PV industrv needs a 
Solar Grade Silicon production of at least 5.000 tons per vear in 2005 and up to 10.000 to 
15.000 tons per vear in 2010 independent from the electronic industry. 

Let’s look to the market development as a function of module price. The decrease of price from 
19 $ per Wp in 1980 to about 4 $ in 2000 means an average price reduction by more than 7 % 
per year connected with a strong market growth. The scenario for the future development 
shows the uncertainties of any prognosis. In 1999 the PV society expected a growth up to 650 
Mw in 2010, today the capacities announced predict 1 .OOO MW already in 2005. 
The price and the demand are connected. If the price does not come down as expected the 
market would not grow as announced and vice versa. This means that along the whole 
production chain cost has to be lowered at least to 50 % in the forthcoming ten years. 
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DEMAND FOR COST REDUCTION 

Calculating the feedstock price influence along our own cost structure at Deutsche Solar AG 
woditschl, Kochl] or the European MAS Study we will define a target twice for the Silicon 
feedstock of 12 to 13 Euro per kg as 
The summary of the supply for the PV market with feedstock comes up with six theses for a 
Solar Grade Silicon Production Facility shown below. Point 5 has to be solved and point 6 
means: start immediately. 

challenge of the feedstock supply for the fiture. 

1. 
2. 

3. 
4. 

5. 

6. 

Off spec materials and side products of the electronic Wafer production are limited 
Rapid growth of PV Market needs additional 5.000 t of Silicon in 2005 (moderate 
scenario) or already in 2004 (cell capacities announced) 
The growing PV Market is connected to an expected price reduction and vice versa 
The Module price reduction to 1,5 - 2,O $ per Wp needs cost reduction along the value 
chain 
Silicon feedstock should be available in the range of 22 to 13 e per kg at least lower 
than 25 € per kg (20 # per Wp) 
The schedule for development is more than tight 

NEW ROUTES To SOLAR GRADE SILICON PRODUCTION 

All attempts for the production of an SGS-production in the past and the present show that 
there was no solution of the problem around the comer, joint efforts are necessary. 
All considered new routes to a cheaper Solar Grade Silicon can be surnmarised under five 
HEADLINES 

1. Purification of Metallurgical Grade Silicon (MGS) 
2. Reaction of Silicon dioxide and Carbon with high purity 
3. ChIoroilane reduction with high purity reduction materials 
4. Development of existing technologies to reduce cost 
5. Design of new processes on existing technoIogies 

For more than 20 years the purification of MGS to SGS was the dream of different groups 
working hard succeeding hardly. The activities have been manifold as has been presented 
earlier. 
No production was realised until today because of economical reasons. The reduction of 
Silicon dioxide with Carbon of high purity is started again by SintefECN in a two-step process 
with Carbon removal afterwards. 
Starting in the period from 1975 to 1985 there was a lot of attempts to look to new chemical 
routes to an SGS-product. Besides a lot of money that was spent for evaluating these processes 
no solution of the feedstock problem was at the horizon. 
Normally when there is a promising new technology coming up old technologies show there 
strength and potential of fighting for the market. Even in case of PV there is no real stress on 
old technologies, producers of Prime Poly Silicon look for technologies to reduce cost. 
Cost reduction possibilities of the existing technologies and the companies involved are 
considered. There are efforts to market a SGS material, but the estimated cost reduction is not 
enough for the long-term need of the PV industry and the long-term commitment of the 
companies involved is at Ieast on doubt, when the electronic industry is recovering and higher 
prices are possible in the chip production. 
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There was a sign of hope when Bayer entered the stage with a new approach. Looking at 
existing technology the critical path was discussed, defined and developed by a project team 
looking to the cheapest way for the production of a SGS. Calculating with the optimistic eyes 
of an R&D-team they believed to come up with a new plant for an SGS-product within 54-57 
month, in an amount of 5.000 tons per year and with a price of 12 to 13 Euro per kg. Due to 
Core Business Considerations Bayers Solar Silicon Branch got sold to SolarWorfd AG. 
A rough principal sketch of a special PV supply route can be found in fig. 5. 
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Fig 5.  Value chain ofsemiconducting silicon and the related PV branch 

Due to the numerous discussions about a solar silicon supply an efficient de-bottleneckmg 
shows up to happen by various projects of different companies or consortia. Some of them 
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coming from the microelectronic side will bridge the gap at reasonable prices. Others will go 
further aiming at the necessary cost goals. 
Six projects were considered (SAHARA a posteriori projects results) for further development 

and described shortly below: 

The Wacker Chemie project plus a FIuidised Bed Reactor (FBR) development project 
The Tokuyarna project with a new type of deposition reactor 
The ASiMI/REC project plus a FBR development project 
The Degussa/SolarWorld project with tube deposition 
The SOLSILC/SPURT project with direct reduction and a melt purification cycle 
The ELKEM project based on purification of metallurgical grade silicon 

In particular those directly or indirectly initalized by SAHARA and some other bottleneck and 
roadmap discussions are: 

The ASiMUREC project, which is “ready to go” into industrial production with their relaxed 
Siemens process in 2003, whereas their REC Fluidised Bed Reactor (FBR) project still has to 
go through the pilot phase to aim for a lower product price. 

The JV Degussa/SolarWorld project, which is considered as the most ambitious project (hgh 
end technoiogy from the world biggest producer of Chiorosilane with a high end product at a 
price target in the range of 20 € / k g  along the guidelines set forth by the “Feedstock 
Bottlenecks Analysis” Study), which needs a pilot phase prior to industrialisation. 

The SOLSILC/SPURT project, which is already now conducted by a European consortium 
made of research institutions and industrial companies. This process is presently operated 
partly at piIot scale, partly at lab scale, and the whole process is planned for pilot phase in 2004 
having as a goal a product at a price below 20 € k g .  

A “ranlung” of these different technologies is not possible at the current state of development. 
All projects should go through the state of pilot production or industrial production; as 
appropriate, to allow a more detailed judgement. 
Projects 3 and 4 use, indeed, a very similar technology for the production of ChIorosilane but 
the foreseen deposition techniques are different. Project 5 is completely different and it is an 
alternative to the gas phase processes. 
The SPURT consortium will deliver a different product of probably lower grade and lower 
price than the gas phase technologies, and they will probably address at least partly another 
market segment than the other producers. 
Of the six projects above SAHARA certainly gave its strong contribution in promoting the 
DegussdSolarWorld Joint Venture, the ASiMVREC Joint Venture and the SPURT 
Consortium, by means of, among others, several meetings, two European Round Tables and a 
European Workshop. In view of the fast moving sector, LIFE, will continue workmg on this 

Two of the projects: Wacker Chemie and ASiMI/REC, are already at the industrial stage level 
with their relaxed Siemens process with Wacker Chemie already producing and ASiMI/REC to 
start production in 2003. They can bridge the feedstock gap of the coming years at somewhat 
higher prices than the PV cost-goals. Both Wacker Chemie and ASiMI/REC Fluidised Bed 
Reactor (FBR) projects still have to go through a pilot phase. SPURT is scheduled for the piIot 
phase in 2004. Above projects pilot phases are certainly recommended together with the 
DegussdSolarWorld project ready for the pilot phase now. 

px0.j ect. 
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THE JV DEGUSSNSOLARWORLD 

On May 24th 2002 Degussa AG and SolarWorld AG announced a joint venture for the future- 
oriented production of solar silicon, They thus pool their competencies in developing and 
establishing a cost-effective technology for the manufacture of solar silicon, In the consistently 
high demand for solar silicon as the raw material for the photovoltaic (PV) industry the two 
companies see a sigmficant potential for their joint activities. Degussa AG holds 51 per cent 
and SolarWorld AG has a 49 per cent stake in the new company. Entrepreneurial decisions will 
be taken jointly by the two partners. 
Degussa is world market leader in speciality chemicals. With sales of EUR 72.9 billion and a 
workforce of some 53,400, in fiscal 2001, the corporation generated operating profits (EBITA) 
of more than EUR 1 billion. Degussas Organzation plan is shown in fig 6. 

c 

Fig. 6: Organisation Plan of Degussa AG. The Business Unit Aerosil & Silanes of the Division 
Coatings & Advanced Fillers section is highlighted 

Degussa being the World market leader in Chlorosilanes since many decades can be con- 
sidered as the ideal partner to a company being specialised in Solar Silicon PV. 
The leading World Market Positions in the Sector of Aerosil and Silanes and the production 
places can be taken Erom fig. 7. Antwerp, Belgium is foreseen as the location for the planned 
Solar Silicon pilot plant. 
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A flow-chart of the planned Pilot-Plant; app.800 t p.a. can be seen in fig. 9. 
MonosilanelPCS - facili 

Deposition of Solar-Si 

Fluidized bed reactor 

FiSS 

Si 

Added value generating material SiH, supports an energy superior deposition 
recycling ofSiCI, in Aerosii + efficient deposition + method 

re1 low investment 
* to be developed re1 low operating costs 

Fig. 9: Flow-chart of the planned JV DegussalSolar World Pilot-Plant; app.800 t pa. 

The objective of the joint venture is to produce silicon Erom silane, a gas consisting of silicon 
and hydrogen. The silane will be provided by Degussa AG, one of the world's leadmg supplier 
of speciality chemicals. The decomposition of siIane to silicon takes place in tube-type reactors 
whose technology will be contributed to the joint venture by SolarWorld AG which holds the 
world-wide and exclusive license to this process developed by the US technology group GT 
Equipment Technologies Inc. (GI?), Nashua/New Hampshire. This technology provides for the 
silicon from the silane to be precipitated on the walls of silicon tubes. 
The joint venture will optimise and establish this innovative silicon technology to the point 
where a pilot plant with an annual capacity of initially 800 tons of siiicon can be built at the 
Degussa AG location in Antwerp by the year 2005. SolarWorld will use up to 85 per cent of 
the solar silicon of the pilot piant capacity for the group's own production of solar silicon 
wafers. The remainder will be made available to the world-wide solar wafer industry. 
The implementation of the new JV will make the production of solar silicon substantially more 
efficient and cost-effective while maintaining the same high quality level. The vigorously 
expanding solar industry will thus be able to draw on a source for its supply of solar silicon that 
will be reliable in the long run. Once the new technology has been established prices c m  be 
expected to come down in all parts of the PV industry. 

CONCLUSIONS 

The time of assessments, meetings and discussions is over. On an existing profound t echca l  
basis joint ventures, some being concluded right now, are necessary and will solve the main 
problems of the PV community. 
1. 

2. 

3. 
4. 

5 .  
6. 

Strong growth of PV industry needs an own feedstock supply independent from electronic 
industry (1 0.000 tons in the next 10 years). 
Feedstock must be of high quality for the production of mono- and rnulticrystalline Si - 
wafers with the potential for high efficient Solar cells (1 7 %). 
Cost target is below 20 €, maximum 25 € per kg (20 $ Wp). 
SGS from traditional Silicon producers will be available to compensate the fading supply 
of EG-Si capacities which will be used more and more for the semi conductor industry. 
High risk of the projects needs joint efforts and public financial support. 
Schedule for an independent SGS not before the end of 2005. 
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Abstract 

Silicon ingot casting conditions, including purification of the mold, mold coating 
material, and atmosphere gas and the ingot solidification rate, were investigated in order to 
improve the efficiency of photovoltaic cells of multicrystalline silicon with an optical conversion 
efficiency of 20% as a final target. As a result, it was possible to obtain high quality silicon ingots 
and produce wafers (wafer thickness, 3mm; resistivity, 0.5Ωcm) with an average diffusion length 
of 250μm or more from these ingots. The conversion efficiency of cells produced from these 
silicon wafers reached 18.3% (cell area, 25cm2). 
 
1. Introduction 
  Various research and development on photovoltaic systems is now underway with the 
aim of encouraging wider use of this technology as a form of clean energy, which is now desired. 
As part of this trend, research and development of a manufacturing technology for high quality 
multicrystalline silicon has also been carried out in order to achieve a substantial improvement in 
the conversion efficiency of cells in photovoltaic systems using multicrystalline silicon, as this 
material is produced in relatively large quantities. 
  The quality of silicon wafers is very important for improving the conversion efficiency 
of photovoltaic systems which use multicrystalline silicon. It is difficult to improve the 
conversion efficiency of a cell by the cell manufacturing process if inferior wafers are used. This 
means that improved wafer quality is indispensable for improving conversion efficiency. 
  To date, various methods have been employed to improve the quality of 
multicrystalline silicon wafers. It is well known that impurities1-9) in silicon wafers have an 
especially strong negative effect on conversion efficiency. Improvements have been realized in 
the silicon wafer purification process. However, since it is also clear that defects10-15) in silicon 
crystals influence efficiency, research aimed at reducing defects has been carried out, and in some 
cases, the results have been applied in commercial production. 
  The difference between multicrystalline silicon and single crystal silicon is in the grain 
boundary. Investigations of the influence of the grain boundary16-18), including simulations, have 
been carried out, but additional research and development are still considered necessary in order 
to achieve further gains in multicrystalline silicon efficiency. 
  In the present work, a casting technology for manufacturing high quality 
multicrystalline silicon ingots was developed to improve wafer quality and thereby contribute to 
high conversion efficiency in cells of multicrystalline silicon. This report presents results from a 
project entitled “Development of a practical technology for high efficiency multicrystalline 
silicon solar cells,” which was supported by Solar-Grade Silicon Technology Research 
Association (SOGA) and sponsored by New Energy and Industrial Technology Development 
Organization (NEDO). 
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2. Experimental Procedure 
  In this research, the casting method was used as a the manufacturing method for 
multicrystalline silicon. Experiments were conducted with emphasis on the following points in 
the casting process. 
1) Purification: In particular, purification of the mold, mold coating material, and atmosphere gas 
(argon). 
2) Solidification rate control: The size of silicon grains is controlled by control of the 
solidification rate itself when manufacturing multicrystalline silicon by the multi-stage 
solidification control method. 
  However, the purpose of solidification rate control was not limited to control of the 
grain size, but also included reduction of defects in crystal grains. 
 The experimental conditions are shown below in Table 1. 
 

Table 1   Experimental conditions 

     ------------------------------------------------------------------- 
   Ingot size  440mm X 440mm X 170mm  (75kg) 
   Silicon resource Semiconductor grade (over 1kΩcm) 
   Target resistivity 0.5Ωcm 
   Solidification rate 0.1-0.5mm/min 
     ------------------------------------------------------------------- 

 

3. Results and Discussion 

3.1 Crystal configuration of solidification ingots 
  Figure 1 shows the cross-sections of multicrystalline silicon ingots obtained by (a) the 
conventional multicrystalline silicon manufacturing method and (b) the multi-stage solidification 
control method (MUST process).  
  In the conventional ingot shown in Fig. 1(a), the crystal grains increase in size from 
small grains at the bottom to large grains in the upper part.  In other words, it was found that the 
grain size is dependent on the height position in the ingot.  The lines in the upper and lower 
parts of the ingot are traces of the cutting process.   
  In contrast, the MUST process ingot in Fig. 1(b) shows a virtually uniform grain size 
from the bottom of the ingot to the top.  
  Figure 2 shows the distribution of the number of grains and grain size in the ingot 
height direction, in other words, the solidification direction dependency of grain size.  Because 
ingots solidify from the bottom to the top, these results may be understood as showing the 
dependency of grain size on the solidification direction.  In the conventional ingot in Fig. 2(a), a 
large number of grains were observed at the ingot bottom. This number decreased at higher 
positions in the ingot, and became even smaller in the top area, near the final solidification 
position. In the MUST process ingot in Fig. 2(b), the grain size is constant at approximately 
10mm, and the number of grains is also constant. 
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3.2 Analysis of impurities 
 Figure 3 shows the results of an 
analysis of the impurity element iron in (a) 
conventional and (b) MUST process silicon 
ingots. The concentration of Fe is low in the 
central part in the ingot height direction. Table 
2 shows the analysis values of other impurities. 
The analysis position in Table 2 was the central 
part in the height direction at the center of 
diameter of the ingot.  The improvements 
shown here are the result of high purification. 
 

 

       
 (a)   (b) 

Fig. 1 Cross section of ingots by (a) conventional method and (b) MUST method 
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  (a)     (b) 
Fig. 2 Distribution of number of grains and grain size in ingot height direction in (a)
conventional method and (b) MUST process ingot 
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Fig.3 Distribution of impurity element iron in 
ingot height direction in (a) conventional ingot 
and (b) MUST process ingot 
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3.3 Measurement of diffusion length 
Figure 4 shows the diffusion length measurement 
position. Figure 5 shows the diffusion length 
measurement results for (a) conventional and (b) 
MUST process ingots. From Fig. 5, it is clear 
that the diffusion length of the ingots obtained as 
a result of this research and development project 
was MUST process greater than with the 
conventional method. 

 Figure 6 shows the measured diffusion 
length of wafers produced from a MUST process 
ingot. Although the resistivity of the wafers was 

0.4-0.6Ωcm, the average diffusion length was 250 µm or more, and in some portions, the 
maximum diffusion length reached more than 400 µm. Wafers were manufactured from this ingot 
and used to produce high efficiency cells19).  As shown in Table 3, a measured conversion 
efficiency (EFF) of 18.3% was obtained in a 25cm2 area. Table 3 also shows other values such as 
the open-circuit voltage, short-circuit current, etc. 

 
 

Table 2 Concentrations of impurities 
----------------------------------------------------------------------- 

(a) (b) 
    (Atoms/cm3)  (Atoms/cm3) 
======================================================================= 
 Aluminum  < 5.2X1014  < 5.2X1014 
 Oxygen   1.5-4.2X1018   < 4.3X1017 
 Carbon   1.2X1018   1.2X1018 
----------------------------------------------------------------------- 
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Fig. 4 Position of diffusion length
measurement in silicone ingot 
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(a) (b) 
Fig. 5 Distribution of diffusion length in measurement plane (from Fig. 4) in (a) conventional
ingot and (b) MUST process ingot 
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3.4 Measurement of etch pits 
 Etch pits were measured to investigate the reason why the diffusion length was greater with the 
MUST process than with the conventional method. However, no clear tendency could be 
observed, as the etch pits were under approximately 10(/cm2) in both cases. Typical etch pits in 

 
Fig. 6 Distribution of diffusion length in MUST process wafer 

 
Table 3 Cell properties19) (25cm2) 

---------------------------------------------------------------- 
 Jsc  Voc  FF  EFF 
 (mA/cm2)  (mV)    (%) 
================================================================ 
 36.9  634  0.782  18.3 
---------------------------------------------------------------- 

     
Fig. 7 Etch pits on MUST process wafer 
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an ingot produced by the MUST process are shown in Fig. 7. The etch pit density of the ingot in 
this figure was 4 X 105 (/cm2). 

Comparing the MUST process ingot and conventional ingot, the concentrations of all 
impurities except oxygen are of virtually the same order.  The fact that only the crystal particle 
diameter differed in the two methods suggests that some defect related to the crystal size or 
structure causes reduced quality.  The authors will continue to investigate this point.  
 
3.5 Observation of Electron Beam Induced Current method (EBIC) 
  Wafers were analyzed by the EBIC method to ascertain the cause of the extremely long 
diffusion length in MUST process ingots.  

Figure 8 shows EBIC photographs of the grain boundary area of wafers produced by 
the conventional method. Although the grain boundary is only shown in the photograph in Fig. 
8(a), which is an EBIC photo at room temperature, the current rose near the grain boundary at the 
low temperature of 96K. This high current area is called the “denuded zone.” Moreover, internal 
defects can be seen in the crystal grain at low temperature.  

Figure 9 shows the absolute current of the red lines shown in the photo in Fig. 8. When 
the denuded zone is compared with the interior of a crystal grain, the current is clearly higher in 
the denuded zone at low temperature.  Based on the fact that the denuded zone shows less 

    
    (a) At room temperature    (b) At 96K 

Fig. 8 EBIC photographs of wafer 
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Fig. 9 EBIC current at lines in photos in Fig.8 
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current drop at low temperature, it is considered that no deep-level defects exist in this zone, and 
further, that shallow-level defects have been reduced in comparison with the grain interior. 

Figure 10 shows the results of observation of the grain boundary of a MUST process 
wafer. Within the grain, degradation of the current was observed at low temperature (98K), but 
was not clearly seen at room temperature.  Furthermore, the current values showed basically the 
same tendencies at the grain boundary.  Based on these results, it is thought that the grain 
boundary has little influence on the properties of the wafers obtained in the present work, and in 
particular, the grain boundary tends not to become a recombination site at room temperature. 
 
3.6 Observation of Transmission Electron Microscope (TEM) and Secondary Ion Mass 
Spectrometry (SIMS) 

The TEM sample was taken from the grain boundary area observed by EBIC using the 
FIB (Focused Ion Beam) method and observed by TEM and SIMS.  Although the sample was 
investigated by EDX (Energy Dispersive X-ray spectrometer) in TEM observation, no impurities 
were detected in the grain boundary and the grain.  Likewise, no special elements were detected 

     
(a) SEM   (b) EBIC at room temperature 

 
  (c) EBIC at 98K 

Fig. 10 Grain boundary of MUST 
process wafer 

      
  (a) SEM        (b) EBIC 

Fig. 11 Analysis areas for TEM-EDX and SIMS 
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by SIMS.  Thus, even assuming that impurities may exist at the grain boundary, based on these 
results it can be said that their extent is limited to the grain interior, or their levels are below the 
respective detection limits. 
 
4. Conclusion 

A new multi-stage (MUST) solidification control method was developed in this 
research and development work and used to produce silicon ingots. The ingots showed a virtually 
uniform crystal grain size. Experimental photovoltaic cells produced from these ingots by a high 
efficiency process showed a conversion efficiency of 18.3%.  

A denuded zone was detected at the grain boundary of the silicon wafers by EBIC 
analysis. Measurement at low temperature showed few recombination sites in this denuded zone 
in comparison with the grain interior. Wafers manufactured by the MUST process showed no 
current degradation at the grain boundary. 
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Abstract

The modern wiresaw has emerged as the technology for slicing both single and ploy crystalline sili-
con wafers, replacing the ID saw which has been the tool for wafer slicing in the past 20 years. The ability
to slice very thin silicon wafers effectively with minimum kerf loss and good surface finish has made the
modern wiresaw an indispensable tool for photovoltaic (PV) wafer production. In this paper, an overview
of fundamental research in modeling of modern wiresaw manufacturing process will be presented, with
the objectives to better understand the cutting mechanism and to make it relevant via experiments for
improving industrial processes. To this end, investigation has been carried out on the modeling, opti-
mization, and control of the modern wiresaw manufacturing processes to meet the requirements of the
PV and semiconductor industry. Research results in mathematical modeling, numerical simulation and
experiments are presented.

1 Introduction

Slicing is a very important step in wafer preparation for photovoltaic (PV) industry. Since early 1990’s,
wiresaws have emerged in the scene for wafer slicing in PV industry. Subsequently, more wiresaws arrived
at the manufacturing floors for PV wafer slicing—replacing ID saws as the technology for wafering. The
modern wiresaw has the following advantages: (i) efficient cutting with low kerf loss, (ii) high throughput
of wafer production, and (iii) high quality surface finish, ready for the subsequent processes. Investigation
has been carried out on the fundamental understanding of the cutting process, modeling of the wiresaw slic-
ing mechanism, optimization and control of the manufacturing processes, and experiments. A comparison
between the wiresaws and ID saws is offered in Table 1. From the table, it is clear that wiresaw has much
higher throughput and yield with less kerf loss and sub-surface damage.

The modern wiresaw slicing process belongs to the category of Free Abrasive Machining (FAM). A
schematic of wiresaw is shown in Figures 1(a), which consists of one wire moving, either uni-directionally
or bi-directionally, on the surface of silicon ingot. The single wire is wound carefully on wire guides with
grooves of constant pitch to form a “wire web,” as shown in Figure 1(a). The wire guides are rotated
by a pair of master-slave drives, causing the entire wire web to move at high speed (typically 5 ����� –
12 ����� ) on ingot surface, while carrying the abrasive slurry to remove materials. The ingot is fed in the
direction perpendicular to the wire web as shown by the arrow, resulting in a net normal force and causing the
hydrodynamic effect to act upon the contact interface. The wire is maintained at constant tension (typically
�
The author has a web site for wiresaw related research: http://dove.eng.sunysb.edu/ � kao/wiresaw.
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Property Wiresaw ID Saw

Cutting method FAM/lapping ploughing/grinding
Typical cut surface features periodic wire marks chipping & surface fracture
Depth of sub-surface damage uniform 2 to 12 � � variable 20 to 30 � �
Productivity 110 to 220 cm

�
/hr 10 to 30 cm

�
/hr

Wafers per run 200 to 400 wafers one wafer
Kerf loss 210 � � 300 to 500 � �
Minimum thickness of wafer 200 � � 350 � �
Yield of 300 � � -thick wafers 580 per 30 � � ingot length 375 per 30 � � ingot length
Maximum ingot size/diameter 300 � � and higher up to 200 � � (8”)

Table 1: Comparisons of various properties between the modern wiresaw and ID saw.
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(a) Schematic of modern wiresaw (b) The “Rolling-Indenting” model for wiresawing

Figure 1: (a) A schematic diagram of modern wiresaw, and (b) the “rolling-indenting” wiresaw manufactur-
ing model. Note the exaggeration in the cut-away view for illustration. [15]

20-30 � for steel wire of �����	� � diameter) during the cutting process. A spool of plain carbon steel wire is
used to continuously supply the wire necessary for cutting.

The mechanism of wiresaw manufacturing process is described by the rolling-indenting process [4, 3,
6, 8, 7, 14, 2, 5]. The process of wiresaw slicing with slurry is theoretically more efficient and less brutal than
cutting with the ID and diamond saws, under the condition of the same energy input, because of the inherent
difference in the cutting mechanism viz. rolling and indenting in the former as opposed to ploughing in the
latter. In this paper, an overview of the wiresaw technology in silicon wafering will be presented. Important
parameters including: speed and tension of wire, slurry composition and viscosity, size and material of
abrasive grits, carrier fluid, kerf loss, real-time wire management, ... etc, which influence the subsurface
damage, total thickness variation (TTV), and warp of wafers will be discussed.

It is important to note that the modern wiresaw (slurry wiresaw) is entirely different from the diamond
impregnated wire saw. The diamond impregnated wire saw, utilizing diamonds coated on the surface of
wire to remove the materials by the ploughing machining process, is essentially an ID saw with linear
cutting edge instead of an annular one. Unlike the FAM wiresaw where the “free” abrasives will re-join
the cutting process, the diamond coated wire will lose its cutting capability once the bonding between the
surface of the wire and diamond is lost.
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2 Modeling of the Wiresaw Manufacturing Process

Before we started our research in wiresaw seven years ago, we found very little work done in this field other
than a few patents and technical notes. Since then, our research objective has been to develop a relevant and
integrated process model for this manufacturing process. Our ongoing research activities include modeling
and simulation, as well as experiments on both industrial and laboratory wiresaws. The analytical solutions
and finite element simulation are combined with boundary conditions to establish the integrated model. Most
of these research activities are related to the improvement of the manufacturing process such as reduction
of kerf loss and better surface finish. In the following, an overview of various aspects of research in our
wiresaw will be provided.

2.1 The “rolling-indenting” model

The fundamental cutting process of a modern wiresaw is built upon the rolling and indenting process with
the abrasives acting as the third party agent in the FAM process. A schematic of the model is shown in
Figure 1(b). During the manufacturing process, the abrasive particles in slurry are the free agents carried
by high speed wire. These abrasives are constrained to roll and indent on the surface of the ingot, as shown
in Figure 1(b). The brittle materials under an indenter develop vertical and surface cracks when indenter
approaches the surface to make contact. More interestingly, the subsurface horizontal cracks will start
to form when the indenter is retreating. Hence, the rolling-indenting process causes the formulation and
concatenation of such subsurface cracks, leading to the removal of materials. Equations of stress due to
contact and indentation are formulated with boundary conditions [4, 3, 6, 7]. The results, expressed with
dimensionless stress measures and normalized by the depth of indentation and angle of contact, suggest the
regions of removal for the ingot and the optimal shape of abrasives. It is recommended that the abrasive
have a conical indenting angle between ����� to ������� to optimize the slicing process. The rolling-indenting
process is also aided by the high-speed wire carrying abrasive slurry.

2.2 Vibration analysis

While the vibration behavior of a stationary wire, as that in a violin, is very well understood for centuries,
the solution of vibration of a moving wire is not derived until early 1990’s [9, 5, 11, 12]. Vibration analysis is
very useful in predicting the behaviors of the wire during the slicing process. Careful study of the vibration
of moving wire can help us to predict the kerf loss due to vibration.

In the analysis of vibration, the wire is subject to multiple excitations at the contact surface caused by
the abrasives and contact. The natural frequencies of a moving wire are [5]

�
	��������������� ���
�
� ��� � (1)

where
�

is the length of wire, � is the mass density per unit length, � is the tension, and  �
� � � �

�
�! ! ! 

represents the modes of vibration. When the velocity � is zero,
�"	

will be reduced to the well-known form
of the natural frequencies of a stationary string. The velocity of wire when

� 	
in equation (1) vanishes

is defined as the critical speed. When the speed of the wire is near this speed, the wire will experience
divergence instability. For the industrial wiresaws which use steel wire, � is very small while tension � is
high (around ��� � ) which results in very high critical speed (typically over

� �#� ����� ). The wiresaw operating
speed is normally less than ��� ����� ; hence, the divergence instability is generally not a concern.

The magnitude of vibration of a moving wire will also affects the kerf loss. The research in frequency
response, as that in Figure 2, reveals that the tension is a more important parameter than the speed of wire,
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Figure 2: Magnitude of the frequency response of a moving wire with respect to (a) various translating
speeds of wire, and (b) tensions. [12]

as far as the amplitude of vibration and kerf loss are concerned. Essentially, increasing the speed of wire
does not significantly change the kerf loss.

2.3 Hydrodynamic modeling at contact interface

A hydrodynamic model is developed to determine the hydrodynamic pressure and slurry thickness during
wafer slicing. Such results have direct bearing on the choice of abrasive size and viscosity properties of
the slurry base [2, 1]. The work focuses on the elasto-hydrodynamic interactions prevalent in wiresaw free
abrasive wafer slicing. During the wiresaw slicing process, an elasto-hydrodynamic film is formed between
the wire and the abrasive carrying viscous slurry, squeezed between an axially moving semi-compliant wire
under tension and the ingot being sliced. This phenomenon is analyzed by using finite element analysis. In
addition, the analysis of coupled hydrodynamic effect with the vibration of wire was conducted for a better
understanding of interaction at slicing [16, 17]. Numerical algorithm is used to simulate the process. The
analysis yields the profiles of film thickness and pressure distribution along the region of line contact as
a function of wire speed, slurry viscosity and process parameters. This information helps in demarcating
between the regimes of “slicing” and “polishing” in any “free abrasive machining” (FAM) process. The
results can be used to promote technological improvements in the productivity and efficiency of wiresaw
slicing.

3 Experiments and Results

Various experiments were performed pertaining to the wiresaw research. The size of grits and properties
of carriers will affect the hydrodynamic and vibration characteristics, and subsequently the performance of
cutting process and parameters such as viscosity of slurry. In addition, the ratio with which the grit and
carrier (oil-based or water-soluble) is mixed also have significant influence on the viscosity of slurry. In the
following sections, we discuss and summarize some results of research.
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Figure 3: A typical SEM photo of wiresaw sliced wafer surface. Note the abrasive grit indented onto the
surface.

(a) surface of wiresaw sliced wafer (b) surface of polished wafer

Figure 4: Comparison of wiresawed and lapped wafer surfaces. [1]

3.1 Rolling-indenting model and surface characteristics

Scanning Electron Microscope (SEM) are used to examine surfaces of as-sliced wafers. The results of a
typical wafer surface is shown in Figure 3. The SEM photo suggests that the rolling-indenting process is
random as revealed by the homogeneous pits on the surface (also see Figure 4a). Abrasive grit can be seen
to remain indented unto the surface of silicon substrate. In another figure, typical surfaces of wiresaw-sliced
and lapped wafers are compared in Figure 4. A well-controlled wiresawing process, unlike some lapping
processes, will not have scratches on the surface of wafer.

3.2 Abrasive grits and carriers

As mentioned earlier, oil-based and water-soluble slurries are frequently used in industrial wiresaws. Oil-
based slurry has two major problems: oil breakdown and environmental concerns. More operations have
turned to water-soluble or water-based carriers. Silicon Carbide (SiC) has been widely accepted as abrasive
grits for wiresaw due to its lower cost and high hardness. Green SiC is often preferred to black SiC in
semiconductor wafer slicing operations due to lower levels of metal and contaminants such as aluminum,
calcium, sodium, and iron. Table 2 summarizes data of SiC abrasives. Although slight discrepancy exists
between the two measurements on size of abrasive, data from Measurement I is usually used for analysis.
Note that the medium size reflects the average value. The actual particle size varies within designated
distributions. The green SiC also has slightly smaller surface area per unit mass. Typical abrasive geometry
and composition of kerf particles after slicing is shown in Figure 5. The figure also shows typical silicon
particles which are removed during the slicing process.

When slurry is made, certain ratio between the mass of the grits (in ��� ) and the volume of the carrier
(in �����	��
 ) is established. Naturally, the viscosity of the slurry is related to the ratio between the grits and
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Medium size ( � � ) Surface area ( �
� � � )

FEPA Grade Measurement I Measurement II black SiC green SiC

F400 17.3 20.7 0.282 0.257
F500s 11.7–14.7 13.1 0.400 0.324
F600 9.3 12.3–13.3 0.516 0.428
F800 6.5 9.6 0.700 0.500
F1000 4.5 6.6 1.272 1.201
Fujimi GC600WS - 22 - -

Table 2: Grit sizes for different grades of SiC and surface areas for green and black SiC. Measurement I is
done by the Coulter Multisizer capacitance principle; measurement II is by the Coulter LS laser diffraction.
The “F” prefix of the different grits designates the FEPA, European standard, average particle size. A larger
number indicates a finer average size.

Figure 5: Comparison of wiresawed and lapped wafer surfaces. [1]

carrier. A typical chart for different mixing ratios ( ��� of grit per � � � � 
 of carrier) of SiC in water-soluble
carrier is shown in Figure 6. In the figure, the viscosity (in � � ) is plotted in logarithmic scale with respect
to the shear rate. Four different mixing ratios are plotted. The mixing ratio of 1.25 results in the maximum
viscosity of � � �#�#� � � at low shear rate. It is clear from Figure 6 that higher ratio results in higher viscosity.
On the other hand, if the ratio is too low the slurry will lose its viscosity, resulting in poor cut. A commonly
accepted mixing ratio is between 0.75 and 1.0.

3.3 Wafer surface measurements

A new methodology built upon the shadow moiré technique with the Talbot effect is developed to measure
the surface topology of sliced wafers. The methodology of shadow moiré employs a fine grating to cast
shadow on surface of wafer with a He-Ne laser. The interference between the grating and the shadow casted
by the reference grating causes fringe patterns to formulate [14, 13]. The technique is non-contact and
does not require spinning the wafers, and thus will not introduce dynamic stresses and vibrations to the
wafers during the measurement process. Consequently, this technique will enhance the fidelity of surface
measurements. In addition, the measurement is done on the entire wafer surface simultaneously, eliminating
non-collocated discrepancies. The resolution of such surface measurement technique is enhanced by the
phase-shifting technique to submicron resolution [10].
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Figure 6: Experimental results on the relationship of the viscosity and shear rate for water-soluble carrier
with SiC. The four different mixing ratios represent ��� of SiC abrasive grit per � � � � 
 of carrier.

4 Future of Wiresaw in Wafer Production

The ability of wiresaw in cutting ingots of various materials as well as the capability of slicing large crystals
with small kerf loss have made it indispensable for wafer preparation in the future. As the modern wiresaw
technology matures in the 21st century, it will play an even more important role in wafer preparation. In
addition, the wiresaw is capable of cutting harder materials such as III-V compounds and ceramics.

The future development in the improvement of yield is important. Many sliced wafers are broken
during the handling and shipping process due to (1) inherited residual stress on the wafers, and (2) additional
stress applied due to handling. These issues can be studied using optical metrology method, such as those
in Section 3.3, to find the residual stress pattern as a function of slicing parameters.

Wire rupture causes wafer surface discontinuity and typically results in the entire ingot being discarded.
A real-time, on-line monitoring and metrology of wire during wiresaw operation is needed to ensure the
quality and success of slicing.

Reclamation and recycling of abrasive grits have been developed for water soluble carriers. This
remains a very exciting and beneficial area that can be improved for efficiency and productivity.

5 Summary

In this paper, we presented recent research results on wiresaw manufacturing process for wafer preparation.
Theoretical modeling and experiments were performed to advance the technology and knowledge of this
critical technology. The existing technology of ID saw and the modern wiresaw are compared.

The “rolling-indenting” model of the wiresaw manufacturing process is presented, as well as the shape
of abrasives for optimal cutting performance. Individual vibration and hydrodynamic analysis are studied, as
well as the interaction between the two. The results can be used to predict the amount of kerf loss and pres-
sure distribution. Experimental results on various aspects of wiresaw and slicing process are also presented.
A non-contact, whole-wafer wafer surface measurement technique using the shadow moiré technique with
Talbot effect is also described.
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INTRODUCTION 

Today, the typically 320 µm thick crystalline silicon wafer sawn from an ingot with a kerf 
loss of 180 µm represents more than 40 % of the solar module cost. A reduction of this major 
cost share is therefore an important and very effective measure towards lower cost goals. In 
principle, thinner wafers with better surface quality have to be cut from a crystal at high yield 
with less silicon material wasted. The outstanding electronic quality of a pulled or cast silicon 
crystal leads to a 20 % solar cell conversion efficiency capability even in a 50 µm thin silicon 
wafer [1]. At present the multi-wire slurry saw (MWSS) method is the only wafering technique 
on the market. Because of the abrasive nature of this cutting process, which involves mecha-
nical stress and surface damage, there are physical limitations concerning the wire diameter, the 
size of SiC grains used in the slurry and the minimum thickness of the wafers that can be pre-
pared under high yield conditions. It appears that a wire spacing (i.e. a wafer thickness plus kerf 
loss) of 250 µm may eventually be obtained in the probable limit of this method [2], represen-
ting a twofold increase in the number of wafers obtainable from the same ingot. Further 
progress with this technique will be barred effectively by the extremely fragile nature of 100-
150 µm thin surface-damaged silicon wafers. In order to overcome this limit, at Fraunhofer ISE 
there are at present different methods under consideration which may be suitable for a stress- 
and damage-free cutting of 50 µm thin wafers with ready-to-use surfaces and a cutting loss of 
below 100 µm [3]. The proposed chemical cutting of silicon by means of stream etching and 
laser-assisted thermochemical etching does not suffer from mechanical stress-related limita-
tions since they are non-abrasive techniques. The idea for the former was taken from an old 
patent by Barry and Seeley [4], where it was extensively tested for cutting 25 µm thin wafers of 
Germanium with a 175 µm cutting width. In the present paper, the first experimental results of 
the application of the stream etching technique to silicon cutting as well as the involved theory 
of silicon etching will be described in some detail. 

 
STREAM ETCHING PRINCIPLE 

Fig. 1 shows the principle of 
stream etching (after ref. [4]). A 
stretched metal wire is used to elec-
trochemically slice a crystal ingot. 
A suitable electrolyte flows down 
the wire and wets the crystal locally 
as indicated on the right hand side. 
When a DC voltage is applied bet-
ween the wire and the ingot, elec-
trochemical etching starts in the 
neighbourhood of the wire. The 
electrical conductivity of the elec-

electrolyte stream

waste basin

ingot movement

wire=
DC source

etching
current

ingot

electric field lines
 

 

Fig. 1: Stream Etching principle 
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trolyte should be low in order to concentrate the electric field lines and therefore the etching 
action in the direction of the intended ingot movement. The electrical resistivity of the electro-
lyte needs to be indeed much higher than that of the crystal, otherwise the cut would be 
widened considerably, and eventually the ingot would be etched nearly isotropically in all parts 
where the electrolyte wets the ingot. 

When a groove has been etched – which can be monitored by a decreasing etching current – 
the wire or the ingot has to be moved forward in order to maintain a constant distance between 
the wire and the crystal to be etched. In principle, it should be possible to control the process 
quite well by monitoring the etching current at constant voltage and feeding the wire electrode 
at a constant rate towards the ingot. 

 
Cutting germanium by stream etching 

 
In ref. [4] Barry and Seeley have listed several application examples of their cutting method 

for the production of germanium wafers. The electrolyte used was 0.00087 – 0.002 % KOH in 
DI water, the wire material was tungsten or platinum with diameters from 25 – 85 µm. They 
sliced 2.5 Ω cm p-Ge and n-Ge crystals into 2.8 x 2.8 mm2 sized wafers with thicknesses as 
small as 25 µm and with a cutting width in the range of 127-241 µm. In most of their experi-
ments they applied a constant voltage of 90 – 100 VDC, which resulted in current densities of 
9–28 mA per mm of cut length. The wire feed rate was between 178 and 432 µm/min, the opti-
mum cutting speed for the smoothest surfaces ranged from 178 to 305 µm/min. 

What Barry and Seeley observed was that the etching factor, which is defined as the ratio 
between the volume of the material etched per minute and the corresponding etching current, 
decreased from 3.0 to 2.5 mm3/A min when the wire was fed at a higher speed. Faster cutting 
resulted also in increased cutting widths. The authors suggested to maintain the temperature as 
well as the concentration of the continuously agitated electrolyte constant and to vary only the 
cutting speed and the applied voltage. In fact they observed that at constant voltage conditions, 
the process became self-stabilizing. Since there is a very steep, non-linear inverse relationship 
between the local current density (and therefore the local etch rate) and the gap between the 
wire and the material to be removed, the actual gap between the wire and the front of the cut is 
maintained constant when cutting at a constant feed rate. If for example there is a local 
reduction of the etch rate due to a higher local resistivity (due to possible fluctuations) in the 
material to be cut, the gap between the wire and the crystal decreases locally with a resultant 
considerable increase in the local etching current such that this particular area is preferentially 
etched away. 

The above etching principle could be reproduced 
in an experiment, as shown in Fig. 2. A surface 
profile of a germanium wafer is shown that has 
been etched in 0.004 % KOH without wire 
movement. As can be seen, a clear image of the 
wire has been etched with macroscopically smooth 
surfaces. The scan has been performed with an FRT 
MicroProf® optical surface profiler. 

Considering the quite high etch rates obtained by 
Barry and Seeley which are at least one order of 
magnitude larger than those obtained with conven-
tional wet etches, an ingot of 100 mm diameter 
could at least theoretically be cut completely in less 

Fig. 2: Germanium stream etching 
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than 6 hours which is about half the cutting speed of a MWSS. The problem however in just 
extrapolating the results of [4] for larger ingots is the electrical current that has to be supported 
by the fine  metal wire. For example the necessary current for cutting a 125x125 mm2 ingot 
instead of a 2.8 x 2.8 mm2 one is about 45 times higher, namely 3.5 A. This means that the 84 
µm diameter wire would have to carry a current density of approximately 630 A/mm2. Such 
large currents would of course instantly vaporize any wire material. However, this problem 
could be overcome by utilizing cutting foils rather than wires. Through a suitable foil of the 
same thickness, which must be rigidly arranged, the current densities could be reduced to about 
0.33 A/mm2. Another important advantage in using a foil rather than a wire is that a means for 
wafer separation - a time-consuming and wafer-breaking step in MWSS wafer production - is 
already included in the cutting process. 

 
Cutting silicon by stream etching 

 
Transferring the cutting principle from germanium to silicon may appear straightforward 

since both semiconductors have a number of material parameters in common: they are both 
members of the IVth group of elements in the periodic table with similar atomic radii, 
ionization energies, work functions and bandgaps. However there is an important difference 
between Si and Ge that makes a fundamental change in the cutting electrolyte necessary: 
germanium oxide is soluble in water whereas silicon oxide is not. This fact is so important 
because all etching processes in aqueous solutions proceed in two steps whose first is an 
oxidation of the surface. If the oxidized species is soluble in the etchant, a net material removal 
is observed. A diluted KOH solution in DI water is therefore the optimum for Ge etching since 
the water – which is abundantly found everywhere in the solution – has the double function of 
oxidizing Ge and dissolving the oxide. The KOH is only added to increase the conductivity and 
to act as a carrier for water molecules which are transported as solvation shells to the 
germanium surface through the electric field. This is the reason why Ge stream etching does 
not work with pure DI water. 

However, this interdependence means that diluted KOH cannot be used as a silicon etchant 
since the intermediate product SiOx is not soluble in strongly diluted KOH or other alkali 
hydroxide solutions. The surface would rapidly be oxide passivated and no etching action 
would occur. Therefore a specially adapted electrolyte has to be found for successful silicon 
stream etching. The silicon oxide etch rates of alkali hydroxides in water are in general too low 
to reach economic cutting speeds. It therefore becomes immediately apparent that only 
fluorine-based etchants can be applied in the case of silicon. Before the respective experiments 
are described, we will focus first on the theory of electrochemical and chemical etching of 
silicon. 

 
THEORY OF ELECTROCHEMICAL ETCHING OF SEMICONDUCTORS 

Many publications focus on the electrochemistry of semiconductor etching in aqueous 
solutions. A comprehensive review article has been published by Gerischer [5]. Additional 
valuable information can be found in [6]. When a semiconductor and an electrolyte are brought 
into contact, an equilibrium charge distribution in the semiconductor (electrons and holes) and 
the electrolyte (ions) is established and the so-called electrical double layer is formed. 
Depending on the process parameters, charge-transfer reactions through the interface of the two 
phases can occur. These reactions may include electron transfer, i.e. redox reactions, or ion 
formation and therefore corrosion. 
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Surface electrochemistry 
 
The theory of metal electrodes in contact with an electrolyte was developed by several 

scientists and much later applied to semiconductor electrodes. In the electrolyte, the ionic 
charge balancing the excess charge in the (metal) electrode is distributed in different layers. In 
the concept of the Helmholtz double layer this opposing charge is concentrated as a surface 
charge at the distance of a solvation shell. In dilute solutions however, the charge is distributed 
over a wider range which led to the Gouy-Chapman model of the diffuse ionic double layer. On 
the other hand, some ions approach the electrode surface even until part of their solvation shell 
is lost and that they can partially be chemisorbed (Stern model). 

These concepts had to be adapted to 
semiconductor electrodes since in contrast 
to metal electrodes, there exists a space 
charge region also in the semiconductor 
which can dominate the overall capaci-
tance of the system if the conductivity in 
the semiconductor is not too high. Depen-
ding on the materials used and the exter-
nal voltage, three different situations can 
occur, as shown in Fig. 3 for an n-type 
semiconductor. At the flatband potential, 
the bands are not bent so that there is no 
charge density gradient. In the case of 
anodic or cathodic polarization of the 
semiconductor, majority carriers are de-
pleted or  accumulated at the interface with the electrolyte such that the bands are bent and the 
surface carrier concentration is modified. Due to the fixed position of the ionized donor centers, 
the excess charge of the depletion layer has a much larger extension than that of the 
accumulation layer. 

It could be shown that for concentrated electrolytes, a semiconductor doping below 
1019 cm-3 and a low surface state density, the electrical potential variation in the electrolyte can 
be neglected and the applied voltage modifies mainly the surface charge concentration in the 
semiconductor. 

 
Charge transfer reactions 

 
Whether a current flows through the semiconductor - electrolyte interface depends on the 

relative position of the Fermi energy EF in the semiconductor and the redox potential Eredox in 
the electrolyte. The current density is determined by the number and the occupation of energy 
states at the same energy level in the semiconductor and the electrolyte. Due to the bandgap in 
the semiconductor there can only be large exchange currents when the redox potential in the 
electrolyte is located at the band edges. Depending on the position of Eredox hole transfer via the 
valence band or electron transfer via the conduction band can be observed. 

Additionally, activation barriers may exist between the different intermediate states that 
influence the charge transfer considerably. The realistic chemical reactions are not yet fully 
understood because of many intermediate steps so that simplified two-step processes have to be 
assumed. At non-equilibrium conditions (external voltage), the transfer currents are mainly 
determined by the carrier surface concentrations. 

Fig. 3: Charge distribution, band bending and electrical 
potential in n-type semiconductors in contact with electrolytes 
(from ref. [5]). 
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Ion formation and corrosion 
 
The charge transfer through the 

interface can involve chemical variations 
at the semiconductor surface, ranging 
from changes in the oxidation state to 
corrosion of the electrode. These varia-
tions occur preferably at crystal planes 
with more than one surface bond. The 
anodic breaking of a surface covalent 
bond happens in two steps (see Fig. 4). 
First, the surface bond is weakened by 
the capture of a hole h+. The positive 
charge attracts nucleophilic reactands A- 
that attach themselves to the surface 
atom and leave one electron unpaired. 
This electron which is in a surface energy state within the bandgap can escape in a second step 
through a hole capture or thermal elevation into the conduction band. Cathodic decomposition 
processes are much less common and not yet well understood. 

The solubility of the formed reaction products determines whether the electrode corrodes or 
only the oxidation state is changed. The oxidation of the electrode can occur without a chemi-
cal mechanism, independent of the applied voltage or with a net electrical charge production, 
i.e. an electrochemical reaction. For silicon, holes from the valence band are needed to oxidize 
the surface. These holes can be generated in different ways. For p-type Si, an anodic polari-
zation is sufficient, whereas n-type Si has to be additionally illuminated in order to produce 
excess holes by photoexcitation. In addition, a hole-injecting redox system can also be used. 

 
Silicon in fluoride solutions 

 
The silicon surface in fluoride solutions at open 

circuit potential (OCP) is hydrogen terminated due 
to the fact that a fluoride or hydroxyl termination 
induces a strong polarization of the surface bond. 
Polar molecules such as H2O can attack the back 
bond, leaving essentially unpolar Si-H bonds at the 
surface. This hydrogen terminated surface acts as a 
weak acid such that the etch rate is strongly 
dependent on the pH of the solution as well as on 
the crystal orientation and therefore on the density of 
mono- and dihydrides on the surface. At OCP and 
low pH, the hydrogen termination is very inert and 
etching is virtually stopped. For anodic polarization 
and pH<4, a likely model for the etching process [6] 
is illustrated in Fig. 5. First, the capture of a hole 
weakens the surface bond and attracts the negatively 
charged F- species (probably as HF2

-), leaving one surface electron in an unpaired state. This 
bond can be saturated by another F-, injecting the surplus electron into the conduction band of 
the semiconductor. The back bonds are strongly polarized such that the polar HF molecule can 

 

Fig. 4: Surface bond breaking for anodic polarization (from ref. 
[5]). 

Fig. 5: Anodic decomposition of silicon in 
fluoride solutions with pH<4 (from ref. [6]). 
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attack them. Repeating this step 4 times results in a soluble HSiF3 molecule that is detached 
and the surface is again left hydrogen terminated. 

For higher pH-values, the behaviour of the system is not completely understood, since there 
seem to be several competing reactions. The same problem exists for anhydrous solutions with 
e.g. methanol as a solvent. The etch rates here are much higher than for aqueous solutions, 
possibly because of the missing competing oxidation by hydroxl groups. 

 
EXPERIMENTAL RESULTS 

After several tests with diluted and concentrated KOH as stream etching electrolyte for 
silicon cutting, which led only to an oxidation of the surface, fluoride solutions were tested. 
NH4F salt was dissolved in water / ethylene glycol mixtures with varying ratios. The pH-value 
was adjusted by adding concentrated H2SO4. The reduction of the water content by adding 
ethylene glycol had different reasons. First of all, the competing oxidation by water was 
reduced, thus favoring the fluoride surface reactions. Secondly, the electrical conductivity of 
the solution was lowered in order to increase the localisation of the etching action. 

 
Experimental setup and results 

 
The experiments with fluorine-based electrolytes where conducted in a PTFE beaker. 

0.5-1 Ωcm boron-doped silicon samples of 25x25 mm2 size and small evaporated TiPdAg or 
Al contacts were used. DC voltages between 30 and 95 V were applied for 3-5 minutes. A 
PTFE sample holder held the wafer firmly in place and included suitable spacers such that the 
80 µm thin Pt wire, that acted as a counter electrode, could be wrapped around the sample at a 
distance of about 1-2 mm.  

Since these first experiments were aimed a quickly finding a suitable electrolyte that enables 
localized etching of silicon, no elaborate measurement techniques were used. In addition, diffe-
rent water to ethylene glycol ratios were obtained by simply adding the respective chemicals. 
The conclusions drawn from the experiments were qualitative in terms of successful localized 
etching or not. The following six sets of experiments have been realised: 

  
Series 

No. 
Fluorine 

concentration 
Solvent pH Stirring Additives 

1 Low Ethylene glycol (EG) 6-7 No 5% HF (var.) 
2 Medium EG + water (var.) 6-7 No  
3 High EG + water (var.) 6-7 No  
4 High EG + water (var.) 2 No H2SO4 for pH 
5 High EG + water (var.) 4-5 No H2SO4 for pH 
6 High EG + water (var.) 1 Yes/No H2SO4 for pH 

 
The first series showed that water-free or nearly water-free solutions with a low F-

concentration (approx. 0.1g of NH4F in 150ml of solvent) resulted in very pitted surfaces 
without localised etching. The addition of some water-containing 5% HF to the solution 
favoured localisation but the etching result was still unsatisfactory. As can be seen in the 
surface profile shown in Fig. 6a, the wire position can hardly be guessed. Apparently the 
resistivity of the electrolyte is not the most important factor but local crystal dislocations and 
scratches that lower local activation barriers which determine the current flow through the 
solid-liquid interface. 
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Increasing the F-concentration to 2g of NH4F in 150ml of solvent resulted in smoother 
surfaces that appeared grey to the eye. The surface layer formed is in fact a porous silicon layer 
(PSL). Horányi et al. [7] have studied electropolishing silicon and described the different 
reaction products depending on the current density. They found that a critical minimum current 
density must be reached before electropolishing occurs. At low currents, a PSL is formed which 

is exactly what was observed in series 2. When starting from pure water solvent and adding 
ethylene glycol, the etching current decreases since the electrolyte resistivity increased and the 
etched surface became more and more porous. 

In the next experimental set 3 with a further increased F-concentration of 10g of NH4F in 
150ml of solvent, the appearance of the PSL changed to darker colours, indicating that the 
mean pore diameter changed. Still no satisfactory surface morphologies could be produced, 
neither was there a localisation of the etching action. This result is probably due to the too high 
pH of the solution. As described in [8], high pH in NH4F containing solutions favours fluoride 
speciation into F- (to the disadvantage of HF and HF2

-) which seems not to be participating in 
silicon etching. Also, since the hydrogen terminated surface acts as a weak acid, there is a 
general tendency of the entire immersed surface to become devoid of protons, a situation that 
also does not favour localised etching. 

As a result, in the next series 4 the high fluorine concentration was maintained but the pH-
value was adjusted to 2 by means of adding 10ml of concentrated H2SO4. Starting from 100ml 
of pure water solvent and adding up to 60ml of EG, an interesting effect could be seen: The 
waterline as well as the neighbourhood of the wire are etched by electropolishing, the rest of 
the wafer is covered by some coloured or porous layer. The more EG is added, the larger is the 
electropolished region. This can be understood by the work of Turner [9]. The critical current 
density necessary for electropolishing is inversely proportional to the fourth root of the viscosi-
ty. Therefore lower current densities are needed to electropolish when EG is added, such that 
regions far from the wire and waterline that were PSL covered can be polished by adding 
further EG and thus increasing the viscosity of the electrolyte. 

However, the fact that the etch depth at the waterline is comparable to that near the wire – 
cf. Fig. 6b – means that the resistivity of the silicon also plays an important role and is not to be 
neglected. In a stream etching application, the relative arrangement of the two or more elec-
trodes is more favourable such that this fact is not very disturbing. 

A         B 

Fig. 6: Surface profile scans of different silicon etch experiments. See text for details. 

wirewire waterline
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The last two experiment series 5 an 6 with a pH of 4-5 and 1 point in the same direction as 
the results of Osseo-Asare [8] in the sense that a pH of 2.5 is best for electrochemical etching 
of silicon dioxide since the results at higher pH were not as promising. In series 6 the effect of 
stirring the electrolyte was briefly studied. Two consecutive samples were etched with and 
without stirring. The results differed considerably since the etching effect was much reduced on 
the stirred sample. 

 
DISCUSSION, CONCLUSIONS AND OUTLOOK 

Diluted KOH is an unsuitable electrolyte for the stream etching of silicon and adapted 
etchants have to be developed. The first series of experiments with NH4F based solution in 
water/ethylene glycol resulted in several requirements: 
- At least small amounts of water are needed since water-free etchants result in pitted surfaces. 
- If the solvent contains too much water, the competing oxidizing reactions by water molecules 

are dominant which disfavours localised etching. 
- If the fluorine concentration and therefore the solvent conductivity is too low, the critical 
current densities may not be reached and  PSL forms. 
- There exist many process parameters to be optimized as pH and stirring of the electrolyte. 

Even though NH4F dissociates partially into HF, the chemistry of NH4F solutions seems to 
be less favourable. As described by Uhlir [10], 50% HF in ethylene glycol may be a better 
choice for stream etching silicon. First attempts have been encouraging, especially the water-
line dependence of the etch rate seems to be overcome which indicates that the conductivities 
of HF solutions in EG are in general lower. Further experiments will be conducted in that 
direction in order to see if a suitable electrolyte can be found. It appears however, in particular 
when comparing it with the rather straightforward stream etching of Ge with the quite ideal 
etchant of dilute KOH being just as fast as needed in an industrial production, that it may be a 
long way to reach this for silicon. 
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Wire Sawing process has taken over the I. D. (Inner Diameter) sawing process for cutting PV wafers 
and IC wafers. Due to the above change of the process, the Kerf loss has drastically reduced, and 
productivity per machine has been improved by more than 3 times. However, the reduction of the 
process cost, which is the material cost, the running cost and the environmental cost, is endless 
demands from the industry and marketplace. Under the above circumstance, wire diameter and 
abrasive grain size are getting finer, and Slurry Recycle System of the abrasive grain and cutting 
fluid is applied for reducing the operation cost. This paper presents introductory mechanism, 
technical trend and efficiency of wire sawing process. 
 
 
1.  Machining Mechanism of Wire Saw  
 
Wire Saw was developed in 1960s, and started to be applied to a process of cutting an ingot of a 
large diameter, more than 6 inches in around 1990. Compared with a conventional ID saw, this Wire 
Saw features a less cutting allowance (Kerf loss), an easy cutting of thin sheet, and a high 
productivity by slicing many wafers per one batch production.  
 
For the Wire Saw to cut a brittle material like silicon, a web of wires (piano wires) are wound 
around the rollers, which have 300 to 1000 engraved grooves each, and make the web of wires move 
in high speed (reciprocating or one-way movement).  While a mixture of abrasive-grain and 
dispersant, which is called Slurry, in a form of oil is poured onto the wires. By the above Slurry on 
the wire in high speed running, silicon is to be cut. 
    

 
2 Roller Type      4 Roller Type 
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2.  Machining Distortion by Wire Saw Process  
 
The machining method by Wire Saw is to cut an ingot by means of suspended abrasive-grain as 
mentioned above, so machining distortion caused by this method resembles the lapping process in 
behavior. The distortion on the wafer was reported by our engineer Mr. Hasegawa* as under: 
 
He measured a distortion of the wafer in case of using the abrasive-grain of GC600 to GC2000 and 
set a machining condition so that the slicing load can be constant to slice a mono-crystal silicon. 
After an oblique grinding, a machining distortion was measured by etching it. 
 

 
    Distortion by Lapping Process          Distortion by GC#2000 
 
As Fig 2-1 below clearly shows: 
 
(1)   The higher the grain count is, the lower the machining distortion is. 
(2)  Machining distortion of nearly the same size as abrasive-grain diameter occurs. 
(3)  Generally, in a lapping process, the bigger the grain size of the grit becomes, the     
bigger the machining distortion and roughness become in proportion. On the other hand, a similar 
tendency can be observed also with the Wire Saw machining process to make this process and the 
lapping process similar each other in the machining mechanism. 
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Fig. 2-1 “Relation between Machining Distortion and Roughness by Abrasive Grain” 
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3.  Wafering Process for Solar Cell 
 
In a slicing process with Wire Saw, the wafering for solar cells gives a very heavy load to the 
equipment to make the slicing very tough although the demanded accuracy differs. 
We have to optimize machining conditions by considering the equipment ability according to 
uneven machining load due to a multi-crystal material, change of machining performance caused by 
a change of cutting chips quantity during the slicing process, and tendency that demanded wafers are 
getting thinner, and the sizes of the wire, and of abrasive-grain are getting smaller. 
 
For setting machining parameters, the followings items are listed up: 
 
(1)   Thickness of the wafer  
(2)   Length of the block 
(3)   Wire diameter 
(4)   Grain size of the abrasive-grain  
(5)   Specific gravity of the slurry  
(6)   Viscosity of the slurry  
(7)   Flowrate of the slurry  
(8)   Temperature of the slurry  
(9)   Speed of the feed unit 
(10)   Wire speed  
(11)   Wire tension 
 
From the viewpoint of the limit of the wire ability, it is necessary for us to review the wire 
consumption per machining area (km/m2). 
 
In the mean time, the sizes of the wire and of the abrasive-grain are getting smaller for the kerf loss 
to reduce. At present, the abrasive-grain of GC800 to GC1000 is being used, however, the grain size 
of GC1500 is expected to be used in the very near future. As to the wire size, the wire of 0.16mm is 
mainly used now, however, the size is inclining toward 0.14mm hereafter. Therefore, we find it 
necessary for us to review the specifications of the equipment so that the above wire and 
abrasive-grain can be used for the equipment. 
 
 
4.  Cost Efficiency by means of Various Models 
 
For the line-up of our Wire Saws for slicing wafers for solar cell, we could expand the range of our 
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supply from the compact model to the large-sized model by releasing MWM442DS last year. By this 
expanded line-up, we were able to supply the most optimal equipment according to production 
environments of our customers. 
 

 
MWM442DS        PV400           MWM452W 

 
Model MWM442DS PV400 MWM452W 
Capacity 150 x 150 x 300 x 2pcs 127 x 127 x 400 x 3pcs 

150 x 150 x 400 x 2pcs 
150 x 150 x 400 x 4pcs 

Roller Number 2 pcs 2 pcs 4 pcs 
Machine Dimension 2200W x 1500L x 2400H 3000W x 2700L x 2780H 2400W x 4100L x 3600H 
 
In the process of wafering for a solar cell, a mass production by means of a large-sized machine is 
generally supposed to be of cost efficiency because the mass production can reduce a unit price of 
wafers, however, the larger the machine is, the more time is needed for setups and changeovers, the 
more wire must be used per one batch, and an increasing load on the big machine becomes difficult 
to reuse the wire, which results in an increase of the wire consumption to the disadvantage of our 
customers.  
 
The big machine can increase an efficiency per a foot print of the machine due to a high production 
capacity per unit, and can decrease the number of operators to the advantage of our customers, but 
controlling technique for its operation is needed. 
Therefore, if labor cost and land prices are low or if a customer uses the Wire Saw for the first 
time, the compact machine can increase productivity and more economical than the big machine.  
In addition, the compact machine has an advantage in avoiding a risk at the wire-break.  
Accordingly, please keep it in mind that a service condition must be studied for a selection of the 
model, otherwise, cost efficiency cannot be improved, and the wafering cost will go up. Thus, we 
cannot say the mass production by the large-sized machine is always economical. 
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5.  Cost Reduction by Slurry Recycle System  
 
Our slurry recycling system recovers dispersant and abrasive-grain from the used slurry by using 
two units of a horizontal centrifuge which is named a decanter, and re-mixes the recovered elements 
with new slurry so that the recycled slurry is of the specific gravity that is needed by the Wire Saw. 
( US Patent #US6161533 ) 
By means of this system, slurry can be recovered to reduce a running cost drastically. Furthermore, 
it is significant for this system to stabilize a cutting quality by supplying the slurry of stable quality. 
 
 

 
Fig. 5-1: Conceptual Diagram of Slurry Recycle System 
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              Fig5-2: Running Cost Reduction by Slurry Recycle System 
 
Conclusion 
 
A wafer for a solar cell is tending to be thinner, and sizes of the wire and of the abrasive-grain are 
tending to be smaller. Equipment maker have to promote a development of equipment, and an 
optimization of processing software, and parameter which meet this tendency. At the same time, 
from the viewpoint of using this equipment, we would like for you to select the most suitable model 
by considering operation circumstances so that you can exploit the maximum efficiency from the 
equipment you selected. 
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ABSTRACT 
 
An emerging slicing technique, Fixed Abrasive Slicing Technology (FAST), has so far been used for 
effective slicing of soft, fragile crystals.  Recent improvements in FAST allow it to be utilized for 
effective slicing of hard materials at low cost.  The most significant improvement involves high-speed 
rotation of the workpiece during slicing.  The results of slicing silicon and sapphire are discussed.  FAST 
has been used in prototype production of 50-mm diameter sapphire wafers for over a year.   

 
INTRODUCTION 

 
Most high technology materials are produced in ingot form and have to be sliced into wafers or plates for 
utilization in a wide range of applications.  The microelectronics industry is the largest user of wafers of 
silicon, gallium arsenide and other compound semiconductor materials.  A recent addition is photovoltaic 
application, which requires even larger quantities of silicon wafers.  An emerging high-volume market is 
for light-emitting diodes (LEDs) for which large volumes of substrates such as sapphire, silicon carbide, 
etc., are required.  In almost all high-volume applications, cost considerations are very important.  
Therefore, it is necessary to produce thin wafers with low kerf, high wafer accuracy and low cost.  A 
number of wafering techniques have been used to slice different materials, and these technologies have 
been adopted by the industry for different reasons.  An emerging technique, Fixed Abrasive Slicing 
Technology (FAST), has been under development for some time1-3.  This technology has been effective 
for slicing soft, fragile crystals, but the slicing effectiveness was limited when harder materials or very 
large sizes were sliced.  This paper reports recent improvements in FAST, which allow it to be utilized for 
effective slicing of hard materials at low cost.  Results of slicing silicon and sapphire are discussed.  
Based on this data, FAST slicing of sapphire crystals has been carried out in prototype production mode 
for producing substrates for LED applications. 
 

FIXED ABRASIVE SLICING TECHNOLOGY (FAST) APPROACH 
 
FAST has been developed as a multiwire slicing technique in which a wirepack plated with diamonds is 
reciprocated in a frame across the workpiece3.  Typically, grooved rollers are placed on either side of the 
workpiece to guide the wires and thereby improve wafer accuracy.  The workpiece is forced against the 
reciprocating wires.  The feed forces that could be utilized were rather limited for such a configuration. It 
was necessary to minimize the contact areas between the wire and the workpiece so that higher feed 
forces could be achieved at the cutting edge of the diamonds on the wire.  This was achieved by rocking 
the workpiece during slicing.  A major effort involved development of the technology and the slicer to 
slice silicon for photovoltaic application.  
 
FAST slicing showed many advantages and had the potential of being developed into a low cost, effective 
slicing method.  This process combines all the major advantages of other slicing processes.  For example, 
kerf was minimized as with multiwire slicing (MWS), low expendable material costs were achieved as 
with internal diameter (ID)slicing, and the equipment was simple as with multiblade slurry (MBS) slicing.  
In addition, thin slices could be produced with high wafer accuracy.  FAST slicing was carried out using 
low feed forces to achieve high wafer quality. 
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A major emphasis in FAST development was to produce silicon wafers for solar cell applications.  
Multiwire Slicing (MWS) using a continuous wire wrapped around rollers and using a silicon carbide 
slurry was developed and adopted by the microelectronics and the solar cell industry.  The MWS method 
had higher cutting rates than FAST because the surface speed of the wire was much higher.   
 
To achieve high surface speed of wire, FAST was modified to incorporate high-speed rotation of the 
workpiece, as shown in Figure 1.  A diamond-plated wirepack with equal spacing and tension of wires is 
stretched in the bladehead of the slicer and reciprocated.  A cylindrical workpiece is rotated at high speeds 
of up to 5,000 rpm and with a feed force pushed downward against the wires.  Grooved rollers are placed 
on either side of the workpiece below the wirepack to minimize wire wander and improve wafer 
accuracy.  This approach minimizes the contact length between the workpiece and the wires, increases 
effective feed force on the diamond tip against the workpiece and allows diamonds to plow into the 
workpiece to achieve effective slicing.  In this configuration, slicing is achieved from the circumference 
of the cylinder toward the interior.  When the wires reach the central hub, a bridge is attached to the 
circumference of the workpiece to hold the wafers together and the crystal rotation is changed to a 
rocking mode to complete slicing the central core of the workpiece.  In this stage, only a small central hub 
is sliced in rocking mode.  With these improvements, FAST slicing is three times faster than MWS for 
slicing sapphire with one-third of the consumable cost.  As the hardness of the material increases, the 
rotation rates for the crystal can be increased.  The size of the workpiece that can be sliced will be limited 
by the degradation of diamonds on the wirepack.  These improvements in FAST have opened a new era 
of slicing many crystals more efficiently and particularly large hard crystals that could not be effectively 
sliced until now. 

 
Figure 1.  Schematic of a modified FAST slicer. 
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Silicon Slicing 
 
Using conventional FAST, silicon ingots of 100 mm square cross section were sliced in a rocking mode at 
less than 0.1mm/minute4.  The total time to slice such a workpiece was about 20 hours and diamond 
degradation of the wires during such a long period of slicing caused loss of slicing effectiveness as slicing 
progressed.  The wirepack could not be used for slicing more than one silicon ingot because during 
subsequent cuts the slicing rate decreased and the cycle time increased dramatically.  A 76-mm diameter 
silicon workpiece was rotated at 3,000 rpm and the infeed rate was 2.5 mm/minute.  Therefore, the 
diameter of the workpiece was reduced 5 mm/minute.  This cutting rate was 50 times greater than the 
cutting rate established during rocking mode.  The yield of these wafers was 100%.  A lapped surface was 
produced as a result of the rotation, and the thickness variation during this initial test was <50 µm.  
During another test, a 76-mm diameter, 100-mm long silicon workpiece was mounted and rotated at 5,000 
rpm.  Using the same feed rate of 2.5 mm/minute, 100% yield of wafers was achieved.  These wafers 
showed a thickness variation of only 20 µm.  This data showed that effective silicon slicing at high 
rotation rates can be achieved with an infeed rate of 2.5 mm/minute.  At this infeed rate, a 100-mm 
square-cross-section silicon bar could be sliced in less than one hour.  This is a dramatic improvement 
over any conventional slicing technology.  Even higher infeed rates can be used, but it will be necessary 
to develop a more effective coolant system which can be used to carry coolant at the cutting site. 
 
Sapphire Slicing 
 
After it was demonstrated that slicing effectiveness can be achieved with the improved FAST and rotation 
of the workpiece, slicing of sapphire crystals was evaluated.  Using FAST in the rocking mode, even 6-
mm diameter sapphire could not be sliced into wafers.  Initially improved FAST was used to slice  25-mm 
diameter sapphire rods and they could be sliced easily.  The workpiece size was scaled up to 50-mm 
diameter as this size was needed commercially for use as substrates for LED applications.  Optimization 
of 50-mm diameter sapphire was carried out with a 100-mm long workpiece.  It was sliced with the 
center-to-center wire spacing of 1-mm as well as 0.75 mm.  Figure 2 shows the 50-mm diameter sapphire 
substrates produced using improved FAST slicing.  During this period, optimization of diamond plated 
wire was also carried out.  Currently, 50-mm diameter sapphire workpieces slice in less than 8 hours and 
one bladepack can slice up to four workpieces.  These results have been achieved in prototype production 
mode for over a year and several thousand wafers have been supplied from production to commercial 
customers. 

 
Figure 2.  50-mm diameter sapphire substrates produced using improved FAST slicing. 

 
The LED substrate market is proceeding toward using 76-mm diameter size.  Samples of 76-mm diameter  
sapphire substrates have been produced using improved FAST without any problems. 
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FAST PRODUCTION SLICER 
 
Based on prototype production of sapphire substrates using high-speed rotation of the workpiece, an 
automated FAST production slicer was designed, fabricated and tested.  Slicing of the workpiece can be 
carried out in rotation or rocking mode.  Most effective slicing is carried out during high-speed rotation of 
the workpiece or for wafers with a central hole for an arbor.  For such samples, a mandrel can be attached 
to the central hole of the workpiece and slicing can be carried out in rotation mode only without resorting 
to the rocking mode.  For other wafers, the central hub is sliced in a rocking mode of the workpiece. 
 
To achieve effective slicing and minimization of chips on the edge of wafers, it is desirable to introduce 
the wires into the workpiece from the outside diameter gradually.  Thereafter, during slicing from the 
outside to the central hub, the feed rate can be gradually increased as the effective diameter for slicing 
decreases.  The FAST slicer is designed to program the feed rate during slicing.   
 
A forced coolant system is used on the FAST slicer so that it can be transported to the cutting site.  Other 
features such as ease of installation of the workpiece, removal of the wafers and alignment of the wires 
can be easy operations.  The slicer is designed for ease of maintenance, a guard system along with other 
safety features is installed for use in production mode.  The production FAST slicer is shown in Figure 3.   

 
Figure 3.  Photograph of a production FAST Slicer. 
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FUTURE CONCEPTS FOR SLICING 
 
It has been demonstrated that effective FAST slicing can be achieved for hard crystals of varying sizes.  
For smaller size crystals required in large quantities, the setup of the workpiece and the slicer can account 
for a large portion of the total cycle time.  In addition, most wafers do not have a central hole.  Therefore, 
the slicing has to be finished in the rocking mode which can be a significant portion of the cycle time, 
even though the amount of material cut in this mode is small.  Several concepts have been tried 
successfully to slice smaller workpiece sizes and without resorting to the rocking mode during slicing.  
An approach to slicing several small diameter rods simultaneously is shown in Figure 4.  These concepts 
can be used even for slicing several 50-mm sapphire workpieces bundled to achieve simultaneous slicing, 
as shown in Figure 5. Using this concept, several square workpieces can be bundled to achieve more 
effective slicing (Figure 6).  These concepts may have more value for slicing silicon for solar cell 
applications.  

 
Figure 4.  Schematic of small diameter workpieces bundled to achieve more effective slicing. 

 

Figure 5.  Configuration of three 50-mm diameter sapphire crystals bundled together for slicing without 
the need to enter into rocking mode. 
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Figure 6.  Bundling of 100-mm square-cross-section silicon bars for simultaneous slicing for solar cell 
applications using a modified FAST slicer. 
 
 

CONCLUSIONS 
 

Recent improvements in FAST using high-speed rotation of the workpiece have opened up the technology 
for slicing hard crystals and larger sizes.  This approach has been used for slicing 50-mm diameter 
sapphire in prototype production for over a year.  The improved slicing involves rotation of the workpiece 
and slicing from the circumference of the cylinder toward the interior until only a small hub remains.  
Thereafter, a bridge is attached to the wafers and further slicing is completed by rocking the workpiece.  
Newer concepts involve bundling of smaller size workpieces so that the central hub does not have to be 
sliced.  These concepts will make FAST slicing even more efficient and cost effective.  FAST can be 
utilized to slice four 100-mm square-cross-section silicon bars simultaneously for photovoltaic 
applications. 
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Abstract: Solar cells manufactured on boron-doped Czochralski-grown silicon (Cz-Si) degrade in
performance when exposed to light or minority carriers are injected in the dark until a stable efficiency
is reached. This effect, which is now known for almost 30 years, is due to the activation of a specific
metastable defect in the Cz-Si material. Although a conclusive explanation of the effect is still to be
found, recent investigations have clearly revealed that the Cz-specific defect is correlated with the
boron and the oxygen concentration in the material. The first part of this paper reviews the current
status of the physical understanding of the effect and gives an overview of the defect models proposed
in the literature. In the second part, an overview of different strategies for avoiding or reducing the
light-induced degradation in Cz-Si solar cells is presented.

1. INTRODUCTION

Approximately 90% of the present world solar cell production is based on boron-doped crystalline
silicon, with Czochralski-grown monocrystalline silicon (Cz-Si) having a market share of about 40%
and cast multicrystalline silicon (mc-Si) having a share of approximately 50%.1 The main problem of
solar cells manufactured on Cz-Si is that their initial efficiency degrades under illumination until a
stable performance level, well below the initial efficiency, is reached. In the case of high-efficiency
laboratory solar cells, like the PERL cell, the efficiency was found to degrade by up to 10% relative,2
while in commercially manufactured solar cells an efficiency degradation by typically 3-7% (relative)
has been reported.3 Despite the fact that the efficiencies obtained on monocrystalline Cz-Si are initially
much higher compared to those attained on the cheaper cast mc-Si materials, efficiencies closely ap-
proach after a few hours of illumination. This is due to the fact that mc-Si solar cells are, in most
cases, stable under illumination. Since, in general, Cz-Si is more expensive than mc-Si, the future of
solar-grade Cz-Si crucially depends on whether it is usable for the mass-production of high-efficiency
solar cells or not. Hence, in recent years, a lot of research has been devoted to the light-induced degra-
dation (LID) problem, which is presently the main obstacle for making solar-grade Cz-Si a perfect
high-efficiency solar cell material. This paper discusses the present physical understanding of the LID
effect and gives an overview of the different approaches for reducing or even completely avoiding it.

2. FUNDAMENTAL UNDERSTANDING

2.1 Discovery of the effect and early models

To our knowledge, the first observation of LID in non-particle-irradiated solar cells fabricated on bo-
ron-doped Cz-Si wafers was made by Fischer and Pschunder in 1973.4 Figure 1 shows the evolution of
the power output Pm, the short-circuit current Isc, and the open-circuit voltage Voc of a Cz-Si solar cell
under illumination, as published in the original paper by Fischer and Pschunder.4 The initial cell pa-
rameters were measured directly after cell fabrication and are characterized by an intermediate state,
labeled X. After only a short period of light exposure, all three cell parameters degrade until a stable
level B is reached. Interestingly, it was found that the cell performance can be completely recovered
by a low-temperature annealing treatment at 200°C (state A). By additional photoconductance decay
measurements it was shown that the observed effect is due to a bulk carrier lifetime varying between
two values, corresponding to two different states, A and B, of the material. State A is associated with a
high lifetime and requires low-temperature annealing to be activated, while state B is associated with a
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low carrier lifetime and is caused by illumination. Both levels were found to have the tendency to satu-
rate and can reversibly be changed by applying the appropriate treatment.4

While the study performed by Fischer and
Pschunder was more of phenomenological na-
ture, in the following years, several attempts
were made to develop a defect model which
explains the observed lifetime instabilities in
boron-doped Cz-Si solar cells. Weizer et al.5
proposed a model where the effect was attrib-
uted to a complex of a lattice defect and a silver
atom or a cluster of atoms. Graff and Pieper6

proposed a vacancy-gold complex as the life-
time-limiting recombination center in the mate-
rial. However, none of these models was capa-
ble of explaining the complete degrada-
tion/recovery cycle observed in boron-doped Cz
silicon. Corbett et al.7 noted that the lifetime
variations in Cz silicon are probably not due to a
direct creation of the metastable defect by pho-
tons and suggested that the lifetime degradation
might be due to the dissociation of donor-
acceptor defect pairs caused by excess carriers
via a recombination-enhanced mechanism. A
recombination-enhanced defect reaction
(REDR) was believed to be the responsible
physical mechanism for the defect formation, as
it explains the experimental observation that the
degradation of the carrier lifetime occurs not
only under light exposure, but also in the dark if
a forward bias voltage is applied.5,8,9

One of the probably best studied donor-acceptor complexes in crystalline silicon is the iron-boron pair.
This defect pair dissociates under illumination and interstitial iron is formed.10 Interstitial iron is, under
low-injection conditions, a more effective recombination center than the iron-boron pair, and hence
leads to a strong degradation in the carrier lifetime. Reiss et al.11 investigated solar cells fabricated on
boron-doped Cz silicon wafers with comparatively high iron contamination levels and hence very low
bulk lifetimes (∼ 4 µs). They observed a pronounced degradation in cell performance during illumina-
tion, during the application of a forward bias voltage in the dark, and during thermal treatment above
~250°C. In order to recover the cell efficiency, the cell had to be stored in the dark at temperatures
below 100°C. The authors clearly showed that this behavior can undoubtedly be explained by iron-
boron pairs.

The annealing behavior of the material investigated by Reiss et al.11 is very different to the one reported
by Fischer and Pschunder4 who measured a complete lifetime recovery during annealing at temperatures
above about 200°C and no lifetime recovery when storing the cells at room temperature in the dark. The
latter researchers investigated Cz silicon with negligible iron content. Hence, it is very likely that the
fundamental LID effect reported in Ref. 4 was screened in the solar cells of Reiss et al. by the superim-
posed iron-related effect. At this point it should be noted that several inconsistencies in the literature are
due to the fact that often no clear distinction between both effects is made. The present paper only deals
with the fundamental LID observed even in highest-purity electronic-grade boron-doped Cz-Si with
virtually no metal contamination.

Figure 1: First observation of light-induced degradati-
on in B-doped Cz-Si solar cells (from Ref. 4).
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2.2 Structure of the metastable defect and mechanism of defect transformation

While all former attempts to clarify the LID of the carrier lifetime in Cz-Si were based on the forma-
tion of metal-containing defect complexes, it was not until 1997 that a complete defect reaction model
was proposed by Schmidt et al.12 that did not involve any metallic impurities. This was also the first
model capable of explaining the lifetime degradation under illumination (or, alternatively, minority-
carrier injection in the dark) as well as the lifetime recovery during annealing at temperatures above
~200°C. The most important feature of this model is the formation of a defect pair composed of one
interstitial boron and one interstitial oxygen atom (BiOi) during illumination of the Cz silicon. The
qualitative correlation of the magnitude of degradation with the boron and the oxygen concentration in
the material was demonstrated by means of carrier lifetime measurements performed before and after
LID on Cz wafers with different boron and oxygen concentrations.12 Furthermore, photoconductance
decay measurements on gallium-doped p-type Cz silicon and on phosphorus-doped n-type Cz material
did not show any lifetime degradation.12 Based on these results, several methods for reducing the life-
time degradation in Cz silicon solar cells were proposed, which will be discussed in Section 3. Ac-
cording to recent theoretical considerations of Ohshita et al.,13 the BiOi pair could only exist in a stable
configuration if a substitutional silicon atom is sited between the boron and the oxygen atom.

In 1998, Glunz et al.14 confirmed the strong correlation between the LID in Cz-Si and the boron as
well as the oxygen concentration by means of lifetime measurements on a very large number of boron-
doped Cz-samples. Whereas they found an approximately linear increase of the lifetime degradation
with boron doping concentration, a strongly superlinear increase with interstitial oxygen concentra-
tion, approximately to the power of five, was observed. It is important to note that, in the study of
Glunz et al.,14 surface recombination of the Cz-Si wafers was suppressed by a high-temperature oxi-
dation step at 1050°C and a subsequent deposition of corona charges on top of the thermally grown
silicon dioxide layer, while in the upper study of Schmidt et al.12 silicon nitride films deposited at low
temperature (375°C) were used for surface passivation.  The results of Glunz et al.14 gave rise to the
suspicion that the Cz-specific recombination center is
probably associated with a defect complex different
from the BiOi pair. Besides, it is questionable if any
interstitial boron exists in non-particle-irradiated sili-
con at all. These considerations were supported by
measurements of Schmidt and Cuevas15 using injec-
tion-dependent lifetime spectroscopy (IDLS). They
showed that the energy level of the light-induced re-
combination center is relatively close to the middle of
the silicon band gap and hence it is very different from
that of the BiOi pair (Fig. 2). On the basis of these re-
sults, they proposed a new structure consisting of one
substitutional boron Bs and several oxygen atoms. Rein
et al.16 determined the energy level of the metastable
Cz-specific defect in its passive state (Fig. 2) by means
of temperature-dependent lifetime spectroscopy
(TDLS) and combined their own TDLS measurements
with the IDLS measurements published in Ref. 15 to
obtain a narrower range for the energy level of the
active state.

Ec

Ev

E
c

 - 0.45 eV

Ev + 0.35 eV

Ec - 0.1 eV

Active
state

Passive
state

Ec - 0.26 eV

BiOi pair

Figure 2: Energy levels of the metastable
Cz-defect in its active and passive state, as
determined by means of lifetime spectrosco-
py.15,16 For comparison, the energy level of
the BiOi pair is shown.
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Bourgoin et al.17 proposed a possible atomic configura-
tion of the boron-oxygen complex where the Bs atom is
surrounded by three Oi atoms (Fig. 3). They also sug-
gested a new degradation mechanism where electron
trapping induces a Jahn-Teller distortion, shifting one of
the energy levels of the defect to the middle of the sili-
con band gap. However, an experimental verification of
the proposed mechanism was not performed.

Rein et al.16 investigated the defect generation as a
function of doping concentration and found that it
shows a quadratic increase with doping level, excluding
the previously proposed REDR mechansim. Moreover it
was shown, in good agreement with results of Hashi-
gami et al.,18 that the defect generation rate is virtually
independent of the light intensity. These somewhat sur-
prising results led to the hypothesis that the mechanism
of defect transformation might be a simple charging
process. More recently, it was discovered that the defect
generation is a thermally activated process with a rela-
tively low barrier energy of Egen = 0.4 eV.19 This finding

points towards a diffusion-limited defect formation process, where the minority-carrier injection plays
merely an indirect role.

The defect annihilation process has been shown to be thermally activated as well.16,19 Isothermal an-
nealing experiments were performed by different groups using different experimental approaches and
revealed barrier energies of Eann = 1.3 eV16 and Eann = 1.8 eV,19 respectively, which are both well
above the barrier energy of the defect generation process of Egen = 0.4 eV. It was also shown that the
defect annihilation rate decreases approximately linearly with the doping concentration Ndop, while Eann
seems to be independent of Ndop.19

 Most recently, the impact of boron and oxygen on the light-induced metastable defect concentration in
Cz-Si was re-examined19 using the quasi-steady-state photoconductance method,20 enabling the accu-
rate measurement of carrier lifetimes at defined injection levels. Figure 4 shows the measured nor-
malized defect concentration Nt

*, determined by subtracting the inverse lifetimes after and before light
soaking Nt

* ≡ 1/τd -1/τ0, as a function of the substitutional boron concentration [Bs] for Cz-Si wafers
with similar levels of oxygen contamination [Oi] = (7-8)×1017 cm-3. In perfect agreement with previous
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Figure 4: Measured normalized defect concentration
Nt

* as a function of the substitutional boron concen-
tration [Bs] (from Ref. 19).
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Figure 3: Stable (S) and metastable (M)
configuration of the boron-oxygen complex
proposed by Bourgoin et al. (from Ref. 17).
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studies,14,15 a linear increase of Nt
* with increasing [Bs] was found. Figure 5 shows the measured Nt

*

values as a function of the interstitial oxygen concentration [Oi]. The boron concentration, as deter-
mined from resistivity measurements, was chosen to be approximately the same for all samples
[Bs]=(0.8-1.2)×1016 cm-3. The most striking result of Fig. 5 is the fact that Nt

* shows an approximately
quadratic increase with [Oi], which is a much weaker dependence compared to that found by Glunz et
al.14 This discrepancy might be due to the fact that in Ref. 14 a high-temperature oxdiation, which
could lead to a change of the bulk properties, was performed to passivate the surfaces, whereas in Ref.
19 low-temperature silicon nitride films were used for surface passivation.
 
 Based on their experimental lifetime data, a new
defect reaction model was developed by Schmidt et
al.19 In this model, fast-diffusing oxygen dimers O2i
are captured by substitutional boron Bs to form a Bs-
O2i complex, acting as highly effective recombination
center (Fig. 6). The defect formation process is gov-
erned by the diffusion of the oxygen dimer and,
hence, is a thermally activated process, in good
agreement with the experimental results of Ref. 19.
The role of the minority-carrier injection could not be
fully revealed. However, it was conjectured that the
diffusivity of O2i in silicon might depend on its
charge state, which could change under illumination
or minority-carrier injection. The defect formation
process suggested in Ref. 19 is similar to the thermal donor (TD) formation mechanism proposed by
Gösele and Tan,21 where the O2i molecules are captured by other oxygen atoms or clusters to form the
different TDs. In fact, a detailed theoretical and experimental analysis22 shows that during the first few
hours of TD formation, the concentration of the O2i dimer shows a pronounced decrease. As less O2i
molecules are available, the model proposed in Ref. 19 predicts a decrease in the Bs-O2i concentration
and hence a reduced light degradation of the carrier lifetime after TD formation. In order to verify this
hypothesis, Bothe et al.23 have annealed different boron-doped Cz-Si wafers at 450°C for up to 32 h.
These conditions are ideal for the formation of TDs. After TD formation they measured a pronounced
reduction of the metastable defect concentration by up to a factor of 3, giving an indirect confirmation
of the proposed defect reaction model.

3. STRATEGIES FOR SUPPRESSING THE LIGHT-INDUCED DEGRADATION

3.1 Alternative Cz-Si materials

The correlation of the magnitude of degradation with the boron and the oxygen concentration in the Cz
material had been proven by means of carrier lifetime measurements on a large number of Cz wafers
from different manufacturers.12,14,19  Furthermore, measurements on Ga-doped p-type Cz silicon as well
as on P-doped n-type Cz material had shown no degradation of the carrier lifetime.12 Based on these
experimental results, several methods for reducing the lifetime degradation in Cz silicon solar cells were
proposed.12 The two most promising approaches were: (i) replacement of B with another dopant ele-
ment, like Ga or P, and (ii) reduction of the oxygen concentration in the Cz material. In a recent interna-
tional joint research project, organized by Saitoh,24 a large number of Cz-Si wafers with different dopant
elements (B, Ga) and different oxygen concentrations (including conventional and magnetic Cz-Si)
were manufactured by Shin-Etsu Handotai (SEH) and supplied to various international institutions
(Sharp Co., Hitachi Ltd., FhG-ISE, Georgia Tech, ISFH, UNSW, TUAT) for characterization and solar
cell fabrication. Figure 7 shows the typical behavior of the different Cz materials: while the carrier
lifetime of conventional B-doped Cz-Si (solar-grade as well as electronic-grade material) degrades
under illumination, Ga-doped Cz-Si of similar doping concentration has a stable lifetime on a much
higher level, comparable to that of B-doped float-zone (FZ) silicon, even if the interstitial oxygen con-
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Bs O2i

Ebind
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Figure 6: Schematic energy diagram of the Bs-O2i
interaction (from Ref. 19).
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centration is approximately as high as in the case of the B-doped Cz material. The high oxygen concen-
tration in silicon ingots grown with a conventional Cz single crystal puller is due to the partial dissolu-
tion of the silica crucible during the growth process. The oxygen content can be strongly reduced by
damping the melt flows with magnetic fields. This so-called magnetic Cz (MCz) silicon with strongly
reduced Oi concentration shows an almost vanishing light degradation (see Fig. 7) and has bulk life-
times which are comparable to that of Ga-doped Cz-Si. Also included in Fig. 7 is a P-doped Cz-Si
material with high Oi content, which is also completely stable under illumination. However, since the
latter material is an n-type semiconductor and most industrial solar cell processes have been developed
for p-type base material, at present the most promising alternative Cz silicon materials seem to be Ga-
doped Cz-Si and B-doped MCz-Si.

High-efficiency solar cell processes were applied to the alternative Cz materials at different institutes
and stable efficiencies well above 20% were obtained on Ga-doped Cz-Si, B-doped MCz material, and
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Si (gray boxes). For comparison, cell efficiencies obtained on conventional B-doped
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P-doped n-type Cz-Si (Fig. 8).25-30 For comparison, cell results obtained on B-doped FZ-Si and B-doped
Cz-Si are also included in Fig. 8. Solar cell efficiencies above 20% can only be achieved with the new
Cz materials, while the stable efficiency of cells fabricated on conventional 1-Ωcm B-doped Cz-Si is
always well below 20%. Note that the degree of complexity of the three cell processes compared in Fig.
8 is very different, with the PERT process being by far the most complex manufacturing process,
whereas the OECO process, on the other hand, is completely avoiding any photolithography and align-
ment steps. The latter process is currently transferred to industrial pilot production.

The segregation coefficient of gallium in silicon
is two orders of magnitude lower compared to
that of boron in silicon. Hence, Ga-doped Cz-Si
crystals exhibit a considerably higher variation
in resistivity along their growth axis compared
to B-doped crystals. Metz et al. have investi-
gated the usability of a complete 6” Ga-doped
Cz-Si crystal in their high-efficiency OECO
solar cell process.28 The resistivity of the crystal
varied from 1.3 Ωcm at the top to 0.4 Ωcm in
the tail region. Figure 9 shows the measured
OECO solar cell efficiencies as a function of the
base resistivity. Peak efficiencies of up to 21%
were obtained on 0.4-Ωcm material and, more
important, in the broad resistivity range between
0.25 and 1.34 Ωcm, cell efficiencies were found
to reach more than 97% of the peak value, dem-
onstrating that the inherent resistivity variations
in Ga-doped Cz-Si crystals are well within the
range tolerable for the manufacturing of high
efficiency solar cells.

3.2 Process optimization

Several approaches aiming at reducing the concentration of the Cz-specific metastable defect in B-
doped Cz-Si during the solar cell manufacturing process have been investigated. In particular, certain
high-temperature steps, optimized for Cz-Si, were found to be capable of significantly reducing the
magnitude of degradation. In a recent comprehensive study, the high-temperature (~1050°C) thermal
oxidation process required for the growth of masking oxides and passivation layers was studied in
detail.14,31 It was found that the concentration of the Cz-specific metastable defect can be reduced by up
to a factor of 4 if the ramping conditions are chosen properly. However, the absolute values of the stable
lifetimes of conventional B-doped Cz-Si materials were still found to be on a relatively low level be-
tween about 20 and 45 µs after the optimized oxidation step, which is well below the lifetimes measured
on Ga-doped Cz-Si and MCz materials. In a more recent study, a phosphorus emitter diffusion step at
~850°C with optimized ramping conditions was also found to have a beneficial effect on the LID,
leading to a maximum reduction in the light-induced defect concentration by a factor of 3.5.23 This
effect was attributed to the temperature profile only and was shown to be not due to a gettering of impu-
rities.23 A permanent improvement of the carrier lifetime in Cz-Si is not only possible using conven-
tional quartz-tube furnaces. A short annealing step of a few seconds at temperatures around 800°C in a
belt furnace was found to halve the light-induced defect concentration.32 Similar results were also ob-
tained using rapid thermal processing.33

3.3 Other approaches

An alternative method to reduce the harmful effects of lifetime degradation on cell efficiency is to
modify the cell design. By simply reducing the thickness of their solar cells to 100 µm, Münzer et al.34
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obtained a reduced degradation and an improved stable efficiency. However, this approach requires a
very efficient rear surface passivation of the solar cell.34,35 Other solar cell structures, like the Emitter-
Wrap-Through (EWT) cell, have also the potential to reduce the light degradation considerably.36

On the basis of the novel defect reaction model proposed in Ref. 19, it was suggested that carbon-rich
B-doped Cz-Si may exhibit a reduced lifetime degradation, because the formation of carbon-oxygen
complexes could be a competitive process to the formation of the lifetime-limiting boron-oxygen com-
plex. However, an experimental verification of this promising new way of reducing the metastable
defect concentration in B-doped Cz-Si has not been published up to now.
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ABSTRACT: 
 

In recent years, light degradation research has been extensively conducted
for B-doped, Cz-silicon crystals and solar cells. The degree of the degradation
depends on the metastable B-On defects created under light irradiation. Gallium
doping was successfully applied to eliminate the defects for Cz-silicon. In
addition, the Ga doping was effective to grow high-quality single crystals with
higher carrier lifetimes in low-resistivity regions. 
    Multicrystalline cast silicon crystals were also investigated under simulated
sunlight irradiation. Carrier lifetimes in commercial wafers decreased to 60% of
the initial values and cell efficiencies decreased relatively about 2 to 3 % after
3hr irradiation. 
    By fabricating an experimental cast ingot, gallium doping in the
multicrystalline silicon was firstly found to be very effective to suppress the
light-induced degradation of carrier lifetimes. It is expected to fabricate highly
efficient solar cells and to provide more reliable silicon PV modules. 
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Variation of Carrier Lifetimes for as-received CZ-Si Wafers 
under AM 1.5 Illumination (Saitoh et al, 1999)
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Carrier Lifetime vs Resistivity for Ga-doped Cz-Si
(S. Glunz, 16th EU PVSC, 2000)

Carrier Lifetime vs Resistivity for Ga-doped Cz-Si
(S. Glunz, 16th EU PVSC, 2000)

Light –induced Lifetime Degradation of Multicrystalline Silicon Cast Wafers
(M. Dhamrin and T. Saitoh, 29th IEEE PVSC, 2002)

-20 0 20 40 60 80 100 120 140 160 180 200

20

30

40

50

60

70

P-diffusion (A)
Resistivity: 2.63 Ω?cm
n.d.c : 0.0087 µs-1

Irradiation Time (min)

C
ar

rie
r l

ife
tim

e 
( µ

s)

P-diffusion (B)
Resistivity: 2.14 Ω?cm
n.d.c : 0.013 µs-1

As-grown (B)
Resistivity: 2.12 Ω?cm
n.d.c : 0.02 µs-1

B-diffusion (B)
Resistivity: 2.45 Ω?cm
n.d.c : 0.02 µs-1

-20 0 20 40 60 80 100 120 140 160 180 200

20

30

40

50

60

70

20

30

40

50

60

70

P-diffusion (A)
Resistivity: 2.63 Ω?cm
n.d.c : 0.0087 µs-1

P-diffusion (A)
Resistivity: 2.63 Ω?cm
n.d.c : 0.0087 µs-1

Irradiation Time (min)

C
ar

rie
r l

ife
tim

e 
( µ

s)
C

ar
rie

r l
ife

tim
e 

( µ
s)

P-diffusion (B)
Resistivity: 2.14 Ω?cm
n.d.c : 0.013 µs-1

P-diffusion (B)
Resistivity: 2.14 Ω?cm
n.d.c : 0.013 µs-1

As-grown (B)
Resistivity: 2.12 Ω?cm
n.d.c : 0.02 µs-1

As-grown (B)
Resistivity: 2.12 Ω?cm
n.d.c : 0.02 µs-1

B-diffusion (B)
Resistivity: 2.45 Ω?cm
n.d.c : 0.02 µs-1

B-diffusion (B)
Resistivity: 2.45 Ω?cm
n.d.c : 0.02 µs-1

74



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Ingot weight : 3.5 kg,  added Ga:0.2 g

An Experimental Fabrication of Ga-doped Cast Ingot

Ingot weight : 3.5 kg,  added Ga:0.2 g

An Experimental Fabrication of Ga-doped Cast Ingot

Performance Change of Boron-doped Multicrystalline Silicon Solar Cells
after annealing, after degradation and after recovery annealing step

(M. Dhamrin and T. Saitoh, 29th IEEE PVSC, 2002)
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after annealing, after degradation and after recovery annealing step
(M. Dhamrin and T. Saitoh, 29th IEEE PVSC, 2002)

J sc
[m

A/
cm

2 ]
J sc

[m
A/

cm
2 ]

Annealed Illuminated Annealed
28.0

28.5

29.0

29.5

30.0

30.5

31.0

Annealed Illuminated Annealed
28.0

28.5

29.0

29.5

30.0

30.5

31.0

Annealed Illuminated Annealed
575

580

585

590

595

600

605

610

V
oc

[m
V]

V
oc

[m
V]

Annealed
At 200C

Illuminated
Under 1 sun

Annealed
again at 200C

12.0

12.2

12.4

12.6

12.8

13.0

13.2

13.4

Ef
fic

ie
nc

y 
[%

]

Annealed
At 200C

Illuminated
Under 1 sun

Annealed
again at 200C

12.0

12.2

12.4

12.6

12.8

13.0

13.2

13.413.4

Ef
fic

ie
nc

y 
[%

]

75



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

0

10

20

30

40

50

Top 2  
[2 Ω.cm]

Center 47-1 
[1.84Ω.cm]

Center 47-2  
[1.84Ω.cm]

C
ar

rie
r l

ife
tim

es
 [μ

s]

Annealed at 200C for 10 min

Degraded under 1 sun for 12 hr

Light Degradation of Another Ga-doped Cast Crystals
（Chemical passivation after etching in HNO3/HF=20/1 for 1 min）

0

10

20

30

40

50

Top 2  
[2 Ω.cm]

Center 47-1 
[1.84Ω.cm]

Center 47-2  
[1.84Ω.cm]

C
ar

rie
r l

ife
tim

es
 [μ

s]

Annealed at 200C for 10 min

Degraded under 1 sun for 12 hr

0

10

20

30

40

50

0

10

20

30

40

50

Top 2  
[2 Ω.cm]

Center 47-1 
[1.84Ω.cm]

Center 47-2  
[1.84Ω.cm]

C
ar

rie
r l

ife
tim

es
 [μ

s]

Annealed at 200C for 10 min

Degraded under 1 sun for 12 hr

Light Degradation of Another Ga-doped Cast Crystals
（Chemical passivation after etching in HNO3/HF=20/1 for 1 min）

0

10

20

30

40

50

Annealed at 200C Degraded under 1sun
for 12 hr  and chemical
passivated in I2-ethanol

C
ar

rie
r l

ife
tim

es
 [μ

ｓ
]

Top 2         [2.3Ω.cm ]

C enter 47  [1.83Ω.cm ]

Etched in HNO3/HF=20/1 for  
1 min and then CP treatment.

Effect of Surface Removal on Effective Lifetime
during Chemical Passivation

0

10

20

30

40

50

Annealed at 200C Degraded under 1sun
for 12 hr  and chemical
passivated in I2-ethanol

C
ar

rie
r l

ife
tim

es
 [μ

ｓ
]

Top 2         [2.3Ω.cm ]

C enter 47  [1.83Ω.cm ]

Etched in HNO3/HF=20/1 for  
1 min and then CP treatment.

0

10

20

30

40

50

Annealed at 200C Degraded under 1sun
for 12 hr  and chemical
passivated in I2-ethanol

C
ar

rie
r l

ife
tim

es
 [μ

ｓ
]

Top 2         [2.3Ω.cm ]Top 2         [2.3Ω.cm ]

C enter 47  [1.83Ω.cm ]

Etched in HNO3/HF=20/1 for  
1 min and then CP treatment.

Effect of Surface Removal on Effective Lifetime
during Chemical Passivation

76



 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Comparison between Ga and B-doped multicrystalline silicon cast wafers
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Carrier  lifetime vs. Excess Carrier Concentration 
before and after 12 hours illumination for Ga-doped mc-Si-

(QSSPC, Sinton Consulting)
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ABSTRACT 
 

The main topics of the German research program KOSI are defects in low-cost crystalline silicon wa-
fers and ribbons, their influence on the performance of solar cells and the possibilities to prevent, getter 
or passivate them. Further on, the photovoltaic potential and the mechanical properties of the silicon 
wafers and ribbons are important fields of activity, respectively. The areas of research of the institutes 
and the contribution of the German photovoltaic industry are outlined. Examples of experimental re-
sults of the institutes are given. 
 

INTRODUCTION 
 

The photovoltaic program KOSI (Kostengünstige kristalline Siliciumscheiben und -folien für Solarzel-
len – low-cost crystalline silicon wafers and ribbons for solar cells) is a joint venture of eleven German 
institutes and three German companies. The program has been started in October 1999 and will be fin-
ished in September 2002. It is supported by the German Bundesministerium für Wirtschaft und 
Technologie. The co-operating institutes, their main areas of research and their main investigation 
techniques and technologies are: 
 
Fraunhofer-Institut für Solare Energiesysteme, Freiburg (ISE) 

- Processing of solar cells by Rapid Thermal Processing (RTP) 
- Characterization tools: LBIC, µ-PCD, MFCA, FTIR, IQE 

 
Universität Kiel, Technische Fakultät, Lehrstuhl Materialwissenschaften (UKI) 

- Local solar cell characterization by the CELLO-technique  
- Local material characterization by the Elymat-technique 

 
Institut für Solarenergieforschung Hameln/Emmerthal (ISFH) 

- Processing of solar cells by the MIS n+p solar cell process and by the low 
 temperature inversion layer solar cell process. 
- Characterization and optimization of hydrogen bulk passivation 
- Characterization tools: µ-PCD lifetime mapping, QSSPC lifetime measurement,  
 IQE-Mapping and Leff-mapping  
 

Universität Konstanz, Angewandte Festkörperphysik (UKN) 
- Solar cell processing: standard process with flat or mechanically V-grooved surface, 
 POCl3 emitter, H-plasma bulk passivation, P- and Al gettering studies 
- Characterization: µ-PCD lifetime mappings, LBIC-, IQE- and Leff-mapping, Hall effect 

 
Max-Planck-Institut für Mikrostrukturphysik (MPI) 

- Localization and quantification of shunts in solar cells 
- Characterization tools: Lock-in IR thermography, EBIC 
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Universität Göttingen, IV. Physikalisches Institut (UGÖ) 
 - Simulation of phosphorus diffusion 
 - Gettering of defects 
 - Dissolution kinetics of metal silicide precipitates  
 - Characterization tools: DLTS, TEM 
 
Institut für Halbleiterphysik - innovations for high performance microelectronics 
Frankfurt/Oder (IHP) 

- Electrical activity of crystal defects 
- Characterization tools: EBIC (T), DLTS, PL 

 
Technische Universität Bergakademie Freiberg, Institut für Experimentelle Physik (TUBA) 
 - Recombination at oxygen containing precipitates and clusters  

- Investigations of the mechanical properties 
- Characterization tools: LBIC, Scanning Infrared Microscope (SIRM), FTIR, SPV 

 
Universität Erlangen-Nürnberg, Institut für Angewandte Physik (IAP) 
 - Electrically active defects in solar cells 
 - Influence of hydrogen treatments 

- Characterization tools: DLTS, LBIC, FTIR, Mesadiode Analysis of Solar Cells 
 (MASC), Hall effect 

 
Universität Erlangen-Nürnberg, Institut für Werkstoffwissenschaften, Lehrstuhl für 
Mikrocharakterisierung (IWW) 
 - Correlation of the micro structure with the electrical behavior of solar cells 
 - Investigation of mechanical stress in solar cells 
 - Characterization tools: Micro-Raman, High Resolution and Analytical Transmission 

   Electron Microscopy, EBIC 
 
Access e.V. Materials and Processes 

- Numerical simulation of solar cell processing 
- Heat treatment experiments 
- Image analysis of microstructure 

 
The industrial partners and their contributions are: 
 
Deutsche Solar GmbH (Bayer Solar GmbH) 

• Supply of RGS and Baysix® material.  
• RGS (Ribbon Growth on Substrate [1]) is a ribbon material directly grown out of the melt in the 

required thickness. Due to the fact that the solidification is perpendicular to the pulling direc-
tion, the achievable production rate is very high (approx. 10 cm/s). 

• Baysix® [2] is a multicrystalline silicon, fabricated by directional solidification of square shaped 
silicon ingots. 

 
RWE Solar GmbH (ASE GmbH) 

• Supply of EFG material and solar cells.  
• EFG (Edge defined Film fed Growth [3]) is a ribbon material directly grown out of the melt in 

the required thickness. The pulling speed is approx. 2 cm/min. 
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Shell Solar GmbH (Siemens Solar GmbH) 
• Supply of TriSi material. 
• TriSi (Tri-crystalline silicon [4]) is fabricated by the Cz-Si technology with a tri-crystal seed. In 

comparison to standard single crystalline Cz-Si, the achievable poly-free growth-rate and the 
mechanical stability are higher. 

 
In addition, the industry partners contribute material and solar cell data, participate in the critical dis-
cussion of the results and analyze the results with respect to a direct process implementation. 
 

TARGETS OF THE PROGRAM 
 

The main targets of the program are: 
 

• Characterization of new silicon materials (EFG under revised pulling conditions, TriSi, RGS) 
and reference materials (Baysix®, conventional EFG, Cz-Si ), respectively. 

• Investigation of the photovoltaic potential of the new silicon material. 
• Proposals for 

- the decrease of wafer and cell production costs. 
- the improvement of the mechanical properties of the new silicon material. 

 
DEFECTS, PASSIVATION AND GETTERING 

 

Dislocations and grain boundaries 
A main source of the lattice defects are the temperature gradients during crystal growth, which lead to 
mechanical stress and, as a consequence, to dislocations and grain boundaries. According to our inves-
tigations, only decorated dislocations are recombination active and thereby decrease the minority 
charge carrier lifetime and the solar cell efficiency. 
A model of Donolato [5] describes the context of diffusion length and dislocation density. By combin-
ing this model with PC1D calculations (one-dimensional solar cell simulation program [6]), a correla-
tion between IQE and the dislocation density can be created [7]. One important parameter of this corre-
lation is the normalized dislocation recombination strength Γ (number of recombinations per unit time 
and length divided by excess charge carrier density and diffusion constant). 
Investigations of experimental Baysix® material have shown that the dislocation recombination 
strength in areas close to the edges of the block is somewhat higher than in the middle of the block. 
This behavior explains the lower lifetime values of the areas with higher dislocation densities. 
In addition, higher dislocation densities very close to the block bottom are associated with IQE-values 
that are higher than the IQE-values associated with low dislocation densities. This might be a hint for 
the existence of inversion channels, too (see also subchapter inversion channels). In general, these areas 
are removed before wafer cutting. 
Investigations of the micro structure of TriSi wafers prior and subsequent to diffusion processes at dif-
ferent temperatures have shown that the dislocation density of the outer regions of TriSi wafers in-
creases, if the applied temperature exceeds 1000 °C. This behavior is particularly obvious near to Σ9 
grain boundaries. Thus, for diffusion temperatures above 1000 °C, adapted conditions are required, 
especially for heating up and cooling off. 
Due to the special growth conditions of EFG material, the carbon concentration is very high. According 
to TEM investigations, areas with high mechanical stress values have also a high density of twin 
boundaries. High Resolution Electron Microscopy (HREM) and Electron Diffraction X-Ray (EDX) 
investigations have shown that the carbon concentration is increased next to twin boundaries of EFG 
material. This could be an indication that the high mechanical stress values around twin boundaries 
could be caused by the incorporation of carbon. 
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Temperature dependent EBIC investigations [8] clearly proved the role of defect contamination for the 
recombination activity of extended defects in silicon. A model [9] describing the temperature behavior 
of the dislocation activity, gives quantitative access to the concentration of deep level impurities con-
taminating the dislocations. Measurements of the EBIC contrast require a low defect density, a condi-
tion that is often not fulfilled in mc-Si. For that case, measurements of the diffusion length versus tem-
perature can serve to determine the mean defect activity in a certain area and to estimate the mean de-
fect contamination. 
The influence of a remote plasma passivation on the electrical recombination in multicrystalline solar 
cells has been investigated using different temperatures during the passivation (300 °C to 375 °C). At 
all investigated temperatures the recombination strengths of the dislocations are reduced, the most ef-
fective reduction occurring at the highest temperature. The decrease of the recombination activity at 
grain boundaries was even higher than at dislocations (up to 20 % increase of the internal quantum ef-
ficiency after the remote plasma passivation). 
 
Impurities 
There are several sources for impurities in ribbon, block-cast and Czochralski-grown silicon. The feed-
stock material contains impurities and in some cases even particles, too. The feedstock material is usu-
ally completely melted prior to the directional solidification or the crystal growth process. According to 
their segregation behavior, impurities (e.g. transition metals) are in a minor fraction re-incorporated 
into the material. Crucible and crucible coating are other impurity sources. In most cases carbon, oxy-
gen, nitrogen and also metals are originating from these sources. Some of the defect sources are known 
and could be avoided, but sometimes, costs are prohibitive. Some other defects could probably be 
avoided, if the generation mechanism would be understood. During solar cell processing, the defect 
structure of the material changes due to the thermal treatments involved in these processes. New impu-
rities, like dopants or gettering and passivating species, are introduced and the defect structure is sig-
nificantly changed. The basic question is, which types of defects deteriorate the material quality most 
and which are less important. 
In this program, primarily the behavior of chromium was investigated. Chromium is an impurity in 
some types of silicon crystals that can be introduced by the growing process. At room temperature, in 
boron-doped silicon, chromium forms the CrB-complex. Therefore, in boron-doped Si, Cr has two de-
fect levels, one in the lower half of the band gap related to the CrB-complex (ET - EV = 270 meV), and 
another one in the upper half related to interstitial Cr (EC - ET = 230 meV) [10]. Due to the low binding 
energy of EB = 0.65 eV, the complex starts to dissociate at temperatures higher or equal 50 °C. 
DLTS and lifetime measurements of specially contaminated EFG material (resistivity: 3 to 5 Ωcm) 
have shown that the recombination strength of the CrB-complex is higher than that of the interstitial 
chromium [11]. The formation of the CrB-complex is very slow at room temperature and the dissocia-
tion starts at temperatures higher or equal 50 °C. Therefore, the CrB formation is highly sensitive to 
fluctuations of temperature. Fluctuations of temperature can be caused by e.g. light illumination and 
fluctuations of the ambient temperature. 
 
Shunts 
Shunts in the p-n junction of solar cells mainly decrease the fill factor and the open circuit voltage. This 
leads to a decrease of the solar cell efficiency. Unfortunately, the highly conductive n+-layer of silicon 
solar cells, acting like an equipotential surface, prevents a direct determination of the local fill factor 
and the open circuit voltage values. 
One way to determine the local fill factor and open circuit voltage values is to measure the I-V charac-
teristic of small diodes (MASC [12]) or small solar cells (MSC [13]) that are subsequently processed 
on the top of the solar cells. However, these investigation methods destroy the solar cells. Other non 
destructive, fast and sensitive methods are the Lock-in Thermography [14] and the CELLO-technique 
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[15]. By Lock-in Thermography, the local warming of solar cells on forward and reverse current is 
measured. For example, Lock-in Thermography investigations of RGS- and EFG-based solar cells have 
shown that after H-passivation, the forward dark current is decreased (EFG, RGS) and the deleterious-
ness of shunts is reduced (RGS). 
The CELLO-technique (Solar CELl LOcal characterization) is an advanced LBIC measurement for the 
local characterization of solar cells. With the help of an extremely stable potential/current source the 
linear response to a local illumination is measured. Thereby, e.g. the local serial resistance, shunt resis-
tance and open circuit voltage values can be determined.  
From Lock-in Thermography and CELLO-technique, it is known that most of the shunts in solar cells 
are located close to the wafer edges. The reasons of the edge shunts are e.g. overlapping p-n junctions, 
sawing damage or crystal defects. A possibility to reduce the edge shunts, developed in this program, is 
applying liquid KOH to the edges and subsequently local heating [16]. 
 
Inversion channels 
Some RGS based solar cells show very high short circuit current values. Nevertheless, the fill factor 
and open circuit voltage values are low. Furthermore, the apparently high diffusion length values do 
not match with the low lifetime values. These discrepancies can be explained by areas in the p-type 
bulk material, which show n-type conductivity and, therefore, are called inversion channels. The areas 
behave like an additional current collecting emitter. According to EBIC measurements, TEM and SIMS 
studies as well as etch experiments performed in this program, inversion channels are mainly caused by 
continuously decorated dislocations [17] [18]. Currently it is checked, whether it is possible to process 
solar cells on RGS material, having high short circuit current values and not too bad fill factor and open 
circuit voltage values. 
 
Passivation using PECVD SiNx 
In the literature a model is proposed [19], which relates the high rates of passivation at temperatures 
above 700 °C to the release of hydrogen from the SiNx-film, the injection of vacancies from backside 
Al alloying, and the retention of hydrogen at defect sites. To check, whether the concentration of va-
cancies in silicon does change during high temperature treatments, the concentration of vacancies was 
determined by the platinum diffusion method [20]. According to the achieved results, the following can 
be stated: 

• There is no indication that vacancies are formed or annihilated during Al alloying of EFG mate-
rial. 

• By the platinum diffusion method, it is not possible to verify or exclude, whether vacancies can 
dissociate H2-molecules or not. 

• In comparison to Baysix® ([Vac] < 1012cm-3) and TriSi material ([Vac] ≅ 3 × 1012cm-3), the va-
cancy concentration is generally higher in EFG material ([Vac] ≅ (1-2) × 1013cm-3). This could 
be the reason for the fast and very effective hydrogen passivation of EFG material. 

 
In addition, non-conservative Ostwald ripening of extrinsic dislocation loops [21] [22] has been used to 
study vacancy injection from liquid Al:Si alloys. It could be concluded that no substantial vacancy in-
jection occurred due to the presence or formation of the Al:Si melt since the ripening behavior of loops 
in uncovered silicon samples was practically the same. 
 
Gettering 
Gettering steps are very important for the improvement of the mc-Si wafers during solar cell process-
ing. It could be clearly shown that highly doped P- and Al-layers can drastically improve the solar cell 
efficiency [23]. According to experimental investigations and simulations on Baysix®, Cz-Si and FZ-Si 
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material with different oxygen concentration, the gettering effect of e.g. cobalt is reduced at tempera-
tures lower than 860 °C, if the oxygen concentration is high. This behavior is probably caused by oxy-
gen-related defects, which prevent the cobalt to diffuse to the gettering layer. 
Investigations of the gettering behavior of EFG material have shown that the charge carrier lifetime 
after hydrogen passivation can degrade under illumination [24], if the EFG material is not gettered 
prior to the hydrogen passivation [23] [24]. 
 

MECHANICAL PROPERTIES 
 

Due to high temperature gradients during some crystal growth processes, the materials are mechani-
cally stressed. Mechanical stress not only leads to dislocations and grain boundaries, but in extreme 
cases also to wafer cracks before and during solar cell processing. Residual stress in silicon causes a 
change of the elastic constants of the atoms and thereby leads to a change of the phonon and Raman 
frequencies. According to our Micro-Raman-Spectroscopy investigations, a complex stress distribution 
exists around the origin of regions in Baysix® ingots having a higher dislocation density. The maximum 
local mechanical stress differences in these regions are approximately 120 MPa. 
The residual mechanical stress in EFG material is very high at the branching point of grain boundaries 
and in regions of a high density of twins. The difference of the local stress values can exceed 200 MPa. 
In contrast to EFG and Baysix material, TriSi material shows no local mechanical stress differences 
[25]. 
 

SOLAR CELL PROCESSING 
 

One of the main tasks of the solar cell processing institutes ISE, ISFH and UKN is to check the photo-
voltaic potential of Baysix®, RGS, EFG and TriSi material, which can be achieved by using the follow-
ing cell processing schemes: 
 

- Rapid Thermal Processing (RTP) [26] 
- MIS n+p Emitter [27] 
- MIS Inversion Layer [28] 
- Standard process with flat or mechanically V-grooved surface [29] 

 
The highest efficiencies, obtained with the different standard process steps on Baysix®, EFG, RGS and 
TriSi material, are shown in table 1. 
 
Rapid Thermal Processing (RTP) 
The thermal budget (the integral of temperature over time) of solar cell processing can be considerably 
decreased by RTP processing. Therefore, by RTP processes, it may be possible to enhance the cell 
throughput, improve process control and save floor space. In this program, it is investigated, whether 
solar cells based on RGS, EFG and Baysix® can benefit from replacing the well established conven-
tional quartz tube furnace diffusion by RTP. 
By this replacement, it was managed to achieve an average solar cell efficiency of 8.4% in case of RGS 
and of 13.1% [30] in the case of EFG [30]. In the case of Baysix®, a deterioration and broadening of 
lifetime distribution due to RTP [31] was observed. With increasing diffusion temperature the average 
lifetime mainly decreases in the grain boundary regions and above 900 °C it drops below the initial 
lifetime. The reasons for this behavior are not understood up to now. 
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Table 1: Best efficiencies of differently processed solar cells based on Baysix®, EFG, RGS and TriSi 
material. 

 

Solar cell process Baysix® EFG RGS TriSi 

RTP 15.0% 14.9% [29] 9.0% [29] - 
MIS-IL 13.8% 12.0% - 14.4% 
MIS n+p - - - 17.6%* 

Standard process, flat surface 16.4% 15.3% 11.8% [28] 17.5% 
Standard process, V-grooved surface - - 12.5%** [28] - 

 

* independently confirmed at FhG-ISE, Freiburg, ** independently confirmed at JRC Ispra
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1. Introduction 

Multicrystalline silicon (mc-Si) solar cell has been occupying more than a half part of the market 
of solar cells in these several years1).  This superiority is expected to be also continued hereafter, 
because the one with the reasonable efficiency can be easily produced with moderate costs.  On the 
other hand, the efficiency of mc-Si solar cell still stays inferior to that of monocrystalline silicon 
(c-Si) solar cell by several points, though its potential is as high as c-Si's.  Therefore, the attempt to 
raise the efficiency of mc-Si solar cell is important, and the impact will be large when the attempt is 
successfully industrialized. 

The typical efficiency of the factory product of mc-Si solar cell is about 14%.  In the research 
trials, the efficiency of 19.8 % was recorded for 1cm2 cell2), 18.6% for 4cm2 cell3), and 17.4% for 
25cm2 cell4).  There is an efficiency gap between the factory product and the research results, and 
the efficiency over 18% for the area over 10 cm2 has not been reported yet. 

 In this study, the development of device process is carried out with the project to attain high 
efficiency with a large-area mc-Si solar cell, under the support of NEDO.  As a halfway result, the 
efficiency of 18.3% was attained for the area of 25 cm2, using the substrate fabricated by Kawasaki 
Steel Corporation5), which is also supported by NEDO under the same project. 

In this paper, the analysis of the cell property is carried out focusing on the surface recombination 
velocity (SRV) of the front side.  A prospect of the further improvement of the efficiency is also 
discussed. 

 
2. Cell Structure and Characteristics 

Figure 1 shows the schematic configuration of the mc-Si solar cell in this study.  The p-type 
substrate which is fabricated by Kawasaki Steel Corporation5) was used.  The substrate has long 
diffusion length (Le) of minority carrier in spite of low resistivity (ρs).  Le measured by surface 
photovoltage method is over 200 µm, and ρs is 0.7 Ω-cm. 

 For the front side of the cell, the surface was randomly textured using alkaline etchant.  The 
front n+ layer was fabricated with phosphorus diffusion.  The sheet resistance of the layer was 110 
Ω/sq.   A silicon nitride (SiNx) film was deposited on the layer using plasma enhanced chemical 
vapor deposition.  On the rear side, back surface field (BSF) was built in using a p+-layer with 
aluminum diffusion, and an aluminum contact was fabricated.  The front fine line contact was 
fabricated through vacuum evaporation and photolithography.  The dimension of the cell is 5 cm x 
5 cm, and the thickness is 300 µm.  Table I summarizes these device parameters. 
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  Figure 2 shows the current-voltage characteristics of the cell with the highest efficiency.  The 
efficiency of 18.3% was attained under the illumination of AM1.5, 100mW/cm2.  The open circuit 
voltage (Voc) and the short circuit current density (Jsc) were 634 mV, 36.9 mA/cm2, respectively.  
The efficiency over 18% is the first report for the large size solar cell with the area over 10 cm2. 
  This result was obtained through several kinds of investigations into the cell process 
improvements in conjunction with the mc-Si substrates.  In the discussion so far, analyses are 
attempted to reveal what kind of the improvements contributed to the high efficiency, especially 
attending to the surface recombination velocity (SRV) of the front side. 
 
3. Analysis 
 3.1 c-Si solar cell 
  Preceding the analysis of mc-Si solar cells, SRV of high efficiency c-Si solar cells were analyzed 
based on the results obtained through our development in which the efficiency of 23.5% had been 
obtained for 25 cm2 c-Si solar cell6).  In the development, a breakthrough was made in the 
improvement of the front SRV. 

In the development of the c-Si solar cells6), two kinds of front diffusion processes were examined.  

FIG.1.  Schematic configuration of the mc-Si cell.  
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FIG.2.  Current-voltage characteristics of the mc-Si solar 
cell with the high efficiency of 18.3%. 

Table I:  Typical device parameters of the
mc-Si solar cell in this study. 

Substrate Resistivity 0.7 Ω−cm
Carrier Lifetime 20 µs
Dffusion Length 220 µm
Front sheet resistance 100 Ω/sq.
BSF sheet resistance 15 Ω/sq.
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Table II shows the values of the sheet resistance and the solar cell characteristics through these two 
different processes, named process A and process B.  Between these processes, the values of sheet 
resistance are controlled to be 110-120 Ω/sq., but the doping profiles are different.  The Voc of 
process A became 16 mV higher than that of process B.  The process A was adopted into the 
optimized process with a large fill factor, and 23.5% was obtained in consequence of the 
improvement of the Voc. 

Figure 3 shows the spectral collection efficiencies of the cells fabricated through processes A and 
B.  The collection efficiencies of the process A get higher than those of B in the range of 400-550 
nm.  In order to estimate the value of the front SRV, these values of spectral collection efficiencies 
were numerically simulated using PC-1D7) with the device parameters for both processes A and B. 

Figure 4 shows the comparisons of the measured and simulated results.  In Fig. 4(a), the 
measured curve for process A and three simulated curves are drawn when SRV S = 1000, 5000, and 
20000 cm/s.  The most similar simulated curve to the measured one is when S = 5000 cm/s.  In 
Fig. 4(b) for process B, simulated curves for S = 10000, 30000, and 100000 cm/s are drawn with the 
measured one, and it is the most similar when S = 30000 cm/s.  This analysis suggests the SRV of 
process B is about 6 times larger than that of A. 

The values of the front SRV were estimated in another point of view, using PC-1D by simulating 
Voc.  Figure 5 shows the front SRV dependence of the simulated Voc.  Each curve is calculated 
using the device parameters for each process.  Except the profile of the n+-layer, same set of the 
device parameters was used for each curve.  For both curves, the values of Voc are shown to be 

Table II:  Values of sheet resistance and solar cell characteristics through three different
processes in c-Si solar cell analysis. 

sheet Jsc Voc Eff
resistance (mA/cm2) (mV) (%)

A 120 40.2 695 0.779 21.8
B 110 40.3 679 0.784 21.4

Optimized 120 41.1 694 0.823 23.5
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FIG. 3.  Spectral collection efficiencies for the cells fabricated through processes A and B in c-Si cell 
analysis. 
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reduced with the increasing SRV when S>103cm/s.  Adopting the Voc values of 695 mV for 
process A and 679 mV for process B, the front SRV are fitted to be 800 cm/s and 4000 cm/s, 
respectively. 

Table III summarized the simulated results of the front SRV from different point of view.  The 
SRV values estimated from the spectral collection efficiency (S1) do not correspond to those 
estimated from the Voc (S2), but the rates of S1/S2 are almost equal between processes A and B.  In 
the analysis so far, this rate is considered to indicate the standard relationship between these two 
approaches, and it will be utilized for the simulation of mc-Si solar cell. 
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FIG. 4.  Comparisons of the spectral collection efficiencies of the measured and simulated values.  
(a) The measured curve for process A can be approximated to the simulated one when S = 5000 cm/s. 
(b) For process B, it can be approximated to when S = 30000 cm/s. 
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FIG. 5.  Front SRV dependence of Voc for processes A and B in c-Si solar cell analysis.  Adopting the 
Voc values of 695 mV for process A and 679 mV for process B, the values of the front SRV are fitted to 
be 800 cm/s and 4000 cm/s, respectively. 

Table III:  Simulated results of the front SRV.   S1: calculated from spectral collection
efficiency.   S2: calculated from Voc.  The rates S1/S2 are also described. 

collection efficiency (S1) Voc (S2)
Process A 5000 800 6.25
Process B 30000 4000 7.5

Front S.R.V. (cm/s) calculated from S1/S2
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3.2 mc-Si solar cell 
 In the analysis of the mc-Si solar cell, two kinds of front diffusion processes were examined, like 
in the case of the c-Si solar cell.  Table IV shows the solar cell properties fabricated through these 
processes C, D, and C'.  For processes C and D, the substrates fabricated by conventional cast 
method were used.  The sheet resistance of process C is 110 Ω/sq., and that of process D is 80 Ω/sq, 
which is the only difference for the cell fabrication between the processes C and D.  The value of 
Voc by process C was 5 mV higher than that by process D. 

For the process C', the substrate fabricated by Kawasaki Steel5) was used, and the cell fabrication 
processes are same as the process C.  The value of Voc was 17 mV higher than that of process C. 
  Figure 6 shows the spectral collection efficiencies for the cells fabricated through processes C and 
D.  The collection efficiencies of the process C became higher than those of D in the range of 
400-500 nm.  In the same way described in the analysis for c-Si solar cell, these values of 
collection efficiencies were numerically simulated using PC-1D in order to estimate the front SRV.  
Figure 7 shows the comparison of the measured and simulated results.  In Fig. 7(a) for process C, 
the measured and three simulated curves are drawn when S = 5x104, 2x105, and 1x106 cm/s.  The 
most similar simulated curve to the measured one is when S = 2x105 cm/s.  In Fig. 7(b) for process 
D, three simulated curves when S = 1x105, 5x105, 2x106 cm/s are drawn with the measured one, and 
it is the most similar when S = 5x105 cm/s.  This analysis suggests the front SRV of process C is 
about 2.5 times larger than that of D. 

  This result suggests that the passivating condition of the front surface in the process C is superior 

substrate diffusion sheet
Process substrate resistance length resistance F.F.

(Ω-cm) (µm) (Ω/sq.) (mA/cm2) (mV) (%)
C conventional 1.6 180 110 36.9 617 0.756 17.2
D conventional 1.6 180 80 36.3 612 0.762 16.9
C' Kawasaki St. 0.7 220 110 36.9 634 0.782 18.3

Jsc Voc Eff.

Table IV:  Substrate properties, sheet resistance, and the cell characteristics of the mc-Si solar cell 
fabricated through the processes C, D, and C'. 
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to that of D.  The SiNx film on the n+-layer were deposited with the same process, therefore the 
difference in the passivating conditions is supposed to originate in the difference in the values of the 
sheet resistance.  In other words, it was suggested that it is possible to reduce the front SRV by 
raising the sheet resistance of the front n+-layer. 
  The values of Voc were also simulated by PC-1D for the processes C, D, and C’.  Figure 8 shows 
the front SRV dependence of the simulated Voc.  The values of Voc for processes C, D, and C' were 
calculated through the estimated SRV values in Fig. 7 divided by 7 which was the approximate value 
of S1/S2 in Table III.  In Fig. 8, applying the SRV values of 3x104 cm/s for processes C and C’, and 
7x104 cm/s for process D, the Voc differences among C’, C, and D coincide with the results from 
Table IV.  It can be concluded that the estimation of Fig. 8 was ensured to be proper through these 
comparisons. 
  The followings were shown in Fig. 8: The Voc difference between the processes C and D is little 
when those SRV are almost equal.  When SRV > 1x104 cm/s, the reduction of SRV contributes 
much to the improvement of Voc.  For process C', Voc can be further improved with lowerering 
SRV. 
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FIG. 7.  Comparison of the spectral collection efficiencies of the measured and simulated values.  (a)
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4. Discussion 
Figure 9 shows the SRV dependence of the solar cell characteristics simulated by PC-1D using the 

device parameters of the 18.3% cell shown in Table I.  On the assumption that the front SRV of the 
fabricated cell is 3x104 cm/s, Voc can be improved by 2-3 mV, and the efficiency can be improved 
by 0.3-0.4 points, with reducing the SRV to be less than 8x103 cm/s. 
  As the method to reduce the front SRV, the improvement of the film quality of SiNx is the one 
possibility.  As the other possibility, raising the sheet resistance is considered.  But it is 
accompanied by the reduction of the surface doping density, which makes the formation of the 
ohmic contact difficult.  Applying the selective emitter structure with highly doped area just 
beneath the contact, sheet resistance beneath the SiNx can be raised, and the reduction of SRV is 
expected. 

In the case that the substrate quality is more improved with the lower resistivity of 0.5 Ω−cm and 
the longer diffusion length of 300 µm, the SRV dependence of the cell characteristics can be 
calculated as Fig. 10.  Voc is improved to 640 mV and the efficiency is 18.6% if the SRV stays 
present value of 3~7x104 cm/s.  Furthermore, Voc can be improved to 653 mV and the efficiency 
can be 19.5% if the SRV can be also improved to be less than 3x103 cm/s, which suggests that the 
role of the SRV improvement is more important for higher-quality substrates. 

Moreover, Jsc will be 2-3% increased if the light trapping structure like the honeycomb surface2) 
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FIG. 9.  SRV dependence of the solar cell characteristics simulated by PC-1D using the device
parameters of the 18.3% cell shown in Table I. 
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is introduced.  The selective emitter structure also has an effect to improve the fill factor because it 
reduces the series resistance.  Considering these effects, the efficiency over 20% can be expected.  
Figure 11 summarizes the further improvements of the mc-Si solar cell characteristics. 
  Considering that the efficiency of 18.3% was realized for 25cm2 cell, these improvements can be 
realized for the same size of the cell. 
 
5. Conclusions 
    A multicrystalline silicon (mc-Si) solar cell with the efficiency of 18.3% with the area of 25 
cm2 was fabricated, using the substrate with the resistivity of 0.7Ω−cm and the diffusion length of 
220 µm fabricated by Kawasaki Steel Corporation5).  An analysis of the solar cell characteristics 
was carried out, focusing on the surface recombination velocity (SRV) of the front side, applying the 
analyzed results of the high-efficiency monocrystalline silicon solar cells.  Consequently, the front 
SRV of the mc-Si cell with 18% efficiency could be estimated to be 3x104 cm/s.  The efficiency is 
expected to be improved to 18.6% with the SRV reduction to 8x103 cm/s.  For the method to 
reduce the front SRV, raising the sheet resistance was nominated as a realistic method. 
  Furthermore, the guideline to improve the efficiency over 20% was displayed.  To realize the 
efficiency over 20%, the selective emitter and the optical confinement structure should be 
introduced to the cell process, besides the quality improvement of the substrate. 
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FIG. 11.  Further improvements of the mc-Si solar cell characteristics. 
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Abstract 
 
This paper reviews the state of the art of static concentration, discussing its properties and 
its possibilities to become a real alternative for PV cost reduction. First, the principles of 
concentration are presented, stressing the fact that to be able to cast rays from a wide 
variety of directions, levels of concentration are limited to low values. Then, solar cell 
technologies for these ranges of illumination are evaluated, paying special attention to 
bifacial cells, of which there are some technologies close to industrialisation. A look is 
taken at some concentrator designs, highlighting their characteristics, and in particular to 
the PV Venetian prototype, a static concentrator for building integration in façades which 
reaches a concentration of 4.3, and whose cost is estimated in 2.02 €/Wp. The review 
finishes with some arguments that justify the advantages of static concentration for building 
integration applications, and also its feasibility for medium- and small-sized systems. 
 
Introduction 
 
Photovoltaic concentration reduces the need of solar cells by means of an optic system (a 
“concentrator”) that collects the incoming light and redirects it to a smaller solar cell. As 
solar cells are expensive devices and optic systems are much cheaper, a cost reduction of 
the PV system is expected. Indeed, concentration has always claimed to be an alternative 
for PV cost reduction.  
 
Many research and demonstration activities have been performed to assess a wide variety 
of PV concentration technologies, but until now none of them has got to the point of 
becoming a real commercial product. Main reasons can be found in the difficulty of 
competing with traditional sources for large or medium-sized plants, and the lack of 
concentration cells, which are rarely available and at a high price due to the small market. 
Meanwhile, flat-plate technology has experienced a tremendous growth, both for stand-
alone or grid-connected systems, but only in small scale applications. 
 
Among PV concentration technologies that of static concentrators is the simplest one, quite 
similar to flat-plate technology because they also collect diffuse light and need no tracking, 
while saving some silicon. However, the levels of concentration a static concentrator can 
achieve are low, and so the question arises whether it is worth to develop such systems. 
 
This paper reviews the state of the art of low concentration devices. First, the principles of 
concentration are presented, discussing the limits attainable by static concentration. Then, 
solar cell technologies for these ranges of illumination are evaluated, and concentrator 
designs shown. The review finishes with some arguments on the applications where static 
concentration can be competitive. 
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Principles of PV concentration 
 
Optical concentration Copt is defined as the ratio between the irradiance incident on the cell 
and that incident on the module aperture. It is always less than geometrical concentration 
Cg (the ratio between the concentrator aperture area and the solar cell area) due to the fact 
that the concentrator does not collect all the rays coming from the sky, and also due to 
optical losses in the concentrator itself. 
 
Classic means of mapping remote points in the sky is to draw a sphere of radius unity 
(celestial sphere) with the concentrator in the centre (see Figure 1.a). The rays emitted by a 
point in the sky correspond to a direction of parallel rays incident on the concentrator, and 
so they are determined by the direction cosines p, q and r (related by p2+q2+r2=1, so that 
only two of them are independent). The portion of the sky “seen” by the concentrator can 
be projected in the plane of the concentrator aperture, drawing a circle of radius unity 
where each point corresponds to a ray direction (p,q). Figure 1.b shows this plane, called pq 
plane, and the projection of rays in an arbitrary instant, where three regions corresponding 
to solar beam, diffuse and albedo rays can be distinguished. The region AP of rays collected 
by the concentrator is represented for axisymmetric concentrators that accept the rays that 
come within a cone of semiangle α (acceptance angle) with respect to the normal to the pq 
plane. 
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(a) (b) (c) 
Figure 1. (a) Celestial sphere showing the projection of sun rays in the plane of the concentrator 
aperture. (b) pq plane for an arbitrary instant. (c) Sketch of pq plane for a static concentrator 
oriented to the equator and tilted an angle equal to the latitude. 
 
So the target will be to design a concentrator able to collect as many rays as possible (and 
as energetic as possible) in a cell as small as possible. However, there is a limit imposed by 
the theorem of conservation of étendue, derived from the Second Law of Thermodynamics, 
that states that the maximum achievable concentration, when a medium of index of 
refraction n surrounds the receiver, is 

α
π

2

22
max

sin
n

A
nC

P

==  (1)

where the last equality only holds for axisymmetric concentrators. This limit can only be 
reached for isotropic illumination at the receiver [1]. 
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Eq. (1) sets a limit to the achievable concentration for a given acceptance angle. For 
example, to reach Cmax=10 the maximum acceptance angle of an axisymmetric concentrator 
is 18º, while for Cmax=100 it reduces to 6º, assuming in both cases n=1 (air).  
 
This trade-off between level of concentration and acceptance angle is responsible of the 
different strategies that we can plan: 
 
-To reach high concentration levels, acceptance angle should be quite low, and to guarantee 
that the more intense beam rays are collected we need to track the system in 2-axes, so that 
the system points at the sun at any moment. 
 
-If we want to relax the complexity of the tracking system, we can follow the sun in only 
one direction (1-axis tracking). The concentrator is not anymore axisymmetric. It will rather 
be linear. Then the concentration is smaller and the acceptance area larger. Now this area 
has an elongated shape capturing the sunrays for any position of the sun in the non-tracked 
direction. 
 
-We can avoid the need of tracking with a static concentrator. Figure 1.c shows 
(qualitatively) the annual radiation distribution in the pq plane for a concentrator oriented to 
the equator and tilted an angle equal to the latitude. There is a central band with high 
radiance, corresponding to the sky region where the sun passes sometime during the year, 
whose limits are the projection of the sun’s path on the two solstice days. Diffuse and 
albedo regions are also represented.  
 
A concentrator collecting the beam rays during the whole year (that we do not know how to 
build) must collect all the rays in the white area of Figure 1.c. This area is 1.549 [2]. 
Therefore for a monofacial cell surrounded by a medium of n=1, Cmax=π/1.549=2.03. A 
way to increase achievable concentration is to surround the receiver with a plastic of n≈1.5, 
that makes Cmax=4.57. The limit of eq. (1) can be doubled with the use of bifacial cells 
because the angular spread at the receiver is doubled (from hemispheric to isotropic 
acceptance at the cell level), so that the figure of our example becomes Cmax=9.13. 
 
Real concentrators that we know how to build will present lower optical concentration. In 
any case, it has to be noted that we are always speaking of low levels of concentration. This 
is the price to pay if we want to have high acceptance angles and avoid the need of 
tracking. In last section we will see that, under certain conditions, these low levels will be 
enough to render static concentration attractive. 
 
Solar cells for low concentration 
 
Cell efficiency increases with concentration because photogenerated current, opencircuit 
voltage and fill factor increase. However, series resistance causes the fill factor and the 
efficiency to decrease at high current values. The maximum efficiency of a cell with a 
given series resistance occurs approximately when the ohmic drop equals the thermal 
voltage VT:  

TSL VrJ ≈  (2)
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where the photocurrent is expressed in terms of current density JL(mA/cm2) and the series 
resistance in terms of specific series resistance rs(mΩcm2).  

 
To operate at medium or high 
concentration, cells of low series 
resistance are needed (see Figure 2), and 
that may need sophisticated technologies 
(vacuum evaporation of metals, for 
example) or novel designs (such as the 
Point Contact cell [3]).  
 
The low concentration approach has the 
advantage that the series resistance 
reduction from that of 1-sun cells can be 
achieved simply by making the grid 
denser. For a typical screen-printed cell, 

for example, increasing the shadow factor from 8% to 18% is enough to reach an optimum 
for 4 suns. 
 
As explained before, bifacial cells are attractive for concentration because they double 
concentration level. Bifacial cells were first fabricated by our Institute by the end of the 70s 
[4]. The interest in them has grown in the last years. On one hand, higher cell efficiencies 
have been achieved, and on the other, technologies are being adapted to bring bifacial cells 
closer to industrial conditions. As well as their use in static concentrators, it must be noted 
that “bifacial cells are very good monofacial cells”, in particular if the tendency to reduce 
wafer thickness consolidates, due to their low bulk recombination and their passivation 
schemes in both sides, good light trapping properties and symmetric metal deposition that 
avoids bending. 
 
One direct application is the collection of the earth’s albedo. Flat modules made with 
bifacial cells encapsulated between two transparent covers can increase the power output by 
over 30-40% when placed in an adequate surroundings, such as a set of two white-painted 
wooden panels, or simply placed on a white-painted ground [5]. In reality we can consider 
an albedo-collecting module as a static concentrator, being the surroundings of the module  
part of the optical system. Several companies commercialised bifacial modules in the 80s 
and early 90s, and some installations, such as the one made in 1984 by Isofotón, a spin off 
company or our Institute, in San Agustín de Guadalix, of 40 kW, demonstrated the potential 
of bifacial modules.  
 
 
 
Table I summarises recent bifacial technologies, covering complex and expensive 
approaches, that lead to high efficiencies, as well as industrial or “pre-industrial” ones, that 
show the research effort currently being devoted to fabrication of cheap bifacial cells, 
appropriate candidates for static concentrators. 
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Table I. Bifacial cell technologies. 
Institution Efficiencies (frontal 

& rear illumination) 
Cell characteristics Ref. 

Franhoufer ISE 20.6%-20.2% Rear contact cell with floating emitter. Evaporated 
contacts. FZ Si. 

[6]

Georgia Institute of 
Technology 

17%-11.6% Screen-printed contacts. Passivation with RTO/SiN 
stacks. FZ Si. 

[7]

15.5%-12.0% Triode structure (with interdigitated n+ and p+ back 
contacts). Screen-printed contacts. MC Si. 

[8]Hitachi 

21.3%-19.8% Triode structure (with phosphorus and boron back 
regions). Evaporated contacts. FZ Si. 

[9]

19.1%-18.1% Evaporated contacts. FZ Si, n-type, 20 Ωcm. 
Boron-diffused BSF. 

[10]IES-Polythecnic 
University of Madrid 

17.7%-15.2% Same technology with Cz substrate [11]
20.1%-17.2% Evaporated contacts through masks. FZ Si. SiNx 

passivation. Local Al BSF. 
[12]Institute for Solar 

Energy Research-
Hameln 15.0%-12.4%  

14.6%-13.0% 
Screen-printed contacts. SiNx passivation. 
100-140 µm thick Cz Si.  

[13]

Lomonosov Moscow 
State University 

16.3%-14.5% Copper wire metallisation. Transparent conducting 
oxide passivation. n+np+ structure on Cz-Si. 

[14]

Sanyo 
HIT Power DoubleTM 

Module of 15.2%-
12.2% (estimated)  

Heterojunction with Intrinsic Thin layer. n-type Cz. 
a-Si/c-Si heterojunctions. 

[15]

Siemens Solar  ∼16%-9% Screen-printed contacts. 150 µm thick Cz Si. 
Boron-diffused BSF.  

[16]

SunPower 20.6%-15.2% 
21.9%-13.9% 

Back side point contact cells. Evaporated contacts. 
160 µm FZ n-ytpe Si. 

[17]

University of Basque 
Country 

12.0%-11.2% Screen-printed contacts. Screen-printed boron BSF. 
100 µm Cz Si. 

[18]

University of New 
South Wales 

15.0%-14.9% Double-sided buried contact. SiN passivation and 
rear floating junction. FZ Si. 

[19]

 
Concentrator designs 
 
Classic optics imposes an unnecessary restriction for design, and is that of image forming, 
which means that each incident ray in the entry aperture is assigned to an incident ray in the 
cell. But for PV concentration we are not interested in the evolution of individual rays, but 
rather of bundle of rays carrying luminous power. This situation is better dealt with non-
imaging optics, which was developed in the 60s to design the compound parabolic 
concentrator (CPC) [20]. 
 
Based on a number of theorems and design rules, different solutions can be found 
depending on the characteristics of the concentrator we are looking for. The typical 
procedure is to make a design in 2D and obtain a 3D version by rotational or linear 
symmetry, avoiding the complexity of designing optimal concentrators in 3 dimensions at 
the cost of lowering the concentration limit that can be achieved [21].  
 
Other practical questions, such as manufacturing simplicity or thermal aspects, should also 
be taken into account. Regarding thermal aspects, in operation the solar cell temperature is 
above the ambient temperature in an amount approximately proportional to the luminous 
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power incident on it, and cell efficiency decreases with temperature. Although the impact 
of this effect in static concentrators is not as important as for medium or high concentration, 
heat dissipation should be considered. In the case of bifacial cells, special care should be 
taken, because the possibility of contacting the rear side with a heat-sink is precluded. 
 
Table II lists some linear static concentrators developed in several laboratories, showing 
their profiles and commenting their most relevant characteristics. Designs look for compact 
and light devices, even though that may mean a decrease in concentration level. 
 

Table II. Linear static concentrator prototypes  

Concentrator Characteristics Ref. 
Circular reflecting trough 

 

Bifacial cells 
Cell temperature only 3-5 K over that of a 1 sun 
cell in similar conditions 
Power output enhancement of 40-45% 

[22] 

PEC-44D 

 

Bifacial cells 
Modified CPC designed to supply power to a 
constant load 
A universal design 
Copt=2.5 with n=1 (Madrid, Spain) 

[23] 

Roof tile static concentrator Bifacial cells 
Rear surface mirror with tilted groove structure 
Using glass, cells 15ºC over temperature of cells 
in a flat plate 
Copt=3.6 with n=1.5 (Sydney, Australia) 

[24] 

2D-Compound Elliptic Lens 

 

Monofacial solar cells 
Acrylic refractive lens 
Copt=1.75 (Tokyo, Japan) 
Good performance on side-walls of a building 

[25] 

RX-RXI 
50.2 mm

23.2 mm

mirror

12 mm

55.4 mm

bifacial cell
active area

 

Bifacial cells 
With glass, cell temperature 10ºC higher than that 
of a flat module under the same conditions 
Cg=4.3  
Interconnections can be placed in the gaps 
between cell borders and concentrator surfaces, 
which are not optically active 

[26] 

 
The RX-RXI concentrator presented in Table II has been developed in our Institute in the 
framework of the “PV Venetian store” project, funded by the European Union and lead by 
the PV company Isofotón. It has been designed by the Simultaneous Multiple Surface  
method [27], which provides highly compact devices. Although the RX-RXI concentrator 
would give better parameters with a plastic material, whose optical transmission is better 
than that of glass, the temperature drop from cell to ambient would be much larger, and the 
cell efficiency loss would be too important. That is why glass is preferred, besides the fact 
that it has better outdoors durability, and can be fabricated easily by extrusion.  
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In building integration the fundamental criteria of maximizing energy production has to 
compete with other aspects (practical and aesthetic ones). PV Venetian approaches this 

market by offering a product resembling 
a Venetian store (see Figure 3), fully 
appropriate for integration in façades; 
although the whole module will be 
placed in vertical position each element 
can be tilted to the desired angle so 
optimising the collection of energy.  
 
Indeed, it has to be pointed out that the 
typical cost reduction due to 
concentration becomes more and more 

relevant as the module surface increases its tilt with respect to the optimum angle. For 
example, the electricity generated by a flat-plate on a south façade in Madrid would be 1.82 
times less than that delivered if tilted an optimum angle of 30º, while for a linear static 
concentrator the energy output is practically constant with tilt angle [28]. The idea is that 
the optics can “compensate” the drawbacks of mis-orientation, which makes static 
concentrators very suitable for this kind of applications.  
 
Will static concentrators become a real alternative? 
 
Static concentration is supposed to compete mainly with flat module. The advantages come 
from the reduction in solar cell area. Supposing cell efficiency for a static concentrator 
similar to that of flat-plate cells, the area of solar cell reduces to 1/Copt. So, for Copt=2 
saving in cell area is 50%, while for Copt=4 it increases to 75%. To be competitive, the cost 
of the rest of the system (optics, encapsulation) should be below the cost of that 50% or 
75% of cell area that we are saving. Of course there are some questions, such as cell 
temperature inside concentrator or extra-cost of bifacial cells, that contribute to bring closer 
the costs of both alternatives.  
 
For PV Venetian a detailed cost analysis has been carried out, breaking down cost in cell, 
concentrator and assembling components, and taking into account real efficiency. This 
analysis is based on Isofotón production experience and data collected from the glass 
manufacturer. A minimum yearly production in the range of 300-400 kWp has been 
considered in the calculations. In such conditions, a total cost of €2.02/Wp for the module 
has been obtained, which should be compared with the current cost (not price) of flat-plate 
modules. The later is around €3.5-4/Wp in large orders. It has now to be decided if there is 
a large enough cost reduction to become a driving force to initiate a high-volume 
production of PV Venetian concentrators. 
 
Prospects have also been performed recently by Swanson [29], comparing a wide range of 
concentrator systems with flate-plate solutions, including static concentration. Its analysis 
considers four scenarios, combining medium-sized (100 kW- 10 MW) or small-sized (2-
100 kW) systems, and high-solar-resource (6.3 kWh/m2/day) or low-resource (4.5 
kWh/m2/day) areas. The parameters assumed for static concentrators are not far away from 
that achievable by the technologies presented in this review: concentration of 4, cell 

Figure 3. PV Venetian prototype 
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efficiency between 21 and 17% with a cell cost 40% higher than that of flat-plate cells, and 
operating temperature 5ºC over that of flat-plate.  
 
With these assumptions, static concentration is always more cost-effective than flat-plate, 
both in the short term and in the long term (for which a reduction of costs is foreseen). In 
Swanson’s analysis static concentration behaves well, in general, in comparison with other 
concentration systems (such as parabolic trough, Si point-focus Fresnel system or GaAs 
point-focus dish concentrator), being the best alternative of all for small-sized systems in 
low-solar-resource areas.  
 
It can be concluded that static concentration is an alternative that should not be discarded 
due to its potential low cost, its reduction of wafer use and the consequent reduction of 
energy consumption and energy payback. There is a market for these systems, and a 
conjunction of research, development and industrialisation efforts is needed to make these 
prospects come true. 
 
Conclusions 
 
Among PV concentration technologies that of static concentrators is the simplest one, 
which do not need tracking systems while saving some silicon; however, only low levels of 
concentration can be achieved. Different technologies for cells and concentrators have been 
proposed, and demonstration prototypes have been fabricated and tested, looking for easy 
industrialisation. The potential of static concentration has been shown for different type of 
applications (small or medium-sized plants, building integration).  The question remains 
whether the reduction of cost associated with static concentration is attractive enough so 
that an industry decides to develop commercial systems. 
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A CONTACTLESS TECHNIQUE FOR MEASURING MINORITY-CARRIER
PARAMETERS IN SILICON

R.K. Ahrenkiel and S.W. Johnston
National Renewable Energy Laboratory

1617 Cole Blvd., Golden, Colorado 80401 USA

Introduction

Characterization of minority-carrier parameters is a primary interest for a range of devices,
including solar cells.   For “on-line” testing needs, contactless techniques are mandatory, as any
diagnostic requiring contact formation is impractical.  Here, we will describe the resonance-
coupled photoconductive decay (RCPCD) technique that has proven to be a valuable diagnostic for
a number of semiconductor technologies.  

 
This technique avoids some of the inherent limitations of microwave reflection. Our system is a
pump-probe technique, using an optical pump and a microwave probe (400 to 900 MHz).  These
low frequency microwaves penetrate most silicon wafers with common doping levels.   By varying
the optical excitation wavelength, one can probe wafers of standard (300 to 400 µm) wafer
thickness.  Also, the method is very linear in sample photoconductivity, and we have observed a
linear response over more than three orders of magnitude of excess carrier concentration.  This
attribute allows us to measure the carrier recombination lifetime over many decades of injection
level, allowing the use of a procedure that is called injection-level spectroscopy (ILS).  

The RCPCD technique was developed[1,2,3,4,5,6] at the National Renewable Energy Laboratory
(NREL) and has been applied to more than 5000 samples, ranging from small-area thin films to
350-µm-thick, 250-mm-diameter silicon wafers. In addition, the lifetimes in semiconductor ingots
of irregular shape have been successfully measured as no particular size or shape is required for the
RCPCD analysis.

Theory of the Detection Process

A schematic representation of the apparatus is shown in Fig. 1.  The sample is coupled to the
electromagnetic field of a small antenna, a several-turn loop plus a rectangular copper box that is
open on one end.  The sample lies on an insulating, moveable platform, and the antenna
configuration directs the microwave energy toward the box opening.  The antenna-sample behave
like an antenna array with active and passive elements. The antenna-sample coupling is commonly
called impedance coupling.  The complex impedance of the antenna can be described as a
combination of radiation resistance and inductive reactance in this configuration. The antenna is
placed in parallel with a small variable capacitor, and the two elements produce a circuit with a high
quality factor (i.e. Q) at the parallel resonance of the circuit.  When the semiconducting sample is
coupled to the antenna, the mutual impedance modifies the input impedance of the antenna.  We
write the coupled impedance, Zin, looking into the antenna terminals, as:

   zin = Zant- 
Z12

2

Zs
                                               .                    (1)

Here, Zant is the impedance of the isolated antenna, and Z12 is the mutual impedance. The quantity
Zs is the high-frequency impedance of the sample and depends on sample size and conductivity.
The mutual impedance depends primarily on the antenna-sample spacing, but it also depends on the
sample size and conductivity.  In operation, the antenna-sample spacing is varied until a
predetermined impedance is presented as the antenna input.  The spacing varies from several
centimeters for large wafers to a few mm for small-area thin films.  Small changes in coupled
reactance, produced by variable sample size, is accommodated by small adjustments in the parallel
capacitor.
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Fig. 1.  Schematic of the samples chamber showing the relative positions of sample and antenna.

The antenna impedance, Zin, is adjusted to match the input of a unidirectional coupler, usually 50
ohms.  This is done by adjusting the sample positioner until the output of the coupler shows a null.
The unidirectional coupler output is amplified by wide-bandwidth ac amplifiers, and then input to a
high-frequency mixer module.  This signal is mixed with a signal taken from the antenna driver
circuit after the two signals are phase-matched.  In operation, we use the dc component of the
mixer output, and run that component through a wide-bandwidth dc amplifier before displaying the
photoconductivity signal on an oscilloscope.  The 2ω component has also been used (where ω is
the oscillator frequency) to process the transient photoconductivity.

We can write the input impedance of the system under pulsed excitation as:

  zin = Zant- Z12
2  σs+ ∆σs(t) .               (2)

Here, σs is the dark conductance of the sample, and ∆σ(t) is the pulsed photoconductivity of the
sample.  One can use pulse excitation energies such that: ∆σs(t) >>σs, and a linear response is still
observed. To provide for the desired linearity and large dynamic range for ∆σ(t), we adjust Z12 <<
Zant.  The photoconductive signal is then connected to a digitizing oscilloscope, where the signal
voltage is:

V(t)=AZ12
2  ∆σs(t) .                                (3)

Here, A is the overall system gain and is 40 dB or more in our current apparatus.   

The system, as shown, is sensitive to the movement of laboratory personnel in the room, as well
as room lighting.  To shield the apparatus from these disturbances, we enclose the entire sensor
apparatus in a much larger conducting enclosure that is a resonant cavity at near the antenna
resonant frequency.  This enclosure does not degrade the signal and may, in fact, enhance the
system sensitivity.  The walls of the enclosure become nodes of the rf standing waves, and the
sample is near an anti-node.

A variety of pulsed optical light sources have been used successfully with this system.  These
include xenon flash lamps and inexpensive light-emitting diodes.  The sources of choice for
research applications are YAG-pumped optical parametric oscillators (OPO), because these provide
wide wavelength tunability for the variety of measurements that will be described here.  The output
intensities of these laser-based sources are usually much too large for most measurements, and
they are reduced several orders of magnitude by calibrated neutral-density filters.  
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Frequency Response

Our primary system was designed for operation at about 400 MHz.  The system response is
optimum at the range of 415 to 425 MHz.  The dimensions of the exterior enclosure are 46 cm
wide, 38 cm high, and 61 cm long.  The data of Fig. 2 were obtained using 150-mm, electronic-
grade silicon wafers, with a 100-A-thick thermal oxide grown on the front surface.  An optical
excitation pulse is supplied from the OPO pumped by a tripled YAG laser (Coherent Radiation
Infinity system).  The wavelength of the OPO was set at 1000 nm so that nearly uniform depth
excitation is produced.  The OPO beam was reduced in intensity with a neutral-density filter
(OD=2), and the incident photon flux is about 5.5 x 1012 photons/cm2.  The system was run over a
range of frequencies from about 410 MHz to 430 MHz, to find the optimum operating frequency.

These measurements were performed to find the optimum operating frequency. The first set was
done with the system completely sealed by fastening the top lid on the exterior chamber.  Figure 2,
curve A, shows the peak photoresponse of the system with the 150-mm, electronic-grade silicon
wafer in the sample holder.  The excitation area of the pulse is about 1.0 cm2 at the sample, and the
injected excess-carrier density is about 1.4 x 1014 cm-3.  There is a peak in the response over the
range of 415 to 420 MHz, which is the preferred operating frequency for these measurements.
The system can be operated with the top of the exterior enclosure removed, but the open system is
more susceptible to ambient electrical noise.  Curve B shows the response to the same wafer, with
the top removed and the enclosure open, and one sees a slightly lower response.  However, this
mode of operation is superior when one needs a very fast-turnaround measurement.
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Fig. 2.   System response for a 150 mm silicon wafer at a range of operating frequencies from 410
MHz to 430 MHz.

Theory of Photoconductive Decay

This RCPCD technique measures the transient ambipolar photoconductivity ∆σ(t) following pulsed
excitation, which can be written as:

∆σ =  q(µn  + µp)ρ(x,t).                     (4)

Here, µn (µp) are the electron (hole) mobilities, and ρ(x,t) is the excess-carrier concentration.

When recombination can be written in terms of a single lifetime, τ, we can write Eqn. (5) as:

    ∆σ =  q(µn  + µp )ρ(x)exp(-t/τ).                            (5)
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If the incident pulse is monochromatic, the conductivity has the following form:

∆σ(t) =  qI0(µn  + µp ) 1-exp-{α λ W} exp(-t/τ).                                             (6)

Here, α(λ) is the absorption coefficient of the material, Ι0 is the incident optical density in
photons/cm2, and W is the sample thickness.  We measure the ac. photocurrent driven by the
microwave electric field.  The photocurrent density per unit of electric field is then:

    j(ω,t) =  qI0(µn  + µp ) 1-exp(-αW)  exp(-t/τ).  (amp/cm2)                                (7)

From this result, we see that the pulse height per photon is proportional to the mobility sum, µn +

µp.  The time-integrated photoconductivity at a fixed wavelength as:

                  

Q(λ) = j(ω,t) dt
0

tmax
 = q Ι0 1-exp(-αW)  τ (µn+ µp).   (amp/cm2)                    (8)

Using the Einstein relationship, we can write Eqn. (8) as:

Q(λ) = q2I0

KT
 {1-exp (-α(λ)L } Ln

2 + Lp
2 .                                                    (9)

For wavelengths that are strongly absorbed (αW >> 1), the integrated photoresponse  is:

              
Q(λ) =   q

2 Ι0 La
2

KT
,  (Coulomb/volt)                  (10)

where  La ≡ Ln
2 + Lp

2 , which is the root-mean-square diffusion length.  

One can calibrate the data in terms of diffusion length.  

Injection-Level Spectroscopy

The SRH recombination rate produced by a single-point defect at energy Et in the forbidden gap is
described by the well-known equation:

                                dn
dt

 = dp
dt

  = -  
σp σn vth Nt pn - ni

2

σn n + ni e
Et  - Ei

kT  + σp p +  ni e
Ei  - Et

kT                                       (11)

Here, n and p are the densities of free electrons and holes, respectively, and Nt is the defect

density; σn and σp are the capture cross-sections for electrons and holes, respectively. Also, Vth is
the thermal velocity, ni is the intrinsic density, and Ei is the intrinsic energy. The SRH lifetime is
not a single number, but a function of the electron and hole concentrations.  The limits at low/high
injection are:
    τ low = 1

σn Ntvth
 .

τhigh = 1
σp Ntvth

 + 1
σn Ntvth

                 (12)

The ratio of the high-injection to low-injection lifetime is:
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    ratio = 
σn + σp

σp
.                  (13)

This ratio is a number that is usually unique to an impurity and is the basis of injection-level
spectroscopy.

A batch of Czochralski-grown wafers, that were provided by a commercial vendor, were doped
with transition metals, and the lifetime was measured over about three orders of magnitude of
injection level. The wafer thicknesses averaged about 330 µm, and the resistivity was p-type and
about 100 ohm-cm.  Several of the wafers were run in the as-received condition and then
processed to reduce surface recombination.  The wafers were etched in dilute HF etch to remove
the native oxide.  This was followed by a rinse in deionized water and submersion in a methanol
solution containing iodine [7].  In Fig. 3, the RCPCD lifetime measurement was made in the
iodine/methanol solution, and the surface recombinaton effect was essentially eliminated.
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Fig. 3.  RCPCD decay data for a Czochralski-grown wafer. A:  As received from the vendor; B:
After etching and while immersed in iodine/methanol solution.

Figure 4 shows the wafer measurement in air (curve A) and in iodine-methanol solution (curve B).
Shown on curve A are the low- and high-injection lifetimes, respectively.  Curve B shows that the
lifetime increases over a factor of 10 when the surface is passivated. Assuming that S=0 for the
treated wafers, the surface recombination velocity, S, is about 5.5 x 103 cm/s and the bulk, low-
and high-injections lifetime are about 33 µs and 62 µs, respectively.  Figure 4 shows RCPCD data
from another wafer from the same lot that was doped with iron.  This wafer was not immersed in
iodine/methanol solution to eliminate surface recombination. Metallic iron was electrodeposited on
the surface, and the wafer was then furnace annealed at 800°C for several hours.  Prior to these

lifetime measurements, the wafers were heated to about 250°C and quenched in water.  Curve A
shows the RCPCD data for the wafer prior to iron doping.  The low-injection lifetime was 12.5
µs, and the high-injection lifetime was 18.9 µs.  After Fe doping and the water quench to produce
interstitial Fe, the data of curves B and C were obtained. Digitizing error prevents good data
collection at lower injection levels, but the wafer was rerun with an additional neutral density filter
of 3.0.  This reduces the incident flux by a factor of 1000, and the data of curve C were produced.
Here, the lifetime drops to 1.17 µs. The injection ratio is calculated to be 17.
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Fig. 4.  RCPCD data for a Czochralski-grown wafer from the same lot as the wafer of Fig. 3.  A:
As received; B:  Diffusion of Fe into wafer and at higher injection levels; C:  The wafer of curve B,
but at the lowest injection levels.

One could obtain more precise data using the iodine-methanol treatment on all wafers, and getting
the lifetime ratio with the surface effects removed. We can also use the ratio of 17 as an indicator of
interstitial Fe, when the surface is unpassivated.

Summary

We have demonstrated the versatility of the contactless RCPCD technique for a variety of
semiconductor measurements. Other information that can be obtained from RCPCD includes:

The spectral response of the semiconductor.
The specific sensitivity, S*, of the semiconductor or photoconduction[8].
The photoexcitation spectra (PES) gives the relative absorption coefficient, α, of thin
films.
The PES gives the absorption coeffficient of deep impurity levels.

Other successful measurements that were not included here are:
A lifetime depth profile by excitation wavelength variation.
A defect level energy determination by combining injection-level spectroscopy and variable
sample temperature.

In summary, the RCPCD technique has been shown to be a very powerful, contactless method of
semiconductor characterization.
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Transition metals are known to form precipitates in the vicinity of structural defects such 
as grain boundaries or dislocations. Metal precipitates often form band-like states near the mid- 
dle of the band gap [ 1-31, thus providing an effective channel for minority carrier recombination. 
Additionally, these precipitates may be charged. This can provide an attractive electrostatic po- 
tential for minority charge carriers and increase the effective minority carrier capture cross- 
section of the precipitates by orders of magnitude [3,4]. In order to develop a quantitative model 
describing the recombination activity of metal precipitates, one has to have data on both recom- 
bination activity and the size of individual precipitates or groups of similar precipitates. Until re- 
cently, the only tool which could in-situ assess recombination activity and chemical nature of the 
precipitates was Electron Beam Induced Current (EBIC) combined with the energy dispersive 
spectroscopy (EDS) mode of scanning electron microscopy (SEM). However, the detection limit 
of EDS was too low, about 0.1 to 1 at. %. In this study, we applied a combination of microprobe 
X-ray fluorescence (p-XRF, see, e.g., [ S ] )  and X-ray Beam Induced Current (XBIC, [6])  to the 
analysis of the recombination activity and space distribution of Cu and Fe in the vicinity of misfit 
dislocations in silicon/silicon-germanium structures. p-XRF has several orders of magnitude bet- 
ter sensitivity than EDS. 

The SiGe/Si structures consisted of a 2 pm thick Sio.~&eo.oz layer sandwiched between a 
2.5 ptm silicon bottom buffer layer on (001) silicon substrate and a 2.5 pm thick silicon cap layer 
grown by chemical-vapor deposition (CVD). All samples were phosphorus doped with a concen- 
tration of shallow donors of 1015 cm3. A network of two perpendicular sets of 60' misfit disloca- 
tions running in -= 1 1 O> directions was observed at the interfaces between silicon and silicon 
germanium. The samples were intentionally contaminated with iron or copper by the diffusion 
annealing at 1000°C and 800°C, respectively. Additionally, one iron doped sample was treated in 
a remote hydrogen plasma reactor at 4OO0C for one hour and another got the same thermal treat- 
ment in an inert ambient. Further details of the sample preparation can be found elsewhere [7]. 
AII investigated samples were pre-characterized by temperature dependent Electron Beam In- 
duced Current (EBIC). Some results of EBIC investigation of the samples were reported in [7]. 

To perform XBIC/p-XRF studies, a 20 nm thick Pd or Au contact was thermally evapo- 
rated on the surface of the chemically cleaned samples. This thin contact neither significantly ab- 
sorbed the x-rays, nor affected the penetration depth of the x-ray beam nor the sensitivity of the 
p-XRF technique. Ohmic contacts were formed by rubbing gallium on the back side of the Sam- 
ple at its edges. The sample was mounted in an XRF sample holder, which could be moved in the 
X and Y directions with a step size of 0.1 pm by computer-controlled step motors. The Schottky 
contact on the front of the sample and the ohmic contact on its back surface were contacted by 
thin palladium wires, which were connected to a sensitive current amplifier. 
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The measurements were performed at Beamline 10.3.1 at the Advanced Light Source, 
Lawrence Berkeley National Laboratory. An intense X-ray beam from the synchrotron with ap- 
proximately 3x10'' photonds was focused in a (1-2)x( 1-2) pm2 spot using elliptically bent multi- 
layer mirrors. The incident X-ray beam had a wide range of photon energies with a peak of in- 
tensity at 12.4 keV. The beam hits the sample surface under an angle of 45 degrees. The emanat- 
ing X-ray fluorescence was detected by a Si:Li detector. As the penetration depth of the exciting 
X-rays was very large in silicon (about 250 pm), the sampling depth of the XRF technique was 
determined by the escape depth of the fluorescence x-rays of interest (36 pm for iron and 70 pm 
for copper). The sensitivity of the XRF tool depends on the accumulation time, ta, in each point. 
For t, =30s a single iron precipitate with a radius of 20-25 nm, or dissolved iron or copper in 
concentration of about 1014 cnf2 and 7x 1014 cm-*, respectively, can be detected [ 5 ] .  The absolute 
values of the impurity concentration are determined using calibration standards with known 
metal concentration. 

Due to the large attenuation depth of the exciting radiation, XBIC sampling depth is de- 
tennined primarily by the difhsion length of the excess minority carries. Additionally, the in- 
clined beam orientation leads to a shift of XBIC image with respect to the pXRF image in the 
direction of the beam projection on the sample surface. The excitation level of the XBIC experi- 
ments is similar to a low excitation regime of EBIC. Indeed, an X-ray photon flux of 10" cm'2 
with an energy of 12.4 keV corresponds to the electron current of 1 nA. However, the absorbed 
energy is spread over a 250 micron X-ray penetration depth, which is roughly 50 times greater 
than the penetration depth of the electrons of the same energy. Hence, the excitation conditions 
of XBIC-experiment correspond to approximately 20 pA electron beam excitation, i.e., a current 
which is considered a low excitation regime in EBIC. 

was used to collect the charge carriers. Both p-XRF and XBIC signals were measured simulta- 
neously and were stored in a computer as a function of the (x, y) coordinates of the sample stage. 
These data could be later retrieved to plot the maps of minority carrier lifetime and metal impu- 
rity distribution, or to perform data analysis at any point within the scan. 

No external bias was applied to the contact; the built-in voltage of the Schottky-diode 

Copper doped samples. XBIC and XR.F Cu-Ka maps of a SiGe/Si structure doped with copper 
are shown in Figs. 1 a and 1 b, respectively. Dark areas on the XBIC map correspond to a reduc- 
tion of the diode current whereas the dark regions in the Cu-Ka map correspond to an increased 
copper concentration. One can see that the dark contrasts in both images are grouped in two sets 
of mutually perpendicular straight lines correspondent to two sets of misfit dislocations. Individ- 
ual copper-rich precipitates can be distinguished in many parts of the XRF-image. The XBIC 
image appears to be rather unsharp due to a large generation volume of the exciting beam. There 
is clearly a good correiation between the recombination activity and the copper concentration 
distributions, i.e., the higher is the intensity of the copper-related X-ray fluorescence, the lower is 
the XBIC current. 

compares the profiles of the copper concentration and of the XBIC current along the x-axis at 
y=9.4 mm in the Fig. 1. There is a good match between the copper distribution profile and the 
XBIC current profile. In Fig. 3, the XBIC contrast is plotted against the copper concentration de- 
termined from the XIW maps. The XBIC-contrast was calculated as the ratio (10 -Id )/ 10, where 10 
is the XBIC-current value far away &om the defect and Id  is the value of the XBIC current at the 
location of the precipitate. The maximum XBIC-contrast value observed in our samples was of 

Fig2 shows an example of a quantitative treatment of the data presented in the Fig. 1. It 
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about 30% whereas the EBIC contrast of similar samples was up to 70%. Since the excitation 
level of EBIC and XBIC are rather close to each other, we believe that this discrepancy is due to 
a smaller fiaction of the total current collected by the precipitates. Indeed, many of the carriers 
generated within a 250 pm path of the X-ray beam, penetrating into the sample at a 45 degree 
angle, will not be attracted by the space charge region around the metal precipitates and will dif- 
Euse straight to the Schottky diode. 
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Fig. 1. XBlC (left) and p-XRF map of the Cu- K a  intensity distribution (right) of an area of a copper-doped 
Si-SiGe structure with misfit dislocations. Dark XBlC regions correspond to a reduction of the diode cur- 
rent whereas the dark Cu-Ka regions correspond to increased copper concentration. A good correlation 
between the recombination activity and the copper concentration distribution is obvious. 
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are extracted from the maps in fig. 1 along the horizontal axis at y=9.4 mm. 
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An exact theory of the XBIC-contrast with the particular generation h c t i o n  of the XBIC 
experiment has not been developed yet. Generally, it is known that the contrast measured by 
EBIC or XBIC is proportional or nearly proportional to the carrier recombination rate at the de- 
fect [8]. The recombination rate depends on the shape and size of the precipitates as well as on 
the origin of their electronic states in the band gap. A phenomenological model of EBIC-contrast 
due to sphere-shaped defect developed by Donolato [9] predicted the proportionality between the 
recombination strength of a defect and its radius in the limit of infinite recombination rate within 
the entire volume of the defect. In this case a sub-linear power dependence of the recombination 
strength, R+h, on the defect volume, V, would be observed, k - h  wV’’~. Since that does not agree 
with OUT observation, we conclude that Cu precipitates are not spherical, but platelets such as 
those observed by Istratov et al. [lo]. Kittler et al. [ 1 I] and Plekhanov et al. [4] suggested that 
the recombination at the surface of plate-like precipitates is responsible for an extremely high re- 
combination activity of the metal precipitates in silicon. In this case, according to the model [ 1 11, 
the recombination rate and the contrast must be proportional to the surface area of the precipi- 
tates, and a linear dependence of the recombination current on the number of atoms in the pre- 
cipitate should be observed when changes of the precipitates volume are due to changes of their 
lateral dimensions rather than of their thickness. Note if the size (voIume) of the precipitates re- 
mained unchanged and only thickness of the platelets increased with the increasing Cu concen- 
tration, then the XBIC-contrast would be independent on the local copper concentration in the 
sample. Since we observed a linear dependence, it is likely that Cu precipitates are platelets. 

One can estimate from the Cu concentration at the dislocation lines determined fi-om p- 
X R F ,  fiom 10l6 to 5 ~ 1 0 ’ ~  cm-2, and the atomic density of Cu in copper-silicide, 6 ~ 1 0 ~ ~  cmq3 
[12], that if all Cu formed just one large platelet, then its thickness would be only 2 to 10 nm. 
This is close to the lowest thickness of Cu$i precipitates (2-5 nm) ever reported from TEM data 
[3]. In reality, it is very likely that our samples contain a large number of small platelets with the 
thickness equal or greater than 2-5 nrn, In this case, it is unlikely that these precipitates overlap 
substantially, and hence the XBIC contrast is proportional to the number of the microprecipitates 
in a colony. 
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Fig.3. XBIC contrast versus XRF copper concentration as derived from the multiple line scan data similar 
to those shown in Fig.2. 
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Iron doped samples. XBIC maps of the Fe-doped samples showed strong contrasts of two per- 
pendicular sets of misfit dislocation (Fig. 4a), running in <I 10> directions. Similar contrasts 
were observed in our EBIC experiments (not shown). XRF measurements revealed the appear- 
ance of Fe-Ka and Fe-KP peaks in a proper ratio confirming the presence of iron in the sample 
that was treated in hydrogen plasma at 400°C. The iron concentration in the reference sample, 
which was diffused with iron but not passivated in hydrogen plasma, was below our detection 
limit. The iron concentration was found to be rather homogeneously distributed within disloca- 
tion bunches and was only 2-3 times larger than the detection limit of our set-up (about 5x 1 OI3  
cm-2). That is why we were not able to measure the dependence of the XBIC contrast on iron 
concentration like presented in the Fig. 3 for Cu. A comparison of hydrogen-annealed and con- 
trol Fe-contaminated samples suggested that some of the iron was gettered by the misfit disloca- 
tions during the hydrogen-diffusion anneal (1 hour at 40OOC). This shows that the impact of re- 
mote hydrogenation on minority carrier difhsion length cannot be described by interaction of 
metals with hydrogen alone, but it is a more complicated process. 

per 1 crn length of dislocation fiorn the iron concentration obtained from XRF measurement as 
10" Fe/cm", which is 2 order of magnitude greater than the linear atom density in silicon. This 
indicates that iron is likely to form clusters or microprecipitates along the dislocation h e .  In this 
case, the distance between the precipitates must be less than the spatial resolution of our meas- 
urement that is about 2 pm. Assuming that the precipitate form iron silicide, FeSiz, and taking its 
atomic density to be equal to 4 ~ 1 0 ~ ~ c r n - ~  [ 121, one can estimate the largest expected size of such 

Taking the distance between dislocations of 1 pm, we estimated the number of iron atoms 

a small precipitate as 30-40 nm. 

XBIC Fe-Ka profiles 
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Fig. 4. XBIC (left) and p-XRF map of the Fe- K a  intensity distribution(right) of iron-doped Si-SiGe struc- 
ture with misfit dislocations. No direct correlation between the recombination activity and the iron concen- 
tration distribution was found. 

To find out if a separate precipitate can be detected we performed line scans instead of 
two-dimensional mapping. Additionally, the acquisition time per point was significantly in- 
creased. In this way, a larger iron signal was found in some regions of the sample, indicating the 
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presence of iron-containing precipitates. The results of that experiment are shown in the Fig.4b 
where three line scans of Fe-Ka XkF-peak were measured along the dash lines drawn on XBIC- 
map Fig.4a. From a comparison of the XRF line profiles (Fig.4b) with the XBIC-map (Fig.4a) 
one can see that there is no obvious one-to-one correlation between the positions of the iron clus- 
ters observed in XRF scans and EBIC contrasts. A precise examination of all available data re- 
vealed that large iron precipitates can be frequently found at the edges of dislocation bunches or 
at thektersections of the dislocations of two perpendicular sets. However, a higher iron concen- 
tration did not lead to any significant increase of the XBIC contrast. Assuming spherical precipi- 
tates, we could estimate the radius of the large inactive precipitates fiom the absolute iron con- 
centration in the peaks of the XRF profiles as from 100 nm to 250 nm. Since t h ~ s  is a very large 
size, we thnk that most likely it is not a single iron precipitate but rather clusters of precipitates 
of a smaller size described above. 

This estimate for the sizes of iron-contained precipitates is similar to that observed in 
copper-doped samples. Therefore, the spatial resolution of our XBIC measurements is not the 
reason why $ey q e  not seen. The only explanation is that iron precipitates are not electrically 
active. It is possible that the electrical inactivity of the iron precipitates is the result of the hydro- 
genation; however, additional experiments are required to prove this hypothesis. 

In summary, an analytical tool capable of in-situ measurements of recombination activity 
of defects and their chemical origin has been demonstrated in application to the studies of copper 
and iron contaminated misfit dislocations in silicon. A good correlation between the maps of the 
recombination activity and the density of the atoms in metal-contained precipitates was found. A 
proportionality between the XBIC-contrast and the impurity atom density was found for copper- 
doped samples, whereas some large and electrically inactive precipitates were found in the Fe- 
doped sample passivated in hydrogen plasma. 

The funding for this research was provided by NREL, subcontract AAT-2-3 1605-03. The 
Advanced Light Source operations are funded by the Director, Office of Energy Research, Office 
of Basic Energy Sciences, Materials Sciences Division, of the'US Department of Energy under 
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Abstract 
 
A visualization tool to locate losses in a solar cell can be 
very helpful in troubleshooting a non-optimal production 
line. Therefore, the Corescan has been developed, in 
which three different locating methods are incorporated, 
the Corescan, Shuntscan and the new Voc scan. In this 
paper it is explained how the scan results have to be 
interpretated and it it is shown that the sensitivity of the 
methods is more than sufficient. The unique Voc scan 
method is introduced for the first time; this technique can 
locate recombination losses on cells that are almost 
complete (only the front contact has to be omitted). 
Several examples of how the Corescan instrument can be 
used for troubleshooting and process optimization are 
presented in this paper. These examples will help users of 
the instrument to relate measured scans with reasons for 
non-optimal processing.   
 
 

Introduction 
 
Normally, standard J-V  measurements are used to 
determine whether a production line is running properly. 
The process engineer must react when the J-V fit results 
get below or above a certain threshold. The J-V  fit 
parameters themselves do not always reveal the real loss 
mechanism responsible for off-spec functioning of the 
process line, apart from loss due to shunts. It is difficult 
to determine whether a drop in fill factor is due to series 
resistance or recombination loss (see the Appendix and 
[1]). To distinguish between series resistance and 
recombination, an additional open circuit voltage 
measurement as a function of light intensity [2] is 
necessary. This separation of different loss sources is 
important, but not enough in itself to determine the real 
cause(s) for a lowered fill factor. This is much easier to 
do when also the loss locations on the cell can be 
determined for the different loss mechanisms. 
A new way to find the loss locations has been presented 
recently [1,3]. The basic principle is to map the potential 
distribution on the front side of a solar cell, while 
operating the cell at conditions that enable separation of a 
specific loss type from the others. Using different 
conditions, it is possible to locate either losses due to 
series resistance (most importantly contact resistance), to 
shunts or to high recombination. These methods were 
patented [3] and incorporated in the Corescan, developed 
for industrial use and commercially available. The 
instrument is shown in Fig. 1. More details and on-line 
versions of Corescan publications are available at [4]. 
Corescan is derived from COntact REsistance scan, since 

this is the most important scan mode. The three different 
scan modes of the Corescan are called Corescan, 
Shuntscan and Voc scan.  

 
Figure 1: Corescan instrument 
 
The Corescan method is the only method that is able to 
determine the contact resistance over the entire cell 
surface. It has shown to be a very important and helpful 
tool, which makes reduction of the front side contact 
resistance easy. In case of contact problems it was found 
that the contact resistance is mostly very non-uniform. 
The distribution by itself can often be used to deduce the 
reason for poor contact.  
The Shuntscan  method is one of the few that is sensitive 
enough to enable shunt locating at the right (=forward) 
bias polarity. The main advantages compared to other 
forward bias methods, contact thermography [5], lock-in 
IR thermography [6] and CASQ [7], are the relative 
simplicity and lower costs of the Shuntscan.  
The Voc scan method will be presented here for the first 
time. It gives important information about differences in 
local diode behaviour over the cell. This method only 
works optimally when the front side metallization is 
omitted. 
This paper discusses these three different potential 
mapping methods of the Corescan as well as their use in 
troubleshooting process optimization. 
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Corescan method 
 
 

 
Figure 2: Schematical drawing Corescan method 
 
The Corescan method (see Fig. 2), uses the fact that  
series resistance sources can be detected by potential 
differences that occur over these resistances while current 
is flowing in the device. In the Corescan, the current is 
generated by application of illumination while the cell is 
short-circuited externally. The potential at the front side 
is measured with a metal probe in direct contact with the 
surface, that is scanned across the cell. The size of the 
illuminated spot around the potential probe is not critical, 
as long as it is not smaller than a few finger separations. 
The contact resistance of a finger is proportional to the 
potential jump Vce across the contact interface at the edge 
of the finger. This jump is the difference between the 
potential at the metal finger and the first point on the 
silicon adjacent to it (see Fig. 3). The proportionality 
factor is 1/ic, where ic is the current flowing through the 
contact interface per unit length of finger. In formula 
form: 

sc

ce

c

ce
cl dJ

V
i

V
R =≡ , 

where Rcl is the line contact resistance, Jsc is the short 
circuit current density within the beam and d is the 
distance between two fingers.  
This line contact resistance is used instead of the more 
usual specific contact resistance ρc, because ρc is not so 
appropriate for screen printed contacts.  This is because 
calculating ρc correctly involves the emitter sheet 
resistance below the finger and the assumption of a 
constant ρc across the finger width. However, the emitter 
sheet resistance below screen printed fingers increases to 
an unknown value during sintering due to dissolving of 
silicon, and the contact interface is very non-uniform. 
Instead of trying to separate the influence of ρc and 
emitter sheet resistance, the definition of Rcl includes 
both parameters in a single value. In fact, this is the only 
value of importance for the current output of the cell 
region between the fingers.  
In the Corescan instrument, for practical reasons local 
illumination is used, the diameter of the beam is 9 mm. 
The probe is scanned perpendicular to the fingers with a 
resolution of 0.1 mm so that no finger is missed. To 
scratch through the isolating anti-reflection coating that is 
usually present on the front surface, the probe is 
continuously in contact with the surface during the scan 
and is made of a hard material (tungsten). By performing 
scan lines with a separation of 2 mm, it is possible to 

obtain a potential map of the entire cell, which takes 
about 6 min for a 10 x 10 cm cell. An example of a scan 
line part is shown in Fig. 3. 

 
Figure 3: Part of one Corescan scan line 
 
The potential jumps at the fingers due to contact 
resistance are clearly visible; the large spread in Rcl that is 
found on this cell is typical for cells that have a contact 
problem. The influence of other series resistance sources 
is also visible: the emitter sheet resistance causes a 
parabolic potential behaviour between the fingers and a 
finger discontinuity causes an effectively doubled finger 
spacing. The large non-uniformity of Rcl that is often 
found on solar cells causes high diode factors or second 
diode currents when fitting the J-V curves, as is explained 
in the Appendix. 
The minimum contact resistance that can be measured 
with the Corescan instrument can be calculated from the 
minimum measurable Vce  and maximum Jsc for the 
instrument. These values are 2 mV and 60 mA/cm2, so 
for a typical finger spacing of 2 mm, the minimum Rcl is 
~0.2 Ωcm. For reference: this would correspond to ρc 
~2 mΩcm2, assuming a constant ρc across the finger 
width and assuming a sheet resistance below the finger of 
100 Ω. This accuracy of the Corescan is more than 
sufficient, since the influence of such a low contact 
resistance is negligible for illuminations up to 1 sun.    
Before the Corescan method was developed, contact 
resistances could only be determined with the 
Transmission Line Model (TLM) method [8]. The TLM 
method is schematically shown in Fig. 4. The resistance 
is measured between one finger and other adjacent 
fingers. From the graph of resistance against distance, the 
emitter sheet resistance and contact resistance can be 
determined.  

 
Figure 4: Principle TLM method 
 
When the sheet resistance and contact resistance are 
assumed to be constant (which is often not the case), the 
points will be located on a straight line with a slope 
proportional to the sheet resistance and an intersection 
with the resistance axis proportional to the contact 
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resistance. The fingers have to be disconnected from the 
busbar to prevent parallel conduction. In practice this is 
usually done by laser cutting. 
The advantages of the Corescan compared to TLM are 
that it is not necessary to assume the contact resistance to 
be the same for all fingers, it is not necessary to cut the 
cell, and the entire surface can be quickly measured.  
 
 

Corescan application 
 
In this section, Corescans will be shown for different 
causes of high (and non-uniform) contact resistance. 
In the first example, 10 x 10 cm multi-crystalline silicon 
solar cells with silicon nitride were fired at different 
temperatures around an optimum value T. Contacts were 
applied by screen printing and co-firing of aluminum 
paste on the back side and silver paste on the front side. 
The cells are positioned on the belt with the busbars 
perpendicular to the belt direction. 

  
FF 72 %, T-45 °C FF 74 %, T-30 °C 

  
FF 74%, T-15 °C FF 75 %, T+0 °C 

  
FF 74 %, T+15 °C FF 69 %, T+30 °C 

 
FF 62 %, T+45 °C 

Figure 5: Corescans on cells fired at different set 
temperatures. Lighter areas have higher potential and 
thus higher contact resistance. 

These scans show a large non-uniformity in Rcl which is  
due to cross-belt temperature differences. The middle 
region is the coolest: in this region it is too cold for good 
contact formation at low firing temperature, while it is 
the only region that has still good contact at high firing 
temperatures. This was enough reason to study the design 
of the furnace.  
In IR firing furnaces, the belt is supported by fused quartz 
rods oriented in parallel with the belt direction. The IR 
lamps used for heating the cells are situated both above 
and below the belt. When the lamps below the belt are 
used, IR radiation will be blocked to some degree by the 
support rods, which could explain the observed 
temperature non-uniformity. By changing the position of 
cells during firing with respect to the support rod the high 
contact resistance region shifted over the cell. Therefore  
the conclusion was drawn that the center rod blocked too 
much IR radiation from the lamps below the belt.  
Another example of temperature differences leading to 
Rcl uniformity is shown in Fig. 6. A Corescan is shown 
for a cell fired in a furnace with a belt with small quartz 
product supports. These support the products on the belt 
to prevent direct belt contact, and were suspected to 
cause contact resistance non-uniformity.  

 
Figure 6: Corescan of a cell fired in a belt furnace, on a 
belt having quartz product supports. The positions 
exactly coincide with the supports. 
 
It is clear from the Corescan that the temperature was too 
low indeed for good contact formation at the locations of 
the quartz product supports.  
An emitter related contact problem is shown in Fig. 7, 
where a circle of increased contact resistance is visible. 

 
Figure 7: Circle of increased contact resistance due to 
locally less doped emitter 
 
This circle is caused by application of dopant on the cell 
by spinning of a phosphorus containing fluid on both 
sides (the back side is overcompensated with aluminum 
later on). On the surface that was spun first, some fluid 
has been removed at the circle when dopant was applied 
to the second surface. Due to less dopant fluid the emitter 
resistance is increased, apparently to a value too high for 
good contact formation. Although this particular example 
may not be a very usual one, it is a good illustration of 
the effect of emitter non-uniformity, that can also be 
caused otherwise. These lateral doping variations become 
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especially important when lighter doped emitters are used 
in order to reduce recombination losses in the emitter.  
The next example is a contact problem caused by plasma 
etching of the solar cell edges for isolation (see Fig. 8).  

 
Figure 8: Increased contact resistance at the edges due 
to some emitter removal during plasma etching for edge 
isolation 
 
The figure shows that the contact resistance is clearly 
increased near the edges of the front surface. Apparently 
some of the emitter on the front surface has been 
removed during the plasma etching, which was done 
immediately after emitter diffusion.  
Some other causes for Rcl non-uniformity that have been 
identified so far are incomplete  phosphorus glass 
removal, the presence of contamination on the silicon 
before contact firing, non-uniform TiOx coating [1] and 
too low and non-uniform screen print pressure due to a 
wear dip on the screen printer vacuum chuck [9]. 
 
 

Shuntscan method 
 
For the Shuntscan, the current necessary to detect shunts 
is generated by applying a bias across the cell with a 
power supply (see Fig. 9).  
 

 
Figure 9: Drawing of the Shuntscan method 
 
In order to study only shunt current flow, current 
generation by light is avoided by measuring in the dark. 
The current flowing through a shunt is supplied by the 
surrounding emitter area, and because the sheet resistance 
of the emitter is considerable, a potential decrease in the 
direction of the shunt will exist. In a Shuntscan this local 
potential decrease is detected; the magnitude of the shunt 
can be calculated from the potential gradients around it 
and the emitter sheet resistance.  
To find the shunts that are important for the cell at 
normal operation, it is necessary to apply a forward bias 
to the cell. The reason is that not all shunts in solar cells 
are ohmic [10], so that shunts detected in reverse bias 
may not be shunts in forward bias. It is important to note 
that the Shuntscan is sensitive enough to detect shunts at 
forward bias. Except for lock-in techniques, the other 
methods that use heat detection to locate shunts have to 
use reverse bias to induce sufficiently high shunt 

currents. This is used for example in case of detection 
with liquid crystals. The magnitude of the forward bias 
applied during the Shuntscan is adjustable; ideally it 
should be around the maximum power point (~0.5 V), but 
since the scratching of the probe itself induces some extra 
diode current due to surface damage it is better to use ~ 
0.3 V. At that potential the diode is not conducting (even 
when scratched) and all currents are caused by shunts.  
To calculate the current detection limit for the Shuntscan, 
the potential distribution V (r) around a shunt must be 
calculated. To simplify the calculation, it is assumed that 
there are no fingers and that the cell is infinitely large. 
After the calculation for this simplified case, the 
influence of deviations of this model in case of real cells 
will be discussed. 
The current flow to the shunt will be circle symmetric; 
the horizontal current i flowing in the emitter through a 
unit width is related to the shunt current Ish and the 
distance r from the shunt (located at r = 0) by 

r
I

i sh

π2
= , 

since the total current crossing the edge of any circle 
centered around the shunt is always Ish (no current is 
lost).  
The magnitude of i is Jt , where J is the current density of 
the horizontal current flow in the emitter with thickness t. 
At the current densities occuring in a solar cell, J is 
proportional to the electric field E (= dV/dr) and the 
conductivity σ (= 1/ρ , where ρ is the resistivity): 
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 So i can be expressed in terms of dV/dr as follows: 
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where ρ/t has been substituted by the emitter sheet 
resistance ρs. 
Combining the expressions for i gives the following 
differential equation for V(r)  : 
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 which has the general solution 
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As an example, V(r) is drawn for two different Ish values 
in Fig. 10. 
 

 

Figure 10: V(r)  for 2 different Ish values; ρs =  50 Ω. 
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The shunt with the larger Ish clearly has a much larger 
area with lower potential around it.  
The current detection limit of the Shuntscan can now be 
estimated; the smallest shunt that can be detected is 
determined by the smallest potential difference that can 
be detected when moving from “the shunt” to r = 1.0 mm 
(to stay between the fingers on a real cell). “The shunt” 
means here the point as closest as possible to it, since the 
potential probe itself has a finite diameter (in this case 0.2 
mm). Taking r ‘at shunt’ = 0.1 mm, r ‘far away’  = 1.0 
mm, ρs = 50 Ω and minimum ∆V = 5 mV, the minimum 
detectable current for a single shunt turns out to be 
~ 0.25 mA. Compared to a current at the maximum 
power point of a 10 x 10 cm cell of 3 A, this would mean 
0.01 %, so that the sensitivity for a single shunts on an 
otherwise non-shunted surface is more than sufficient. 
In practice, the ideal case of current flow only through 
one shunt and no current flow elsewhere does not exist. 
There will always be a small more or less homogeneous 
background, which cannot be detected by the Shuntscan. 
Therefore, the shunt resistance limit below which shunts 
will be found on a cell with the Shuntscan is lower than 
would be expected from this single shunt case. As a rule 
of thumb, cells with a shunt resistance below 1-2 kΩcm2 
are found to be interesting for Shuntscan investigation. 
This corresponds to the limit below which shunts have 
significant influence on the cell efficiency, so the 
Shuntscan sensitivity is also enough on real cells. 
In the case of a shunt at the Shuntscan detection limit of 
only 0.25 mA, the radius of influence is very small. 
Therefore, the potential distribution will not be much 
disturbed by the fingers that are present on real cells. 
However, when a shunt is larger, the potential 
distribution will be disturbed by the fingers, the degree of 
disturbing mainly depends on the contact resistance of 
the fingers around the shunt. The reason is that fingers 
are much better conducting than the emitter, and when 
the fingers around the shunt can supply enough current 
for the shunt, there is no flow of current in the emitter 
outside these fingers. An example of this is shown in Fig. 
11, where the potential dip of 80 mV would be large 
enough to have a considerable influence radius without 
fingers (compare with Fig. 10). 

 
Figure 11: Confined influenced area by easy current 
supply by the fingers in case of low contact resistance. 
  
However, when the fingers have a considerable contact 
resistance they cannot easily supply current for the shunt 
and the situation will be more like the one calculated 
without fingers. An example of this case is shown in 
Figure 12. 
 

 
Figure 12: Potential distribution around shunt for large 
contact resistance, in this case the potential is more like 
the one without fingers. 
 
In fact, a shunt is somewhat shielded if the fingers around 
it have a large contact resistance, reducing to some extent 
the current loss due to the shunt. This is comparable to 
the shielding of a shunt by emitter sheet resistance which 
was discussed recently in [11]. In that paper the influence 
of contact resistance was not taken into account. 
Comparing Figs. 11 and 12, it is clear that the area with 
lowered potential around a shunt is not a good measure 
for the shunt magnitude on real cells. Another point to 
note is that the potential dip is not very sharp in Fig.12. 
This is probably due to the fact that the probe was not 
scanned exactly across the shunt; the probe diameter of 
0.2 mm also prevents the measurement of a very sharp 
peak. 
Although actual potential distributions will always differ 
depending on the exact shunt location and metallization 
properties, it is in principle always possible to calculate 
the total current flowing through a shunt. The method is 
to perform a path integration of i along any closed path 
around the shunt that does not include a finger part: 
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i is written here in vector form and its inproduct with the 
inward normal to the integral path is taken, to account for 
the fact that i will generally not be perpendicular to the 
integral path (in the circle symmetric case, vector 
magnitudes were sufficient since i was perpendicular to 
the circle everywhere).  
In practice, it is difficult to calculate the integral 
accurately since a very high lateral resolution is needed 
for the measurement of V in both x and y direction. 
However, a rough estimate which is sufficient for most 
purposes can be made with it. 
In the near future, some detailed measurements will be 
made in an experiment to compare the absolute shunt 
current found with lock-in IR thermography with the 
value found with the Shuntscan. 
To summarize, the Shuntscan can detect shunts at 
forward bias with sufficient degree of accuracy. It has 
been shown that the area with lowered potential around a 
shunt is not a good measure of its magnitude on a real 
cell, because the contact resistance of surrounding fingers 
is of influence as well. It is explained that the Shuntscan 
potential data can be used for quantitative analysis of 
shunts. In practice, the Shuntscan is mostly used in a 
qualitative way, some examples will be given in the next 
section. 
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Shuntscan application 
 
Using the Shuntscan, several types of defects have been 
identified so far. In Fig. 13, a Shuntscan made on a 10 x 
10 cm cell having a shunt resistance of 500 Ωcm2 is 
shown.  

 
Figure 13 : Shuntscan on a multicrystalline siliocn cell 
with shunts in the upper right corner.  
 
It is clear that there are several shunts between the fingers 
in the upper right corner of the cell. After this corner was 
removed, the resistance increased to 3000 Ωcm2, which is 
an acceptable value. In this case, the problem was 
probably base material related, e.g. SiC precipitates could 
be the reason. 
In another experiment, both a Shuntscan and lock-in IR 
thermography picture were made for the same cell (see 
Fig. 14).  

 

 
Figure 14: Comparison Shuntscan (upper picture) and 
lock-in IR thermography. The colors are inverted 
because a decrease in potential in the Shuntscan 
corresponds with an increase of the temperature 
measured by lock-in IR thermography. 
 
It is clear that the methods agree about the shunt 
locations. The only difference is that shunts below 
metallization cannot be detected by the Shuntscan 
because the resistance of the metal is too low, while the 
heat produced by a shunt can be detected by lock-in IR 
thermography also below metal. An example of this is 
visible in Fig. 14 at the right busbar. For the cell in Fig. 
14, the shunts were found to be due to material problems 
in the silicon base material, since scans on neighbouring 
wafers have shunts on the same locations. 
Typical process related problems that were found on 
other cells are poor edge isolation, metal contamination 
on the front side of the cell and cracks. 
 

Voc scan method 
 

 
Figure 15: Drawing of the Voc scan method 
 
The Voc scan principle (see Fig. 15) is simple and 
straightforward. A potential probe centered in a light 
beam is scanned over the front surface of a cell without 
front side metallisation, while the cell is in open circuit 
condition. The metallization has to be omitted to avoid 
smearing out of the potential. Although the scratching of 
the cell has been found to cause some Voc loss by 
scanning a second time, the same ditribution pattern is 
found again, so in that sense the result is reproduceable. 
With the Voc scan, a kind of local Voc is measured, 
although the values measured can be considerably lower 
than for uniform illumination. The reason is that the light 
current generated in the beam can leak to the dark area 
around it. This effect is not present in case of uniform 
illumination, because the diode current at each location  
is compensated by the light current generated at the 
location itself. Lateral currents are therefore avoided and 
the local potentials reach higher values. 
The result is that potential differences measured with the 
Voc scan are exaggerated compared to the case of uniform 
illumination. The advantage is that differences are clearly 
visible; on the other hand, the current leakage makes the 
analysis of the scan method in a quantitative way 
difficult. Up til now, the Voc scan has only been used as a 
qualitative tool.  
 

Voc scan application 
 
In Fig. 16, the influence of the local absence of a back 
surface field (BSF) as measured by a Voc scan is shown. 
The cell without front contact was fabricated with an 
aluminum back side, except for the regions at the back 
below the busbars, where silver was printed for soldering. 
 

 
Figure 16: Voc scan for a mono-crystalline cell. The 
potentials on the cell cover the entire color scale on the 
right,  ranging from 540 to 580 mV.  
 
Voc is lower at the ‘back side busbars’ where no 
aluminum is present, due too less gettering and/or an 
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absence of  BSF at these regions. In addition, Voc on this 
cell turns out to be slowly increasing to the upper right, 
caused by emitter or BSF non-uniformity. 
In another experiment, acid etched multi-crystalline cells 
were fabricated, among them some without front contact. 
The neighbouring complete cells had high Jsc values, but 
a low FF. A Voc scan on one of the cells without front 
contact and a picture of the cell are shown in Fig. 17.  

  
Figure 17: Voc scan and picture for an acid etched cell. 
The coincidence between low Voc (black regions) and 
etched defects is clear. 
 
The scan demonstrates that areas where defects have 
caused extra etching are mainly responsible for the FF 
loss, since the measured Voc is lower in these areas. A 
dark crack is also visible in the upper part of the scan, 
while it was not visible on the cell.  
As the Voc scan method is presented here for the first 
time, not many cells have been studied yet. However, 
these first results show that also the Voc scan is a 
promising method for process optimization. 
 

Conclusions 
 
The different techniques based on potential mapping used 
by the Corescan are able to locate losses due to contact 
resistance, shunts and recombination in solar cells. The 
sensitivities of the methods are sufficient to find all 
significant locations.  
An important fact found with the Corescan is that the 
cross-belt temperatures differences in a belt furnace can 
be significant, resulting in non-uniform contact 
resistance.  
With the Shuntscan, shunts were detected related to base 
material problems, metal contamination and edge 
isolation problems. The influence of fingers on the 
measured potential distribution around a shunt was 
discussed, as well as the quantification of shunt current 
from measured potentials around a shunt.  
The principle of the newly developed Voc scan was 
explained, as well as its interpretation. With this Voc scan, 
the influence of the local absence  of a BSF on the back 
side was demonstrated. Acid texurization was found to be 
responsible for local fill factor loss of the silicon diode 
itself at defect locations visible by eye. 
Summarizing, the Corescan instrument, equipped with 
the Corescan, Shuntscan and Voc scan, has proven to be a 
valuable tool for troubleshooting and process 
optimization in industrial solar cell processing. 
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Appendix 
 
An important consequence of the fact that Rcl is often 
found to be quite non-uniform is that the standard models 
to fit J-V curves of solar cells are not capable to include 
recombination and series resistance in the right fit 
parameters. A clear demonstration of this effect is shown 
in Figure A.1, where the J-V curve is calculated for a 
hypothetical cell having a region with good contact and 
an equally large region with bad contact. The applied 
method is to calculate J-V curves for the area between 
two fingers for both a low Rcl and a high Rcl and 
averaging these J-V curves. Averaging is done by taking 
(Jlow Rcl + Jhigh Rcl)/2 at each potential. The two curves are 
calculated assuming that the region between the fingers 
can be described by the following position-independent 
parameters: diode factor m = 1.3, Voc = 590 mV, emitter 
sheet resistance = 50 Ω. 
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Figure A.1: Calculation of influence non-uniform Rcl on 
the J-V curve and fit parameters for a hypothetical cell 
having a region with good contact and a region with bad 
contact.   
 
All curves where fitted and the parameters of the curves 
are indicated in the figure. It is found that the curves for 
the regions between the fingers are correctly fitted: the 
fitted m in both cases equals the m used as input, whereas 
the series resistance is almost increased by a factor of 10 
for the high Rcl case (it is slightly less than 10 because the 
emitter sheet resistance is kept the same for both curves). 
However, fitting the J-V graph for the total cell results in 
a large increase of m, while the series resistance almost 
equals the value for the low Rcl case. So the very non-
uniform potential distribution over the cell leads to an 
increase of the parameters describing recombination 
instead of the parameter for series resistance. Note that a 
uniform increase of the contact resistance was correctly 
handled in fitting (series resistance increases, m equals m 
used as input), only non-uniformity leads to problems. 
However, the non-uniform case is found to be the most 
occurring one in practice. 
As is clear from the example just given, it is even 
possible to obtain m > 2 by Rcl non-uniformity, while m 
should be < 2 according to the standard (1-dimensional) 
solar cell model. Another paper discussing the fit 
problems in case of large series resistance non-uniformity 
was published recently [12]. That paper took line 
interruptions or non-printed areas as possible reasons for 
series resistance non-uniformity, non-uniform contact 
resistance was not mentioned however. The reason for 
the fact that the normal fit model is not functioning 
correctly is that the potential differences over the cell are 
not any more small compared to the thermal voltage q/kT 
of 25 mV at 300 K. Therefore the correct calculation of 
the cell output current gets non-linear while the normal fit 
model that accounts for series resistance with a lumped 
value ρseries  assumes linearity.  
A solution that is sometimes used to account for the fit 
problems just mentioned is to introduce a series 
resistance that is not constant, but current dependent [12]. 
However, it is better to avoid the use of this concept by 
measuring Voc as a function of light intensity [2] for the 
quantification of series resistance influence. Using the fill 
factor FFRs0 of the “series resistanceless” J-V curve 
obtained with that method, and subtracting the fill factor 
FF of the normal J-V curve, the influence of series 
resistance on the solar cell J-V  curve can be easily 
quantified by   

FFFFFF RsRs −≡∆ 0 , 

By the use of ∆FFRs, the series resistance influence is 
characterized by a single value which gives a direct 
feeling for the efficiency loss due to series resistance.  

As a demonstration a normal J-V curve and the series 
resistanceless curve of the same cell are shown for a cell 
with a high contact resistance region in Fig. A.2. 
 

 
Figure A.2: Series resistanceless curve obtained from Voc 
measurements as a function of light intensity, and the 
normal J-V curve. The cell is one with a high and non-
uniform contact resistance, ∆FFΡσ = 11.3 %. 
 
When the FF difference between the curves is large as in 
the curves above, the Corescan is the appropriate method 
to find the locations or regions that are responsible for the 
fill factor loss. 
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Quantitative Shunt Investigations on Solar Cells by Lock-in Thermography 

0. Breitenstein 
Max Planck Institute of Microstructure Physics, Weinberg 2, D-06 120 Halle, Germany 

1. Introduction 

If a one-dimensional modelling of a solar cell is performed e.g. by PClD, one assumes that the 
properties of this cell are homogeneous across its whole area, Especially, the dark I-V 
characteristic is assumed to be the same in every position. In real solar cells, however, there are 
always local positions of an increased current density, which are called shunts. We will use the 
name "shunt" for all local maxima of the forward or reverse current density, independent on their 
geometry, even if they are no short circuits in the electrotechnical sense. It will turn out that there 
are shunts having a linear (ohmic) I-V characteristic and shunts having a non-linear (diode-like) 
one. Except for solar cells of very high quality, these shunts dominate the dark I-V characteristic 
under reverse bias and under low forward bias conditions. 

Shunts may act in two ways in solar cells: I. In operation at the working point of the cell 
(usually near 0.5 V forward bias) all currents flowing through shunts are current losses, which 
cannot be fed out of the cell. Hence, shunts are reducing the fill factor (FF) and the open circuit 
voltage (V,,) and thereby the efficieny of the cell. The detrimental influence of shunts on the 
efficiency is the stronger the lower the illumination level is [ 11. II. If one solar cell in the string of 
a solar panel is shadowed, under un€avourable conditions this cell may become reverse-biased by 
the other cells in this string by more than 10 V, whereby a noticeable reverse current may flow 
through this cell. If there are local shunts acting under reverse bias, excessive heat may be 
produced in these positions leading to so-called hot spots, which may even destroy the cell or the 
solar panel [2]. Thus, shunts acting under reverse bias may limit the reliability of solar panels. 

The dark I-V characteristic of solar cells is usually described by the so-called 2-diode model 
(see, e.g. Kaminski [3]), modelling the solar cell as the parallel action of two diodes, having two 
different ideality factors, and an ohmic parallel resistance R,, completed by a series resistance R,. 
Here the first diode describes the (usually homogeneous) diffusion current across the pn-junction. 
The second diode is attributed to point defect recombination in the space charge layer, which is 
sometimes modified by saturation effects [4] or trap-assisted tunneling or Pool-Frenkel effect [3 J 
to explain ideality factors above two. Only the ohmic parallel resistance R, is usually attributed to 
local shunts. This model assumes that the I-V characteristic of shunts should be ohmic, hence 
shunts acting under forward bias should also act under reverse bias and vice versa. We have 
already shown [ S ]  and will demonstrate in the following that this assumption is true only for 
some fraction of all existing shunts. In good solar cells even the majority of shunts show a non- 
linear (diode-like) I-V characteristic. Typical origins of these shunts are contacts of the emitter- 
metallization to the base (Schotty type shunts) or local positions of high recombination activity 
like scratches, decorated crystal defects, or the edge of the cell. These non-linear shunts do not 
decrease R, significantly and even may show a low reverse current. Nevertheless, they dominate 
the low bias part of the dark forward I-V characteristic and thus deteriorate especially the fill 
factor. Hence, their influence on the efficiency can only be estimated correctly if they are 
detected under forward bias conditions. 

There are several techniques available allowing to image shunts in solar cells. Beam injection 
techniques are essentially EBIC (electron beam-induced current imaging, performed in the 
scanning electron microscope) and LBIC (light bearn-induced current imaging, usually performed 

124



on a x-y scanner). Here a focused beam of electrons or light excites minority carriers, which are 
separated by the pn-junction, and the current, usually measured under zero bias, is used to 
generate the image. Actually, EBIC and LBIC are used to image inhomogeneities of the diffusion 
length caused e.g. by crystal defects. However, if the excitation takes place near a strong shunt 
being active under zero bias, some part of the generated minority carriers are flowing across this 
shunt and not to the current amplifier, hence the surrounding of the shunt appears dark in the 
EBIC / LBIC image. If- LBIC is performed in lock-in mode at different applied biases (TELLO", 
[63), shunts can be investigated even near the working point of the cell. However, one limitation 
of all beam injection techniques is that they do not allow to image shunts if they are lying below 
grid lines, which happens quite often. They share this disadvantage with PRAMP [7, 81, which 
measures the potential drop at the emitter surface near a shunt. Thermal shunt detection 
techniques do not have this limitation, since heat easily penetrates metallization layers. Here a 
bias is applied to the cell in the dark, leading to a current flow through the shunts, which leads to 
a local heating of the shunt positions. Hence, the operating conditions of the cell are simulated 
here in the dark by externally applying a bias. This procedure is justified by the fact that the 
illuminated I-V characteristic equals the dark characteristic pardkl shifted by the short circuit 
current, if the series resistance R, is correctly regarded (superposition principle). According to all 
our knowledge all kmds of shunts in silicon cells are acting both in the dark and under 
illumination. This statement is not true anymore for thin film and organic solar cells, where e.g. 
photoconducting barrier layers play a role. 

The simplest way to image shunts thermally is to use low-cost thennochromic liquid crystal 
sheets [9, 101, which are commercially available e.g. from Edmund Scientific. Also infrared (IR) 
cameras have been used for the direct thermal imaging of shunts [2, 111. The main problem with 
these stationary thermal imaging techniques is their limited thermal sensitivity, which is in the 
order of 100 mK. Note that silicon is a very good heat conductor. Hence, locally generated heat is 
instantly dissipated away from the shunt, leading to a blurred appearance of the imaged shunts 
and to a relatively low thermal contrast. Due to these halos in thermal images the red spatial 
resolution is often worse than the pixel resolution. For sensitivity limitations, with these 
stationary thermal techniques shunts could be imaged only under several Volts reverse bias, but 
not under a low forward bias near the operation point. Kaminski et al. [12] have averaged many 
IR images with and without applied bias and subtracted the results from each other. In this way 
they could image strong shunts under a relatively large forward bias. However, the blurred 
appearance of the images remained, and weak shunts under low forward bias remained invisible. 
So until recently there was simply no technique available to image shunts also under low 
forward bias conditions, and to measure the I-V characteristic of single shunts non-destructively 
in order to check the predictions of the two diode model. Lock-in thermography is the technique 
of choice which solves this problem and additionally improves the real spatial resolution of the 
images. 

In this contribution the experimental technique of lock-in thermography is reviewed. Then the 
physical basics of a quantitative interpretation of lock-in thermography results in terms of 
thermally measuring shunt currents are presented. Finally some typical examples of quantitative 
shunt investigations are introduced. 

2. The Iock-in thermography technique 

Lock-in themography means that a periodically pulsed bias is applied to a solar cell, and the 
periodic temperature (T-) modulation at the surface is measured over many periods and processed 
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and averaged in every pixel according to the lock-in principle. So in contrast to stationary 
thermography this is a dynamic (a.c.) technique, which is not disturbed e.g. by T-drift 
phenomena. By averaging the result over many lock-in periods the signal-to-noise ratio (SNR) 
improves with the square root of the aquisition time and may become orders of magnitude better 
than the SNR of the primary T-measurement. In the past lock-in thermography was used mostly 
for non-destructive testing of mechanical components [ 131. A special lock-in thermography 
technique showing a sensitivity below 100 pK, which was able to investigate shunts in solar cells 
under low forward bias €or the first time, was the Dynamic Precision Contact Thermography 
technique (DPCT, [ 14, 151). This was a mechanically scanning and contacting technique, having 
the advantage of low costs but the disadvantage of long aquisition times of many hours. 
Therefore it did not become very popular. Modem lock-in thermography systems are based on 
highly sensitive focal plane array ( P A )  thermocameras working either in the mid IR range (3 ... 
5 prn wavelength) or in the long range (8 ... 10 pm). There are several lock-in thermography 
systems on the market. One of it (called TDL 384 M 'Lock-ini, by Thermosensorik GmbH 
Erlangen 1161) was developed in cooperation with Max Planck Institute of Microstructure 
Physics (Halle) and is specialized to the investigation of electronic components like solar cells. 
All investigations shown in this contribution are performed using this system. Therefore this 
system will be introduced here insome more detail. 

IR emitter film 

384 x 288 
detector head 

Fig. 1: Functional scheme of the TDL 384 M 'Lock-in' thermography system 

As Fig. 1 shows, the system is based on a focal plane array (FPA) detector head, which is 
fabricated by AIM (Heilbronn) [17]. It contains a high resolution (384x288 pixel) detector array 
consisting from mercury cadmium telluride (MCT), which is sensitive between 3 and 5 pm 
wavelength and is cooled down to 70 K by a linear Stiriing cooler. The image information is 
digitized in the detector head with an accuracy of 14 bit at a rate of 16 MPixel/s, leading to a full 
image frame rate of up to 140 Hz. If only some part of the image is read out, the frame rate may 
increase up to 800 Hz. A high frame rate is advantageous both for obtaining a good sensitivity of 
the measurement and a good spatial resolution (see next section). The image information is 
written by a frame grabber board by direct memory access (DMA) directly into the RAM storage 
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of the control PC, which for our system is a 2x700 MHz Dual Pentium III system running under 
Windows NT. The PC generates the lock-in reference trigger signal by using a hardware counter, 
which is directly triggered from the thermocamera, and it performs the actual lock-in correlation 
procedure on-line. The whole electronics unit is contained in a rugged roll container. During 
measurement the solar cell is covered by a 20 pm thin black-painted plastic film, which serves as 
an efficient IR emitter and is sucked to the Cu-base by a vacuum. Between the sample and the 
Cu-base a 100 pm thin woven Cu-net is placed, which distributes the vacuum laterally and serves 
as a heat diffusion barrier to the Cu-base. Only by using this barrier the results are indepent on 
any heat conduction to the Cu-base. 

The principle of the correlation procedure is shown in Fig. 2. Since the phase of the T- 
modulation signal is not constant, two-channel lock-in detection has to be used. In each of the 
channels every pixel information of every incoming image is multiplied by a weighting factor, 
which changes from image to image and may be positive or negative. The results are added up in 
two separate frame storages. In the first channel the weighting factors are approximating a sin 
function and in the other channel a -cos function. Thus, after the measurement the image stored in 
the first frame storage is proportional to the temperature modulation in-phase with the applied 
pulsed bias (0"-image, Too(x,y)), and that in the other storage is proportional to the T-modulation 
phase-shifted against the bias pulses by -90" (quadrature image, T-90"(x,y)). From these two 
images, the phase-independent amplitude image A(x,y) and the phase image Q(x,y) can easily be 
calculated by the following relations: 

fleating power 
p *  

t 
Single incoming 

frames 
(incl. noise of the 

Multiplication by weighting factors Result 

Fig. 2: Principle of the digital dual channel lock-in correlation procedure 
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A number of different IR objectives are available €or the detector head. The most universal one is 
a f# 1.5 / 28 nun wide angle objective ("Weitwinkel MWIR"), which allows to use a wide range 
of object distances from 7 cm to -, corresponding to an image size between 2 cm and 00. Hence, 
with this objective the best possible pixel resolution is about 50 pm, which still can be improved 
somewhat by using distance rings. There are special microscope objectives available leading to a 
pixel resolution down to 5 pm. The operation software allows to set the measurement parameters, 
to choose between different display types, to define and evaluate lines of interest or areas of 
interest, to perform automatic batch measurements e.g. for different biases (for measuring I-V 
characteristics, see below), to export the images as .bmp or .asc files (quantitatively scaled in 
mK), to create protocol sheets, and much more. Fig. 3 shows the measured depencence of the 
measured amplitude noise level of this system as a hnction of acquisition time. The noise level 
decreases with 1/ ,/c and reaches after 1000 s (17 rnin.) a level of about 4 4  pK. 

3. Basics for the quantitative interpretation of lock-in thermograms 

The differential equation for heat diffusion in a homogeneous body having a specific heat of cp, a 
density of p, and a heat conductivity of h is: 

d T  
cpp,, = AT + 

Here T is the time-dependent temperature field, A is the delta operator, t is the time, and p is the 
time-dependent field of the power density dissipated in the body. This is a linear differential 
equation, which has the property that a sum of two of its solutions is also a solution of the 
equation. Hence, time-dependent thermal fields of different heat sources are linearly 
superimposing. The simplest solution of (2), which holds e.g. for a plane harmonically oscillating 
heat source in an infinite 3-D body, is a plane thermal wave in z-direction: 

with 

Here a is an amplitude factor containing the power density of the source, o is 27~f]ock-in, and A is 
the so-called thermal diffusion length, which is proportional to l/,/flock-in . For silicon at fiock-in 

= 3 HZ, A is about 3 mm. Eq. (3) represents a strongly damped plane wave, whose amplitude 
decays in a distance of A by l/e = 0.367 and within a distance of one wavelength being 2nA by a 
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factor of 0.001 87! This strong (frequency-dependent) damping, which basically also holds for 
other heat source geometries, is the reason for the improved real spatial resolution of lock-in 
thermography relative to stationary thennography. Whenever a sample is thin against the thermal 
diffusion length A, this sample may be regarded as "thermally thin" with respect to the lock-in 
frequency used. For such a 2-D sample the solution of (2) for an oscillating point heat source is 
[ 181: 

Here KO is the modified Bessel function of second kind of order zero, which can be described 
by the real part ker(x) (describing the 0"-signal) and the imaginary part kei(x) (describing the 
9O0-signal), a is an amplitude factor containing the power of the heat source, and r is the distance 
to the point source. 

I . I . I . 1 . I . I  

0 2 4 6 8 1 0 1 2  
r [mml 

Fig. 4: Radial profile of the 0"-signal (ker) Fig. 5: Dependence of the plane integrals 
and the -9OO-signal (-kei) around a point of the 0"- and the -90" signal around a 
heat source for A = 3 mm point source on the radial integration 

boundary R 

Fig. 4 shows the radial dependence of ker and -kei for a lock-in frequency of 3 Hz in silicon, 
together with the amplitude calculated by (1). It turns out that the 0"-signal (ker) diverges in 
source position and shows a considerable overshoot into the negative, but the -90"-signal (-kei) 
shows only a single maximum in source position and nearly no overshoot. If a radial plane 
integral 10";-900(R) is calculated for these two signals in the surrounding of a point source up to a 
distance of R (see Fig. 5), its value approaches zero for the 0"-signal, but a well-defined value for 
the -9O"-signal for large R. Hence, the pIane integral of the -90" signal in a thermally thin sample 
around a point heat source is proportional to the power of this source, if all integration boundaries 
are sufficiently distant from the heat source: 

P = CJJT-900 (x, y) dx dy 
A 

Here A is the integration area and C is a scaling factor, which depends on the properties of the 
sample and on the measurement conditions. Eq. ( 5 )  is the base of the quantitative interpretation of 

129



lock-in thermograms. If eq. (5) holds for a point heat source, it also holds for an arbitrarily 
shaped heat source (which can be thought as a superposition of many point heat sources) owing 
to the linear superposition properties of temperature fields. Especially, it also holds for the whole 
solar cell, where we know the total dissipated power by the current Lell and the applied bias Vce~l 
during the measurement. Performing the plane integration in (5)  over a certain rectangular area is 
a trivial task using the "average value" option of the "area of interest" function, which is included 
e.g. in the lock-in thermography software. Thus, in order to measure the current through an 

isolated shunt Ishunt, the average value of the -90" signal Tsizz has to be measured across a 

sufficiently large area Ashunt containing the complete T-field of this shunt, and the signaI 

Tci;:O has to be measured across the complete cell area Aceil. If there is a notable homogeneous 

has to be measured in a region containing current present, additionally the signal Thorn ogeneous 
-90" 

no shunts, which has to be subtracted from Tshunt in order to obtain the net shunt current. Thus, 
the final rule for quantitatively measuring the current through a local shunt by lock-in 
thermography is: 

This procedure can be repeated for different biases in order to measure local I-V characteristics of 
single shunts. Alternatively, it may be checked €or any bias which dark current In, shun& would 
flow through a solar cell of of the same area Acen, if it would not contain any shunts 
("hypothetical cell"): 

T-90' 
'best 
T-90' Ino shunts = Ice11 

cell 
Note that for low biases the averaged temperature vaiues used in (6) are increasingly influenced 
by statistical noise, hence this calculation becomes unreliable. Then for local shunts the 
qualitative LIVT procedure proposed by Konovalov [19] should be preferred, which just 
evaluates the signal peak value in shunt position TF*. This procedure is based on the fact that 
this peak value is proportional to the dissipated power. Hence, dividing this peak value by the 
applied bias (in shunt position!) gives a number, which is proportional to the shunt current: 

LNT Tpeak 
Ishunt =c - (8) 

Vcell 
Here CLNT is a proportionality factor, which should be constant for a series of thermograms 
measured at different biases. This factor may easily be obtained by fitting the result of (8) to the 
result of (4) for a sufficiently large bias (e.g. 0.5 V), where the accuracy of (6) is still acceptable. 
The LIVT procedure (8) works both with the amplitude and with the 0"- and the 
-90" signals. However, the most appropriate signal is the 0" signal, because this has a sharp 
maximum and is not influenced by a homogeneous thermal signal contribution, which produces a 
pure -90" signal. 
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4. Quantitative shunt investigations 

Fig. 6 shows results of the investigation of a typical commercial monocrystalline solar cell 
containing different types of shunts. All images are amplitude images. The measurements have 
been performed at +0.5 V forward bias (near the working point), at -0,5 V reverse bias (for 
checking the linearity of the I-V characteristics of the shunts, displayed in the same scaling as the 
thermogram for +0.5 V), and at -12V reverse bias (displayed in a different scaling). The 
acquisition time for the first images was about 10 min, but that for the last one was only some 
seconds. Shunts having a linear I-V characteristic should show the same brightness in the first 
two images. Indeed, two of the shunts (labelled A) are linear, but most of the other (e.g. B) are 
non-linear, hence they are not or only weakly visible under -0.5 V reverse bias. Nevertheless, 
under -12 V reverse bias hot spots become visible both for linear and for some non-linear shunts, 
hence also non-linear shunts may produce prebreakdown sites. Note that the signal at the 
dominant hot spots considerably exceeds the scaling range of 20 mK chosen here. Therefore they 
appear artificially blurred. Additionally to the dominant shunts, a large number of other weak 
breakdown sites become visible under -12 V reverse bias, which were invisible under low bias 
conditions. At the operation point at +0.5 V forward bias the wafer edge and the major grid lines 
become visible, hence also in these positions an excess forward current is flowing. As it was 
found also by Glunz et al. [ZO], the additional edge current is a recombination current flowing in 
the position where the pn-junction crosses the surface. A quantitative evaluation of the -90" 
image of the measurement at 4 . 5  V according to eq. (7) was performed. It lead to the conclusion 
that, if this cell would have no shunts at all, its forward current at +0.5 V would be about Ino shun& 

= 69 mA, in contrast to the measured value of Leil = 96 mA. So about 27 mA are flowing at +0.5 
V forward bias across all shunts visible in the left image of Fig. 6. Hence, this cell does not suffer 
seriously from shunts. 

Fig. 6: Lock-in thermograms of a commercial 12.5x12.5 cm2 sized monocrystalline solar cell 
measured under N . 5  V forward bias (left), under -0.5 V reverse bias (middle, both scaled to 2 
mK) and under -12 V reverse bias (right, scaled to 20 mK) 

Results of the quantitative thermal measurement of the I-V characteristic of a shunt current under 
forward bias according to eq. (6) are shown in Fig. 7. This shunt was a non-linear one, similar to 
the shunts called B in Fig. 6, which was not lying below a grid line. The shunt current was 
independently measured at ECN Petten (Netherlands) by PRAMP [7 J, which measures the 
voltage drop between the shunt position and the neighbouring grid line at different biases. This 
voltage drop signal is proportional to the shunt current. In Fig. 7 the results of the thermal 
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measurements are compared with that of the 
PRAMP measurement. which were fitted to the +- ECNPmPCUl'W 

12 

thermally measured current only at +0.4 V. We 
see a very good agreement of the non-linear shape 
of the I-V characteristic of this shunt, as measured 
by these two independent techniques. 

The final investigation was to estimate the 
quantitative influence of shunts on the efficiency 
of a solar cell as a hnction of illumination 
intensity. Here the sample was an experimental 
multicrystalline cell suffering from shunting due 
to residues of the emitter at the edge. Fig. 8 shows 
two lock-in thennograms (amplitude images) 

10 
4 

~e k 

6 

4 

2 

0 

measured at +/- 0.5 V in the same scaling. It is 
visible that here most shunts are lying at the edges 
of this cell, and that in contrast to Fig. 6 most of 
these shunts show a linear I-V chxactefistic, The 
ohmic parallel resistance of this cell was R, = 14.4 
Q, which is not very low for a 100 crn2 sized cell 
(1.46 wZcm2). By analyzing the measured dark and illuminated I-V characteristics of this cell, the 
measured eficciency could be simulated from the dark I-V characteristic for any illumination 
intensity to an accuracy of below 1 % (relatively) by assuming the superposition principle and a 
constant series resistance of R, = 0.023 $2. In the following we will construct the dark I-V 
characteristic, which this cell would have without any shunts, based on thermographic 
investigations. This allows us to estimate the influence of the shunts on the efficieny 
a uantit ativel y . 

0.0 0.1 0.2 0.3 0.4 0.5 

VWOW 

Fig. 7 :  1-v characteristic of a non-hear 
shunt n m ~ ~ r e d  thermally and by €'RAMP 

Fig. 8: Lock-in therrnograms of 
an experimental mu1 ticry s t alline 
cell measured under 4 . 5  V 
forward bias (left) and under - 
0.5 V reverse bias (right), both 
scaled to 10 mK 

Lock-in therrnography measurements of this cell have been performed at 5 different biases 
between 0.4 and 0.55 V. Using the -90" images and eq. (7) the hypothetical I-V Characteristic of 
this cell containing no shunts was estimated in this bias range, which is shown together with the 
measured characteristic in Fig. 9. For comparison also an exponential characteristic with an 
ideality factor of unity ("kT-current") is shown. In the measured characteristics the influence of 
the series resistance R, = 0.023 L-2 was corrected. It is visible that the cell without any shunts 
fairly well approximates the kT-current, whereas the ideality factor of the real cell is between 1.5 
and 3.5 (influenced by Rp!) in this bias range. Hence, the lower the bias, the larger is the current 
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fraction flowing across the shunts and vice versa. Again, using the superposition principle and 
regarding R, = 0.023 S2, the illuminated I-V characteristics were calculated for 4 illumination 
intensities between 100 and 600 W/m2 from the hypothetical dark Characteristic with no shunts 
shown in Fig. 9. The maximum power points have been determined and the resulting efficiencies 
are compared with those measured on the real cell as a function of illumination intensity in Fig. 
10. The possible relative improvement of the efficiency by avoiding the shunts is about 6.1 %, 
8.6 %, 11.6 % and 22.9 % for an illumination intensity of 600, 300, 200, and 100 W/m2, 
respectively. As expected and already shown before [I], the relative influence of shunts is the 
larger the lower the illumination intensity is. This tendency is most pronounced for linear (ohmic) 
shunts, but is also present for non-linear shunts like local recombination sites [20]. 

0.1 

0.01 

Zi? 
Y 

1 

10 

9 
0.40 0.42 0.44 0.46 0.48 0.50 0.52 0.54 0.56 f 00 200 300 400 500 600 

bias [Vl (Rs-corrected) Illumination intensity w/m'] 
Fig. 9: Measured dark I-V characteristic of Fig. 10: Depencence of the efficiency of the 
the cell of Fig. 8, hypothetical characteristic real cell (measured) and of the hypothetical 
of the same cell with no shunts (based on one with no shunts on the illumination 
thermographic measurements, both R,- intensity 
corrected), and kT-current 

5. Conclusions 

If lock-in themography measurements are performed at different biases, the results can be 
evaluated quantitatively in terms of a spatially resolved analysis of the dark I-V characteristic. So 
the characteristics of single shunts can be measured separately in a non-destructive way. 
Alternatively, by evaluating the signal of "good" regions of the cell away from the shunts, the 
properties of a hypothetical solar cell containing no shunts can be concluded and compared to 
that of the real cell. In this way the influence of the shunts on the efficiency can be concluded 
quantitatively for different biases, leading to a prediction about the possible degree of 
improvement if these shunts could be avoided. Since many shunts show a non-linear I-V 
characteristic, shunt investigations performed at a large reverse bias are not always able to predict 
the influence of shunts under forward bias correctly. 

According to our experiences strong shunts, which seroiusly degrade the AM 1.5 performance, 
are always linear (ohmic) shunts. They may be caused e.g. by an incompletely opened emitter at 
the edge, by Al-contamination at the surface (producing tunnebjunctions between base and 
emitter), or by inversion channels crossing the bulk. The dominant residual shunts in well- 
processed cells are also edge shunts (recombination-induced), shunts below grid lines (Schottky- 
type or recombination-induced), and shunts caused by scratches or decorated crystal defects (both 
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recombination-induced). All these shunts usually show a non-linear I-V characteristic with a 
large ideality factor. Thus, as for ohmic shunts their relative influence on the I-V characteristic 
increases with decreasing bias resp. illumination intensity. Under AM 1.5 they only weakly 
degrade the cell performance, but they may considerably degrade the performance under weak 
illumination conditions f 1,201. 

The author is grateful to J.P. Rakotoniaina, M. Al Rifai, and S. Neve (all Halle) and to A. van der 
Heide (ECN, Petten) for experimental cooperation. This work was supported by the BMWi 
project No. 0329858D (KoSi). 
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1 Introduction 
 

As the photovoltaic industry is moving towards large volume manufacturing, a tighter monitoring of 
the different processing steps becomes crucial. It is therefore necessary to develop reliable and fast 
characterisation tools which can deal with large area substrates (> 100 cm2). Depending on their 
specifications, these tools can be implemented either in research laboratories, for troubleshooting 
purposes at the production sites, or directly for in-line control. So far, quite a number of new techniques 
have reached the laboratory stage and are starting to be used for process development and trouble-
shooting. Except for the end control of solar cell parameters, in-line controls are still limited, but 
several manufacturers intend to introduce new characterisation tools in their future production line. 
However, much of this development is proprietary or obtained in projects where only minimum 
information is disclosed. Consequently, only a few commercial systems are available for in-line 
control. 

In the first part of this paper, we review some recent developments in measurement techniques, from 
material characterisation to solar cell properties determination. Then we outline the current status of 
process control in production lines and indicate some possible implementations in future production 
lines. 

In the second part, some new measurement systems developed at the Fraunhofer ISE are presented. 
Some recent developments and possibilities of the carrier density imaging (CDI) technique, for a fast 
imaging of carrier lifetimes are outlined. A multiple head four-point probe system (FAKIR) for 
mapping of the sheet resistance on large area wafers is described. The FAKIR system allows a gain 
time by an order of magnitude compared to a single head four-point probe system. Examples of fast 
shunt detection using a set-up based on commercial liquid crystal (LC) sheets will be given, illustrating 
the power of this simple and low-cost technique. 

Finally, we introduce a new technique for obtaining information on the metallisation properties of 
solar cells. This non-destructive technique is based on micro-wave photoconductivity decay (µW-PCD) 
measurements of complete solar cells operated at reverse bias. We show that the measured effective 
lifetime τmet depends mostly on the local resistance between the measurement point and the metal grid, 
therefore containing information on the emitter sheet resistance and on the contact resistance between 
the metallisation and the emitter. Several examples illustrating metallisation failures and their effects 
on the τmet maps are given. 
 
2 Review of some recent characterisation techniques 
 

A large number of techniques have been developed for semiconductor characterisation. An excellent 
review of these techniques can be found in ref. [1]. Many of these techniques, such as Fourier 
transform infrared spectroscopy (FTIR), deep level transient spectroscopy (DLTS), capacitance-voltage 
(C-V) measurements or resistivity profiling, are commonly used in photovoltaic research laboratories. 
One drawback of many of these techniques is that they are often time consuming or require special 
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sample preparation. They are therefore limited to small numbers of samples or small areas. This 
illustrates also the fact that quality control is a completely different problem in the semiconductor field, 
where low throughput but strict tolerance criteria have to be met.  

The list of techniques presented here is certainly non-exhaustive. For some equipment, we indicated a 
few suppliers, although others might exist. Also, we will not review solar simulators, flash testers or 
cell sorters, because market surveys of these systems are already regularly presented in specialised 
magazines such as Photon International [2]. 
 
2.1 Wafer quality  

 

Before wafering, ingots can be tested for resistivity by the eddy current technique [3] and for 
lifetime properties by microwave-photoconductivity decay (µW-PCD) [3,4]. Cracks in the ingot can be 
detected by the scanning eddy current technique [4]. After wafering, a rigorous mechanical quality 
control has been introduced by some manufacturers. For instance, the German wafer supplier Deutsche 
Solar performs optically based control of their wafers to measure corrugation and thickness, and to 
detect cracks and edge chippings. The equipment has been developed by Henneke [6] and ACR [7]. 

Wafer breakage is an issue in some production lines. Thermosensorik [8] has developed a Wafer-
crackDtec system, based on the thermal expansion of cracks after a light pulse and subsequent 
detection of the IR light passing through the wafer. The system is used by manufacturers of single-
crystalline Si solar cells, but little experience with mc-Si has been reported. Optical detection systems 
for cracks down to 30 µm width and 0.5 mm length have been developed [6]. Some other research 
directions include acoustic studies of stress in mc-Si wafers [9], or techniques like scanning eddy 
current where micro-cracks lead to a strong perturbation of the absorbed electromagnetic power. The 
last method is too slow for wafer mapping but could be applied for crack detection at the edge of 
wafers [5]. 

The PV scan system [10] can map dislocation densities by monitoring the light scattered from 
specially etched wafers. 

Wafer resistivity can be checked by classical four-point probe or eddy current measurements [3]. 
However, for accurate resistivity measurements, thickness determination is necessary and can be 
obtained by optical techniques [6] or capacitive gauging [3].  

The electronic properties of wafers before processing can be controlled using surface photovoltage 
(SPV) [11], µW-PCD [3,4], charge density imaging technique (CDI), (see § 4.1), or quasi-steady-state 
photoconductance (QSSPC) [12-14]. The first three techniques allow a mapping of the wafer, whereas 
the QSSPC allows only single point measurements (~1 cm2) with useful information on the injection 
dependence of the effective lifetime. Before saw damage etch, the effective lifetime is generally limited 
to about 3 µs for 300 µm thick wafers because of surface recombination. In the case of mc-wafers, µW-
PCD is well suited to determine the location of the wafer in the ingot (edge wafer, bottom or top part), 
because the extreme parts of mc-Si ingot generally exhibit initial bulk lifetime much lower than 3 µs. 
 
2.2 Following up the material quality evolution in the solar cell process 
 

The change of material properties, namely the bulk lifetime τbulk, during the solar cell process can be 
monitored by etching consecutive wafers at the different stages of the process, passivating the wafer 
surfaces and measuring the lifetime with one of the techniques described in 2.1. This process is 
however, quite tedious and it would be better to analyse as-processed wafers. The values measured on 
as-processed wafers contain, after diffusion for example, information on the bulk lifetime, on the 
emitter properties, and on the backsurface recombination (which can be slightly passivated after one 
side diffusion, or a floating junction in case of POCl3 diffusion). As all quantities are injection 
dependent, an extraction of the different parameters is difficult. If the bulk lifetime at the measurement 
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and the rear surface passivation at the measurement point are good enough, the emitter saturation 
current density can be estimated after diffusion with the QSSPC technique [13,15]. Possible 
implementations of this technique for in-line controls are discussed in ref. [13]. By performing spectral 
QSSPC at two different wavelengths it is also possible to evaluate the emitter spectral response [16]. 

To our knowledge, the only technique that can map the effective lifetime at each stage from the raw 
material to the finished product is µW-PCD [17]. However, an extraction of important parameters such 
as τbulk, or effective surface recombination velocities, is difficult, so the method is essentially limited to 
studying the behaviour of low bulk lifetime areas. On devices, the effective diffusion length maps 
obtained in spectrally resolved light-beam induced current measurements (SR-LBIC) [18] can be 
correlated with lifetime maps. However, a major problem in comparing lifetime maps to Leff maps is 
the control of the injection conditions which are usually too high [19] in µW-PCD, whereas SR-LBIC 
measurements are performed in lower injection conditions, in the range of 1013cm-3, which is more 
relevant for the prediction of the cell short-circuit current. 
 
2.3 Solar cells measurements 
 

Global measurements 
 

To complement the usual measurements of solar cell parameters (Isc, Voc, FF, η, Rseries(Voc), 
Rshunt(0V)), the recently developed Sun-Voc technique [13,20] allows reconstruction of the I-V curve in 
a single flash without the influence of the series resistance. Dark I-V measurements can also accurately 
point out lumped series and parallel resistance problems, as well as second diode problems. However, 
edge effects can severely impact both the dark and the illuminated I-V curves [21-23]. Laser scribing 
and breaking of the edges ensures, for large area cells, a minor influence of the edges on the cell 
properties and much more consistent analyses of dark I-V curves [21], in addition to a possible FF 
increase. An important test for solar cells is the reverse voltage breakdown [24], which should be 
higher than at least -10V for cells encapsulated in modules, where the bypass diodes usually ensure a 
maximum reverse voltage in that range. 

To evaluate the optical properties of the cell, the global reflection can be measured with the PV 
reflectometer [25,26]. When no global measurement is possible, we find it in general sufficient to 
measure the reflection at 6 different locations on the cell to achieve a representative reflection value of 
the entire cell, to which a 100% reflection on the bus bars is added.  

A useful tool for the characterisation of solar cells is the determination of the large area internal 
quantum efficiency (IQE). We have developed, a special calibration procedure for large area external 
quantum efficiency (EQE) measurements, which are combined with the reflection data to give the IQE 
values. This procedure accounts for interference filter and lamp inhomogeneities, and for attenuation of 
the signal first harmonic in lock-in measurements when measuring large area cells. Our system allows a 
measurement at 31 wavelengths between 340 and 1200 nm on cells up to 15×15 cm2, with bias light up 
to 1 sun and measurement time between 3 and 6 min. Fig. 1 shows two examples acquired during 
process optimisation. The IQE at ½ sun bias light of two cells processed from adjacent wafers but with 
two different types of AR layers are shown in fig. 1a. An absorption in the SiN layer of the second cell 
can be directly detected, since the 40 Ohm/sq emitter cannot account for the poor blue answer. Fig. 1b 
shows the IQE of cells (adjacent wafers) diffused at two significantly different temperatures. After SiN 
deposition and firing, the two groups of three cells have exactly the same long wavelength IQE, 
indicating that bulk-H passivation can level off differences in lifetime observed after diffusion. Note 
that, thanks to the calibration, the curves are perfectly smooth. 
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Fig. 1. Large area IQE curves of 12.5×12.5cm2 samples. a) Adjacent solar cells with two different types of SiN. b) Sets of 
adjacent wafers diffused at different temperatures. After Al-SiN co-firing the cells exhibit the same IR-response. 

 
Scanning or imaging of local properties 

 

There is now a wide choice of scanning or imaging techniques to access the local properties of solar 
cells. Light beam induced current (LBIC) and spectrally resolved LBIC (SR-LBIC) images give 
information on the local current collection efficiency, with a direct estimation of the effective diffusion 
length in the case of SR-LBIC combined with reflection measurements [18,27]. Using a galvanometric 
scanner for beam deflection, ultra-fast LBIC scans can be performed; prototypes for the mapping of 
solar cells in a few seconds have been demonstrated [28]. τeff images can be obtained by µW-PCD [17] 
but the interpretation of the results is not straightforward. 

Shunts in solar cells can be detected with ultra-sensitive IR lock-in thermography [29,30] which is 
available commercially [8]. This technique has proven to be capable of detecting temperature 
differences in the µK range. Normal IR thermography and the use of liquid crystal sheet [21,31] allow 
in most cases a fast detection of the major shunts by the application of a reverse bias voltage. Shunts 
can also be detected using the RAMP mode of the Corescanner developed by ECN [32]. The strength 
of the Corescanner, which is now commercially available [33], lies however more in its ability to map 
locally the contact resistance between the fingers and the emitter, which is a significant progress 
towards the evaluation of firing processes and the detection of inhomogeneities. A drawback of the 
technique is that it is destructive. A new contactless mapping method (µW-PCD Met) to evaluate the 
metallisation properties will be discussed in the last part of this paper. 
 
Some innovative mapping measurements 

 

The CELLO technique is based on local light perturbation of globally illuminated solar cells operated 
at different voltages [34]. It yields information on most of the solar cell local properties, including Rs 
and Rp. Current distribution across the solar cell surface have been analysed using SQUIDs [35,36]. 
Magnetic investigations of the electrical activities of grain boundaries in mc-Si are reported in ref. [37]. 
Phase sensitive LBIC [38] has been shown to be sensitive to local impedance properties. Room 
temperature photoluminescence (PL) studies of mc-Si wafers have shown a correlation between 
lifetime and band-to-band recombination PL, whereas areas with high dislocation densities showed a 
defect PL band at 0.8 eV [39,40]. 

Ultra-high resolution (6µm) LBIC IQE measurements combined with measurements of the local 
dislocation densities have allowed the measurement of the dislocation recombination strength in 
processed mc-Si wafers [41]. This study illustrates perfectly the complex nature of defects in mc-Si, 
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where impurities, precipitates, dislocations and grain boundaries make the prediction of the evolution 
of the lifetime during processing highly difficult. 
 
3 Process monitoring in production 
 
3.1 Today 

 

One unique in-line control is the final measurement of the illuminated I-V characteristics (using a 
flash tester or a continuous solar simulator). Tests of the cell at reverse bias have been introduced by 
some manufacturers in the same measurement step. 

Visual controls at the different stages ensure an approximate evaluation of the saw damage etching, 
phosphorus glass removal, AR layer deposition and metallisation quality. The stability of the process 
can be regularly checked by analysing samples drawn from the line. Typical controls on selected 
wafers include, for instance: 
• Weighing the wafers for saw-damage etch removal. 
• 4 point probe measurements of the emitter sheet resistance. 
• Ellipsometry (on polished wafers) for the determination of the refractive index and nominal thickness 

(Note: the thickness can be different on textured wafers). 
• Metallisation: check of the grid conductivity with 4 wire measurements, weighing for the amount of 

paste deposited. Profilometry for the determination of finger height. 
• Shunt thermography (IR, IR lock-in, LC sheet). 
• Contact resistance scanning. 
 
3.2 Tomorrow 

 

A modern production line could control more tightly the evolution of its process by incorporating 
several in-line controls. This theme is, for instance, addressed in the Fast-IQ European project [5], 
dedicated to improving quality control in the PV industry and to inventing adapted automated systems 
for in-line measurements. Several manufacturers are also developing their own control systems in 
confidential collaboration with industrial partners. It is therefore possible that some of the techniques 
discussed here, as well as techniques unknown to the authors, are already tested or implemented at 
production sites. 

It is not obvious which techniques will be implemented in tomorrow’s production lines for several 
reasons. Firstly, many manufacturers think that regular controls on selected wafers are sufficient in a 
robust process, and that the cost of in-line control might not cover any efficiency gain. Secondly, as the 
solar cell results are linked not only to the process parameters, but also to the raw material supply 
which can be highly variable, it is a huge task to adjust effectively the process parameters to achieve 
optimum final solar cell results. This requires wafer tracking and the introduction of elaborate 
statistical control process (SCP) procedures. However, for a production volume of 50 MW/year, a 
modest 1% relative gain in efficiency might be worth one million euros, which shows that the issue is 
worth investigating thoroughly. Some of the possible in-line controls are: 
• QSSPC lifetime measurements can be introduced at several points for in-line control [13]. The 

emitter quantum efficiency can be estimated by spectral QSSPC after emitter diffusion [16]. Only 
discrete points with a resolution in the cm2 range can be measured. 

• Fast µW-PCD [3] lifetime line scans can be performed at the different steps. 
• The flash CDI technique presented in part 4.1 could allow imaging the lifetime properties of the 

whole wafer in less than a second [42]. 
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• First results indicate that organic surface contamination can be detected by Kelvin probe 
measurements [44]. 

• Single point contactless measurements of the emitter sheet resistance could be performed by surface 
resistance analyses (Ref 1, p39). Contactless surface charge profiling (SCP) [45-47] has been recently 
shown [48] to be able to measure the surface doping concentration of diffused mc-Si wafers and 
could therefore be a good control indicator for the diffusion process. Inductively coupled coils [13] 
and eddy current techniques can also yield information on the sheet resistance, but the effect of 
substrate conductivity can bias the results. 

• At the different production stages (etch, AR layer, metallisation) the global reflection properties can 
be analysed using a fast PV reflectometer [26]. 

• Metallisation interruption can be monitored by optical recognition and commercial systems are 
already available [49]. 

• Sun-Voc measurement at the end of the flash of the solar simulator can be used to check for series 
resistance problems [13,20].  

• On complete solar cells, IR thermography of reverse biased cells is fast enough [17] to image 
localised shunts at a rate of about 1 cell every 2 to 3 seconds. 

• The distribution of diffusion lengths on final devices can be obtained by ultra-fast LBIC [28] scans. 
• Cracks in solar cells can be detected using the commercial system CrackDtec [8]: by monitoring the 

temperature distribution in the cell with an IR-camera after a light pulse, cracks are characterised by 
disturbed heat distribution in the cells. 

• Optical sorting of solar cells for aesthetic flaws like missing parts of the contact grid, taints in the 
anti-reflection layer, or wrong colours has been reported in the European project VISOLAR [50]. In 
the same project, optical systems for the detection of cracks after front tabbing of cells have 
significantly improved breakage losses. 

 
4 Some recent developments at the Fraunhofer ISE 
 
4.1. Carrier density imaging (CDI) 

 

The principle of a lifetime imaging technique based on free-carrier absorption of IR-light has been 
demonstrated by Bail et al. [51]. By introducing lock-in processing of the signal, much shorter lifetimes 
can be measured, as shown by Riepe et al. [52]. In the CDI technique, a hotplate (black body) emits IR 
radiation, which is transmitted through the silicon sample. A fast CCD-camera sensitive in the mid-
infrared (λ ~3.5-5 µm) measures the IR-transmission. The IR-absorption and hence the transmission, is 
modulated by excess free-carriers generated by the chopped light of a semiconductor laser (λ = 917nm) 
whose intensity is chosen to yield a generation close to 1 sun conditions (AM1.5g). The laser excitation 
frequency is in the Hz range, ensuring steady-state conditions. For each pixel, the lock-in signal is 
proportional to the local free-carrier excess concentration ∆n and hence to the lifetime. After 
calibration of the system [52] the effective lifetime τeff is obtained. 

Figure 2 illustrates the power of this technique by comparing lifetime images obtained with the CDI 
system (a) with those obtained by µW-PCD (b). In one minute a complete CDI map of a 10x10 cm2 
mc-Si wafer has been obtained with a 350µm resolution, whereas µW-PCD scanning at 740µm 
resolution requires high-injection to achieve a reasonable scanning time, and even then is an order of 
magnitude slower. The higher injection used in the µW-PCD measurements explains the differences in 
the lifetime values with otherwise all features perfectly reproduced. 

The CDI technique can be applied to as-cut or to diffused wafers as well [42]. However, to obtain a 
good signal/noise ratio for low effective lifetimes, a larger number of image frames have to be 
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processed and the measurement time becomes significantly longer. For in-line lifetime imaging of 
wafers, two approaches can be followed [42]. By flashing the samples with a high intensity flash, 
lifetime images could be obtained in a time as short as 16 ms (fig. 2c), but with higher injection 
conditions. Another approach is statistical: as many data points are acquired (2882 in this case), it is still 
possible to reduce the lock-in measurement time to a minimum value, by imposing a noise criteria on 
the lifetime distribution, rather than on the lifetime measured at individual pixels [42]. 
 

a)  b)  c)   
 
Fig. 2. Lifetime maps of a surface passivated mc-Si sample. a) CDI images (resolution 350 µm) obtained in 1 min. b) µW-
PCD measurement ( resolution 740 µm). c) Top = flash CDI imaging (16 ms). Bottom = lock-in imaging (48 s). 
 
4.2 Sheet resistance mapping: the FAKIR system 

 

In POCl3 diffusion where the wafers are densely packed to reduce the production costs, or in an in-
line diffusion furnace where edge effects can influence the wafer temperature, the value and 
homogeneity of the emitter sheet resistance ρs have to be controlled carefully. 

For samples drawn from the production line or in the laboratory, four point probe measurements are 
the most common. The drawback of single head systems is the lengthy measurement time because the 
head has to be moved to the different measurements locations. We have recently built a system which 
reduces the measurement time by a factor of 9 [53]. The basic idea is to use an array of 100 × 4 
needles, shown in fig. 3a. An I/O card integrated into the computer contols a relay box, which in turn 
connects or disconnects the different sets of needles to a 4-wire multimeter. In fig. 4b, the 
 

a)       b)  
 
Fig. 3. a) Photo of the needle array of the Fakir system. b) Map of the emitter sheet resistance on a 12.5×12.5 cm2 mc-Si 
wafer after emitter diffusion. 

141



 
emitter sheet resistance of a diffused 12.5×12.5 cm2 mc-Si wafer shows strong lateral variations linked 
to an inhomogeneous optical heating of the sample. The image resolution was doubled by automated 
translations along the x and y axis. For most applications, a resolution of 10×10 or 9×9 points is 
sufficient to detect inhomogeneities. 

The simple concept of the system makes it easily adaptable to other measurement geometries. Our 
prototype uses low-cost steel needles, whose quality is sufficient to measure clean emitters. By using 
tungsten-carbide needles which can penetrate through the native oxide, measurements of substrate 
resistivity or of emitters through the phosphor glass are also possible. 
 
4.3 Shunt detection using a fast low-cost set-up 

 

Temperature sensitive liquid crystal sheets [31] can be used to detect shunts in solar cells. We have 
recently developed and optimised a new set-up [21] which detects shunts in reverse biased solar cells 
using low cost commercial liquid crystal (LC) sheets held in close contact with the solar cell by 
vacuum. The set-up, described in fig. 4, is easy to operate and allows high throughput even with a 
manual loading of the wafers (typically 1 cell every 12 seconds). The sensitivity and system 
performance achieved with this LC system are comparable to those of a conventional infrared camera 
(0.1° Kelvin resolution). The advantages of our set-up are its low cost and ease of use. In our 
laboratory, it has quickly become an invaluable tool for fast shunt localisation. 
 

a)  b)   

c)  d)   
 
Fig. 5. “The horror shunt museum”. All images are taken at reverse bias between –3 and –10V. a) Shunts caused by 
improper handling during processing. b) Localised shunts induced by diamond scribing on the fingers of the solar cell. 
c) Overfiring of the metallisation. d) Edge shunts stemming from an improper edge isolation process. 
 

A frequently addressed point is whether the reverse bias shunts detected with the LC sheet technique 
are the same as the shunts revealed at the working point of the solar by ultra-sensitive IR lock-in 
thermography. From our experience, the correlation is not always perfect, but most major problems can 
be identified with the less sensitive LC sheet set-up, in particular if high reverse voltages are applied. 
This is because the non-ideal local I-V characteristics in forward bias are likely to be accompanied by 
similar non-idealities at reverse bias (lower local voltage breakdown). In particular, on mc-Si solar cells  

Fig. 4. Prototype for the imaging of shunts in solar cells. 
When the frame is closed, the vacuum brings the LC sheet 
into thermal contact with the solar cell surface and the 
front bus bars are contacted. After application of Vbias, a 
stable temperature distribution over the cell surface, and 
hence a stable shunt image, is obtained in about 1-2 sec. 
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series resistance effects, cells with reduced FF always show strong features at reverse bias. 
Furthermore, the presence of localised shunts in solar cells indicates a problem with either material 
quality (cracks at the edges, highly contaminated areas) or processing (edge isolation, contamination of 
the emitter, overfiring of the contacts, soldering of the tabs). The images of fig. 5 illustrate some typical 
shunt problems. 
 
4.4 µW-PCD to detect metallisation failure 

 

In this part, we introduce a new contactless mapping technique which can yield information about the 
metallisation properties of solar cells. It is based on the use of µW-PCD applied to reverse biased cells 
and can be applied to virtually any kind of solar cell. 

In ref. [17], we showed that µW-PCD can be used to map complete solar cells, but the measured 
effective lifetime τeff, was influenced by the local series resistance Rloc between the excited area and the 
rest of the solar cell. After a high intensity laser pulse, when the cell is reverse biased with a voltage 
Vbias, a recombination current will flow between the excited area (now at a positive voltage Vloc~0.7-
0.8 V) and the rest of the solar cell through Rloc. Immediately after the pulse, the current extracted from 
the excited area will be given by I=(Vloc-Vbias)/Rloc, and the change in total excited carrier concentration 
can be monitored using a standard µW-PCD set-up. 

To first approximation, the decay time measured at reverse bias τmet is given by [54] 

τmet ~ (Rlocal × q × Q0 )/(Vloc-Vbias )   (1) 
where Q0 is the initial excess number of carriers induced by the laser pulse and q the elementary 
charge. On condition on equation (1) is of course that τmet must be larger than τbulk. 

We have observed experimentally the linear dependence of τmet on the laser pulse intensity and its 
inverse dependence on the voltage. Rloc contains information about the metal-emitter contact resistance, 
emitter sheet resistance and backsurface contact. Fig. 6 illustrates the method, by showing the forward 
bias (left) and reversed bias (right) maps of a 12.5×12.5 cm2 solar cell with a severe screen-printing 
failure (lower right part missing). The forward bias image is mainly influenced by τbulk and the grain 
structure is clearly resolved. The darker round spots under the bus bar are silver pads on the backside. 
τeff is reduced at the pads because of higher backsurface recombination. On the reverse bias image at 
the right (different τ scale), regular structures are observed where the grid lines are present. In this case,  
 

     
 
Fig. 6. µW-PCD scans of the same solar cell at different Vbias. Left) +0.6V. Right) –10V) 
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a higher τmet is observed at the backside Ag pad, indicating a more resistive contact between Ag and p-
Si than for Al. The area with the metallisation problems also shows much higher τmet, and τbulk 
influences τmet more strongly. 

Fig.7  shows a mc-Si solar cell with 78.2% FF. The reverse bias image is perfectly homogeneous, 
except for three lighter spots corresponding to finger interruptions (left part of the cell). The first τmet 
detected word (ISE) is shown above the figure legend. To increase locally Rloc, we intentionally 
interrupted the Ag fingers at the various locations with a diamond scriber. As the current must now 
travel a longer way through the resistive emitter before reaching the metallisation, a higher τmet is 
measured. 
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ABSTRACT 
First-principles molecular-dynamics simulations of Cu pairs, copper-hydrogen complexes, and 
copper-oxygen interactions in Si are used to predict stable configurations, binding energies, electronic 
structures, local and pseudo-local vibrational modes, and formation dynamics. The results are 
compared to the available experimental data. 
 
INTRODUCTION 
 Copper is a common and feared impurity in Si. It easily contaminates a sample during 
chemomechanical polishing, etching (if the acid contains Cu), and other processes. It is also a major 
component of metallic interconnects on computer chips. Copper can be voluntarily introduced by in-
diffusion at high temperatures followed by rapid quenching.  The solubility of interstitial copper (Cui) 
in Si is low, and it tends to precipitate at vacancy-like defects, stacking faults, grain boundaries, 
oxygen precipitates, or the surface of the sample.[1-6] The precipitates tend to be stable, electrically 
active, and impossible to passivate. Their formation is facilitated by the very low activation energy 
for diffusion of Cui

+, measured [7] to be 0.18eV, close to the predicted value.[8]  
 If Cui encounters a (pre-existing) vacancy, it becomes substitutional. Cus has three levels in the 
gap[9,10]: Cus

0/+ at Ev+0.20, Cus
-/0 at Ev+0.41eV, and Cus

--/- at Ec-0.17eV. Channeling data [11] in n-
type Si show two Cu-related centers following 300 and 600oC anneals, respectively. The high-
temperature center, Cu at an undistorted substitutional site, is seen in n- and p-type, CZ and FZ Si. It 
anneals out with 2.9eV activation energy. Upon hydrogenation, three {Cus,Hn} complexes (n=1,2,3) 
are seen by DLTS.[12] 

The EPR NL58 center[13] has two equivalent Cu atoms, probably in the –1 charge state. The best 
fit to the angular-dependence of the spectrum suggests tetragonal symmetry, which implies that the 
two copper atoms must be one lattice constant apart. This center is only seen at low temperatures and 
anneals out irreversibly at room temperature.[14] To date, it has not been identified. 

A photoluminescence (PL) band with zero-phonon line (ZPL) at 1014meV has been identified as a 
trigonal Cu pair[15,16] and quantitatively correlates[17,18] with a Cu-related DLTS peak at 
Ev+0.100eV. Its dissociation energy[19], 1.02±0.07eV, is about twice what one would expect from a 
Coulomb-bound donor/acceptor pair. DLTS measurements[19] of the field-dependence of the hole 
emission-rate do not show the Poole-Frenkel effect expected for a Cu--/Cu+ center. This implies that 
some degree of covalent interaction is present. These considerations also rule out the {Cui,Cui} pair 
since the two interstitials would be positively charged and could not be covalently bound. The 
{Cus,Cus} pairs can also be ruled out as it would not reorient easily under uniaxial stress as observed 
by PL.[15] The only option left is the trigonal {Cus,Cui} pair. 

A very similar PL band labeled *Cu0[20,21] appears in dislocated (vacancy-rich) samples, in 
samples treated at high temperatures, as well as in samples with low Cu concentrations. Its ZPL is at 
944meV and the center appears to be associated with a DLTS level at Ev+0.185eV. Very little else is 
known about it. In some samples, both PL bands coexist (Fig.1, left). The {Cus,Cui} and the *Cu0 PL 
bands show sharp phonon sidebands separated by 7.05meV=57cm-1 and 6.42meV=52cm-1, 
respectively (Fig.1, right). This implies the presence of a copper-related pseudo-local vibrational 
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mode (p-LVM), that is a localized mode with frequency lower than that highest lattice mode, the 
Gamma phonon. 

  

            
 
Fig. 1: PL spectra of the {Cus,Cui} pair (Cu0) and the *Cu0 defect (left) and the phonon sidebands (right). 

 
 
 In this work, fist-principles molecular-dynamics (MD) simulations in periodic 64- and 128-host 
atoms cells are used within the SIESTA package.[22] The electronic problem is solved within self-
consistent local density-functional theory. The exchange-correlation potential is that of Ceperley-
Alder[23] as parameterized by Perdew and Zunger.[24] Ab-initio pseudopotentials in the Kleinman-
Bylander[25] form are used. For the valence orbitals, the basis sets consist of numerical linear 
combinations of atomic orbitals ranging from single-zeta (SZ) to double-zeta with polarization 
functions (DZP). For example, with an SZ basis set, each Si atom has one 3s and three 3p orbitals; 
with a DZP basis, each Si atom has two 3s, two sets of 3p’s and one set of 3d’s, that is 13 orbitals. 
Unless specified otherwise, our dynamic runs (constant-temperature, T>0) involve SZ basis sets and 
the k-point sampling is limited to k=0. The static results (T=0K) are done with DZP basis sets and a 
k-point sampling extended to a 2x2x2 Monkhorst-Pack[26] mesh. The (harmonic) vibrational 
frequencies are calculated using linear response theory.[27] This method allows the entire dynamical 
matrix to be extracted from derivatives of the density matrix relative to atomic coordinates. No atom 
needs to be physically displaced in order to calculate the frequencies. 
 Earlier calculations[28,29] have shown that the  3d104sp0 configuration of the free Cu+ ion changes 
to 3d10-x4(sp)x when copper is inserted into Si, allowing copper to interact covalently with the host 
crystal, with impurities, and defects. The value of x is in the range 1<x<2 depending on the level of 
theory, the basis set, and of course the site of copper. The energy gained when Cui encounters a (pre-
existing) vacancy and becomes substitutional is 2.7eV at the ab-initio Hartree-Fock level[28] (in the 
+1 charge state) and 2.8eV with SIESTA[29] (in the 0 charge state), close to the 2.9eV obtained from 
the channeling data.[11] Substitutional Cu is on center with four Cu-Si bonds of length 2.240Å, very 
close to the equilibrium Si-Si bond length. In the neutral charge state and at this level of theory, no 
significant relaxation or symmetry-lowering distortion of the complex is apparent. 
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COPPER PAIRS 
 Three Cu pairs have been described[30] in silicon. {Cus,Cui} has Cus at a virtually undistorted 
substitutional site and Cui just off the T site, slightly displaced toward Cus. The Cu-Cu bond length is 
2.338Å, within ~0.1Å of the Si-Si one. The calculated binding energy is 1.16eV, very close to the 
measured[19] 1.02eV (the smaller number reported earlier[30] was obtained with k=0 only). A 
second pair results from the trapping of a (pre-existing) vacancy, {Cus,Cui}+V→{Cus,Cus}+2.26eV 
and has two coppers are at adjacent substitutional sites with virtually no crystal distortion. The Cu-Cu 
separation is 2.275Å. A third copper pair, about 0.22eV higher than {Cus,Cus}, has the copper atoms 
at second-nearest substitutional sites and is therefore orthorhombic. This third pair does not appear to 
be very distinct from two isolated Cus impurities and will not be discussed any further. We calculated 
the dynamical matrices of the {Cus,Cui} and {Cus,Cus} pairs in the 64-cell, as well as that of the 
{Cus,Cus}pair in the 128-cell to establish cell size effects. A comparison of the modes in the two cells 
(with and without {Cus,Cus}) shows that the key features are very similar. 
 There are four p-LVMs associated with each copper pair. In the 64-cell: (1) the lowest p-LVM is 
at 73cm-1 for {Cus,Cui}and 79cm-1 for {Cus,Cus}. The two Cu atoms move together along the trigonal 
axis, in a way that preserves the Cu-Cu bond length. The frequencies are close to the observed 
phonon replicas at 57 and 52cm-1, respectively; (2,3) two degenerate modes have the Cu atoms 
moving perpendicular to each other in the {111} plane. These wag modes are at 108cm-1 for 
{Cus,Cui}and at 104cm-1 for {Cus,Cus}; (4) the highest p-LVMs, at 213cm-1 for {Cus,Cui} and 
251cm-1 for {Cus,Cus}, have the two Cu’s moving against each other along the trigonal axis. Note: in 
the 128-cell, the four p-LVMs of {Cus,Cus} are at 68, 104 (doublet), and 263cm-1, respectively. 
Watkins et al.[31] report weak phonon replicas at 16.4 and 25.1meV (132 and 202cm-1, respectively) 
in the PL spectrum of {Cus,Cui}. The latter could be the calculated mode at 213cm-1.  
 The localization of the p-LVMs can be quantified from the eigenvectors of the dynamical matrix. 
For each mode, these eigenvectors show the relative displacement of all the atoms in the cell. Their 
magnitudes give the relative amplitude of the displacement of each atom during the vibrational 
motion. In Fig.2, the total amplitude associated with the two Cu atoms in {Cus,Cus} is plotted as a 
function of the mode. For the 68cm-1 mode in the 128-cell, over 70% of the total displacement of all 
the atoms involves the two Cu impurities. This fraction is almost 60% for the 263cm-1 mode and 
about 30% for the wag modes, indicating that these four modes are highly localized despite their 
proximity to lattice phonons. In the case of the {Cus,Cui}pair in the 64-cell, the corresponding 
fractions are about 50%, 30%, and 30%. As for the second-nearest {Cus-Si-Cus} pair in the 64-atom 
cell, no copper-related mode is more than 20% localized. A comparison of the modes in the perfect 
cell and that containing {Cus,Cus} shows that phonons are repelled by the copper-related p-LVMs.  
  

 
 

Fig. 2: The localization of p-LVMs is quantified using the eigenvectors of the dynamical matrix. 
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  The {Cus,Cui}pair has C3v symmetry. The 73cm-1 mode is an A1 mode and will therefore couple 
to the PL. The wag modes are degenerate E modes which do not couple to the PL. The mode at 
282cm-1, also an A1 mode, should show up in the PL band, but is very close to the (broader) fourth 
phonon replica of the 73cm-1 mode. The PL band shown in Fig.1 (right, top) has been experimentally 
associated with the {Cus,Cui}pair, and has phonon sidebands at 57cm-1. Thus, we find only one mode 
with the right symmetry and frequency which explains the observed sidebands. 
 The {Cus,Cus}pair has D3d symmetry and the 79cm-1 (68cm-1 in the 128-cell) mode is an A2u mode 
which should not produce sidebands.[32] For the ZPL to exist, the product of the irreducible 
representations of the ground (electronic) state times the dipole moment times the excited state must 
contain the totally symmetric representation, A1g. For the phonon replicas to be visible, the product 
must also include the irreducible representation of the phonon. This is impossible if the phonon is 
ungerade, as is the case here. Thus, if the ZPL is seen, the phonon replicas should not and vice versa. 
The wag modes at 104cm-1 must also be rejected for symmetry reasons. Finally, the A1g mode at 
263cm-1 will couple but it is too high to generate the observed sidebands. We see three possibilities. 
1. The *Cu0 center is not the {Cus,Cus}pair. But if experiment shows that this defect contains two 
copper atoms and is trigonal, then the {Cus,Cus}pair seems to be the only possibility ({Cui,Cui} is not 
bound). Further experimental studies are planed in collaboration with the Dresden group. 
2. There are several (electronic) excited states near each other, both gerade and ungerade. This is 
possible since the bonding of Cus involves some sd hybridization. As noted earlier,[28-30] even Cui

+ 
does not have the full 3d104(sp)0 structure but is 3d10-x4(sp)x with x~1. The population analysis 
suggests that in {Cus,Cus}, each Cu binds to three Si neighbors, then tries to optimize the Cu-Cu 
bond. This includes some (gerade) σ-bond contribution from 4s-4s overlap as well as (ungerade) π-
bond contributions involving the 3dyz and 3dzx orbitals. These have antibonding orbitals as well. If the 
excited electron goes sometimes into one, and sometimes into another, one could see both the ZPL 
and the phonon replicas.  
3. The excited state is a doublet. The population analysis shows that the highest-occupied orbital is a 
singlet (doubly occupied in the 0 charge state) and the lowest-unoccupied orbitals are a pair of 
doublets. Therefore, the ground state is an orbital singlet in the 0 and +1 charge states. But upon 
excitation or trapping of an electron, the defect becomes an orbital doublet, is Jahn-Teller unstable, 
begins to distort and the symmetry drops. It returns to D3d as soon as the electron is emitted or drops 
back to the ground state. The dynamic coupling between a non-degenerate ground state and a 
degenerate excited state would lower the symmetry. Then, this p-LVM becomes A1 and the mode 
couples to the PL. 
 
COPPER-HYDROGEN COMPLEXES 
Cus forms whenever Cui encounters a pre-existing vacancy, a reaction which releases 2.8eV.[28-30] 
The four Cu-Si bonds are weak but covalent. Since no lattice strain is apparent around Cus, we 
estimate that the bond strength of each of the four Cu-Si bonds is of the order of 2.8eV/4=0.7eV. MD 
simulations at T=1,000K in cells containing copper as well as one, two, three, or four H interstitials 
show that H always moves straight toward Cus without disturbing Si-Si or Cu-Si bonds.  
 Systematic geometry optimizations were performed to find all the minima of the potential surface 
for one up to four H interstitials near Cus. This includes H bridging a Cu-Si bond or an adjacent Si-Si 
bond, H at the anti-bonding (AB) site of Si (Cus-Si-HAB), H bound only to Cus, and all the 
combinations when more than one H is present. These calculations involved DZP basis sets and 
multiple k-point sampling. The lowest-energy configurations have Cu-H bonds with no Si 
participation: {Cus,H1}, {Cus,H2}, and {Cus,H3} have Cus 5-, 6-, and 7-fold coordinated, respectively. 
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Fig. 3: The {Cus,H1}, {Cus,H2}, and {Cus,H3} complexes in Si. 
 
 Metastable configurations exist, but only at T=0K. To check their stability, we raised the 
temperature of the cell (typically 500-1,000K), let the system evolve freely for about 1,000 time 
steps, then quenched to see if the configuration has changed. In all cases, we found that a single 
configuration survives, the one shown above. In particular, the Cus-Si-HAB configurations do not 
survive our heat treatment. This configuration has been proposed[33] for {Ni,Hn} complexes, but it is 
not clear if these calculations included the possibility of H bound directly to the transition metal. 
 In almost all H-impurity complexes in Si,[34] hydrogen is bound to (or predominantly to) a host Si 
atom adjacent to the impurity, sometimes in a bonding or bond-centered (BC) configuration, 
sometimes at an AB site. It is unusual for H to bind directly to the impurity in a manner that does not 
involve any Si participation. There is no experimental information about the structure of {Cu,Hn} 
complexes, but infrared absorption spectra of the {Pt,D} pair[35] show no trace[36] of the expected 
29Si and 30Si isotope lines, were D bound to a Si atom. 
 The binding energies ∆En, (n=1,...,4) of the {Cus,Hn} complexes were calculated relative to 
isolated neutral hydrogen: {Cus,Hn-1}+HBC→{Cus,Hn}+∆En. For n=1, 2, and 3, the binding energies 
are the virtually identical, ~1.6eV. These binding energies are very similar because Cus induces no 
lattice relaxation or strain since the Cu-Si bond length matches very well the Si-Si bond length: the 
binding energy of H comes only from the formation of a covalent Cu-H bond. Realizing the Si-HAB 
configuration would involve breaking one of the Cu-Si bonds (0.7eV) and displacing a Si atom to the 
plane of its nearest neighbors at some additional cost in energy. Thus, for the Cus-Si-HAB 
configuration to become energetically favorable, its binding energy would have to exceed 
1.6+0.7=2.3eV. But H at the AB site of Si forms a rather weak bond. A similar argument can be made 
for other configurations that involve a bond between Si and H. Therefore, it is not surprising that H 
prefers to bind to the copper. The key is that Cus is not a 3d10 species and can form many different 
hybrids with its 3d and 4sp orbitals. 
 The case of {Cus,H4} is different. This complex forms at T=0K with all four H's bound to Cus 
which is 8-fold coordinated (to 4 Si and 4 H atoms). However, the binding energy ∆E4 is only 0.6eV. 
This complex is unstable. Room-temperature MD runs show that the H wag modes bring pairs of H's 
close to each other. They overlap and the complex dissociates into Cus and 2 interstitial H2 molecules.  
 We calculated the LVMs for the {Cus,Hn} complexes, n=1,2,3. The modes have low symmetry 
and the frequencies have values that are unusual for H-related modes in Si. {Cus,H1} has a stretch 
mode at 1731cm-1 and a wag mode at 577cm-1. As the number of H atoms in the complex increases, 
the various modes couple in a complicated way. The four LVMs associated with {Cus,H2} are at 
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1529, 1511, 944, and 758cm-1, and the six LVMs associated with {Cus,H3} are at 1653, 1587, 1455, 
1290, 1192, and 1,144cm-1. 
 Thus, the {Cus,Hn} complexes differ from other impurity-hydrogen complexes in Si in several 
ways. First, hydrogen binds directly to the TM, not to a Si atom near it: there is no Si-H overlap. 
Second, the binding energies (relative to isolated HBC) are almost the same for {Cus,Hn} with n=1,2,3. 
Cus does not distort the surrounding host crystal much at all, and the binding energy comes almost 
exclusively from the formation of a Cu-H bond. Third, copper traps three hydrogen interstitials, but if 
a fourth H binds, the complex dissociates into Cus and two interstitial H2 molecules. Thus, if enough 
H is present, Cus becomes a machine that fabricates H2. These molecules have been observed[37-39] 
but how they form is not understood.[40] While Cus is not present in these H2 studies, some 
unidentified catalyst may be involved. Fourth, the DLTS studies show that H shifts the Cus levels in 
the gap but does not passivate it. It has been suggested[41] that TM are passivated by four H 
interstitials. The present work shows that this is not the case for Cus. Fifth, the calculated LVMs are 
in a frequency range that is normally not associated with H-related defects in Si.  
 
COPPER-OXYGEN INTERACTIONS 
Oxygen (in CZ-Si) and carbon (in FZ-Si) are the two most common impurities in Si. Copper-carbon 
bonding is rarely, if ever, realized in nature. However, copper oxides exist, interstitial oxygen (Oi) is a 
common impurity, especially in CZ-Si. Copper (and other TM impurities) tend to precipitate at 
oxides.[6] Therefore, we also considered the interactions between Cui and Oi and well as Cui and the 
A-center ({O,V} complex). These results are preliminary. 
 Cui is attracted to Oi but does not form a covalent bond with it. Cui prefers the slightly larger void 
at the interstitial site near Oi, very much like the interstitial H2 molecule does. In fact, the binding 
energy of {Oi,Cui} (0.31eV) is very close to that of {Oi,H2} (0.25eV). This is enough for Cui to trap 
near Oi at low temperatures. The experimental signature of such a center would consist of a shift in 
the IR line associated with Oi. Isolated Oi has a characteristic asymmetric stretch at 1136cm-1 (our 
calculated mode is at 1133cm-1 for the D3d configuration). When Cui or H2 are adjacent to Oi, the Si-
O-Si bond puckers toward the impurity and the frequency drops. In the case of H2, the measured Oi 
mode is at 1075cm-1.[39] If Cui is nearby, the Si-O-Si bond puckers even more and the calculated Oi 
frequency drops to 886cm-1. The structure is shown in Fig.4 (left). 
 Constant-temperature dynamics show that if Cui is placed near the A-center, copper moves into the 
vacancy and displaces O. MD simulations lead to a configuration where Cu is almost on center at the 
substitutional site and O bridges a reconstructed Si-Si bond. The lowest-energy configuration 
corresponds to the {Cus,Oi} complex consisting of Cus and Oi bridging an adjacent Si-Si bond (Fig.4, 
right). Cus and Oi very far apart is only 0.13eV higher, but isolated Cui (in the 0 charge state) far 
away from the A-center is 1.23eV higher than {Cus,Oi}. These numbers are all from the 64-cell with 
k-point sampling reduced to the Gamma point. 
 
SUMMARY 
First-principles studies of fundamental interactions involving copper in Si show that the chemistry of 
this impurity is much richer than commonly assumed. Interstitial copper becomes substitutional if a 
vacancy is provided, and the binding energy (~2.8eV) is larger than that of any of the Cu-impurity 
complex we considered so far. 
 Substitutional copper traps interstitial copper and forms the {Cus,Cui} pair with C3v symmetry. 
The binding energy (1.16eV) is close to the measured one (1.02±0.07eV). The p-LVMs of this 
complex include a mode very close to the observed phonon sidebands in the PL spectrum.  
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Fig. 4: Left: the {Cui,Oi} complex. Right: Cui -- A-center interactions lead to a {Cus,O} complex. 
 
 Note that isolated BC copper has been proposed[42] as the center responsible for the 1014meV PL 
band. Our calculations show that copper is unstable at the BC site, which is not a local minimum of 
the potential energy. Hydrogen, with Si-H~1.4Å, fits at the BC site, but copper, with Si-Cu~2.3Å, 
does not.  
 If {Cus,Cui} traps a vacancy, it becomes {Cus,Cus}at a gain of 2.3eV. This pair exhibits four p-
LVMs but only the one at 263cm-1 should give rise to sidebands in PL spectra. The A2u mode at 
68cm-1 could couple as well, but only under special conditions. It is possible that this pair is not the 
one reported as *Cu0. 
 Substitutional copper can trap up to three H interstitials with Eb~1.6eV. H binds directly to Cu, 
with no Si participation. The LVMs of all the {Cus,Hn} complexes have been calculated. When a 
fourth H traps at {Cus,H3}, the {Cus,H4} complex dissociates into Cus and two H2 molecules. 
 Finally, the interactions between Cui and Oi are weak but should lead to a new Oi mode at 886cm-1 
visible at low temperatures. When Oi comes close to the A-center, in displaces O, resulting in Cus and 
a nearby Oi. Thus, Cu is attracted to oxygen but does not form covalent bonds with it. Oxygen much 
prefers to bind to Si, but copper benefits from either a larger free volume or the opportunity to 
become substitutional itself. 
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Abstract.  Interstitial H2 in Si has given rise to a number of perplexing puzzles since the 
discovery of its vibrational spectrum.  The absence of an ortho-para splitting for the H2 line and 
an apparent low-symmetry found in stress experiments misled several researchers, including the 
present authors, into thinking that interstitial H2 must have a barrier that prevents rotation.  Our 
discovery of a new vibrational line for interstitial HD in Si and its interpretation establish that 
interstitial H2 in Si is a nearly free rotator.  The insights provided by these results lead to simple, 
in retrospect, explanations of the microscopic properties of interstitial H2 and an O-H2 complex 
in Si.   

 
 
1.  Introduction 
 
In the early 1980s, interstitial H2 molecules were suggested to play an important role in 
semiconductors [1-4].  Nonetheless, the H2 molecule in a semiconductor was not observed 
directly until recently when vibrational lines for the H2, HD, and D2 molecules in GaAs [5] and 
Si [6-8] were discovered.  In addition to the isolated H2 defect, an O-H2 complex is formed when 
the H2 molecule becomes trapped near an oxygen impurity in Czochralski-grown Si [7].  These 
experimental results have motivated a number of theoretical studies of the microscopic properties 
of interstitial H2 in semiconductors [9-13].  Interstitial H2 and the O-H2 complex in Si are shown 
in Fig. 1.   
 In spite of these exciting recent advances, a number of results for the H2 molecules led to 
apparently contradictory conclusions.  The Raman band of the H2 molecule in GaAs is split into 
two components, 8 cm-1 apart, with an intensity ratio of ~ 3:1 (ref. 5).  These lines were assigned 
to ortho and para H2, whose frequencies differ because of ro-vibrational coupling.  This interpre- 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 Figure 1.  Interstitial H2 and the O-H2 complex in Si. 
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tation leads naturally to the conclusion that H2, sitting at a Td interstitial site in GaAs, is freely 
rotating.  In contrast to the situation in GaAs, the H2 molecule in Si gives only a single, sharp, 
H2-vibrational line at 3618.4 cm-1 and no evidence for an ortho-para splitting in its IR absorption 
spectrum [6,12].  To explain the absence of an ortho-para splitting, it was suggested that there 
must be a barrier that prevents rotation of the molecule [12].  Uniaxial stress results for the 
3618.4 cm-1 line of interstitial H2 in Si were interpreted in terms of an orientationally degenerate 
defect with low symmetry, reinforcing the suggestion that the H2 molecule is static [14].  
However, several theoretical calculations for H2 at a tetrahedral interstitial site in Si find that 
<100>, <111>, and <110> orientations have similar energies, making it surprising that the H2 
molecule does not rotate [9-12].  Furthermore, recent molecular dynamics calculations indicate 
that the H2, HD and D2 molecules in Si behave as nearly free rotators, bouncing within the 
interstitial region [13].  This conclusion is supported by our own model calculations [15] which 
suggest a rotational barrier of only ~ 0.01 eV, more than an order of magnitude smaller than 
argued [12] would be needed for consistency with a static model. 
 In addition to the 3618.4 cm-1 line for H2 in Si, vibrational lines due to HD and D2 were 
discovered at 3265.0 and 2642.6 cm-1 (4.2K), respectively, by infrared (IR) absorption [6, 7] and 
Raman [8] spectroscopies.  Studies of HD in Si have led to additional puzzling results.  In Si that 
contains both H and D, the HD vibrational line was reported to be weaker (by a factor of 7.5), 
relative to the intensities of the H2 and D2 lines, than would be estimated for a random pairing of 
H and D in the sample [16].  And the position of the 3265.0 cm-1 HD line lies 85 cm-1 to higher 
frequency than is predicted from the observed positions of the H2 and D2 lines and a simple 
model of the anharmonicity of the molecular vibration [14].  There are similar problems with the 
intensities and positions of the HD lines of the O-HD complex. 
 New experimental results described in this paper show that interstitial H2 in Si is actually a 
nearly free rotator after all [17, 18].  This conclusion leads to the solution of the perplexing 
puzzles associated with H2 and the O-H2 complex [19] in Si.   
 
 
2.  Key to understanding H2 in Si:  the vibrational modes of HD 
 
H2 is a fascinating molecule with properties that are determined by the symmetry requirements of 
its total wave function [20].  H2 consists of two identical nuclei with nuclear spin ½.  If the 
nuclear spins are antiparallel, the nuclear wave function has odd parity, and, therefore, the 
rotational wave function must have even parity (with even values of the rotational quantum 
number J).  If the nuclear spins are parallel, the nuclear wave function is even, and, therefore, the 
rotational wave function must be odd (with odd values of J).  The nuclear spins are usually 
coupled only weakly to their environment, so the nuclear spin state can remain unchanged for 
very long times.  These considerations result in there being two separate H2 species, ortho and 
para, with even and odd nuclear-spin states, respectively, that do not thermalize on the time scale 
of many experiments.  The ortho and para H2 species have different rotational levels and spectra.  
D2 behaves similarly except that in this case, because the nuclear spin of a deuteron is 1, the total 
molecular wave function must be symmetric.  HD, however, is different because the nuclei are 
no longer identical, and the symmetry of the nuclear spin state does not restrict the rotational 
states that are possible. 
 The considerations above, valid for a freely rotating H2 molecule, have been thought to be 
irrelevant for H2 in Si because distinct ortho and para species were not observed in the 
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vibrational spectra of the defect.  On the contrary, the following results for HD in Si show the 
importance of molecular rotation.  Fig. 2 shows spectra, measured as a function of temperature, 
for Si that contained H and D [17].  As the temperature is increased, the 3265.0 cm-1 line 
previously assigned [6] to isolated HD becomes weaker while a new line at 3191.1 cm-1 grows in 
with an activation energy of 71 ± 4 cm-1.  (We have also examined the vibrational spectra of H2 
and D2 in Si and find that the 3618.4 and 2642.6 cm-1 lines simply shift and broaden without the 
appearance of any additional lines as the temperature is increased.)  The difference in frequency 
between the 3265.0 and 3191.1 cm-1 lines is sufficiently close to the 71 cm-1 activation energy 
measured for the appearance of the new 3191.1 cm-1 line for us to consider these energies to be 
the same, within error.  Therefore, the 3265.0 and 3191.1 cm-1 lines are attributed  to transitions 
originating from two different initial states, with an energy difference of 73.9 cm-1, to a common 
excited state (Fig. 3). 
 For an interatomic separation, r = 0.788 Å, consistent with a theoretically predicted [10-12] 
extension of ~0.04Å from the free-molecule value, one obtains a rotational energy 2/(µr2) of 
80.7 cm-1 for HD.  This value is close to that observed here for the difference in frequency (73.9 
cm-1) of the 3265.0 and 3191.1 cm-1 lines observed for HD.  That this energy difference lies close 
to the rotational energy of a free HD molecule strongly suggests that the 3265.0 and 3191.1 cm-1 
lines are due to ro-vibrational transitions and that the HD molecule, while vibrating as a whole 
within a small interstitial region, rotates nearly freely.  
 The results and conclusions for HD in Si must also be consistent with the behavior of H2 and 
D2.  The new absorption line for HD at 3191.1 cm-1 that is seen at elevated temperature lies close 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.  Spectra measured as a function of tempera- Figure 3.  Energy level dia- 
ture for the 3265.0 cm-1 and 3191.1 cm-1 absorption gram for the ro-vibrational 
lines assigned to the interstitial HD molecule in Si. transitions of HD in Si. 
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to the frequency position (3180 cm-1) predicted from the positions of the H2 and D2 lines and a 
simple model of the anharmonicity of the hydrogen molecule [14].  Therefore, our results 
suggest that it is the new 3191.1 HD line and the 3618.4 and 2642.6 cm-1 lines of H2 and D2 that 
arise from similar transitions.  Furthermore, the new 3191.1 cm-1 HD line is more intense than 
the 3265.0 cm-1 line, resolving the problem of the HD absorption being anomalously weak.  For 
H2 and D2, the requirement that only rotational states with either odd or even parity exist 
depending on the parity of the nuclear-spin state makes ro-vibrational transitions with ∆J = 0, 2 
... the only possibilities.  For HD, there is no corresponding requirement, so all rotational states 
may exist.  We therefore suggest that the 3618.4, 3191.1, and 2642.6 cm-1 lines all arise from 
purely vibrational transitions with ∆J = 0 and that the 3265.0 cm-1 line involves a J = 0 to J = 1 
transition that is possible only for HD.  These considerations lead to the energy level diagram for 
HD shown in Fig. 3.  The 3265.0 cm-1 line seen at 4.2K corresponds to a J = 0 to J = 1 transition, 
obeying the ∆J = ±1 free rotator selection rule for a dipole-allowed transition, and thus includes 
one rotational quantum more than the purely vibrational transition.  The 3191.1 cm-1 line that is 
observed once the J = 1 state is thermally populated corresponds to a J  = 1 to J = 1 transition. 
Thus ∆J = 0 and this transition corresponds to the purely vibrational transitions that must also 
occur for the homonuclear molecules H2 and D2 where transitions with ∆J = ±1 are not possible.   
 The ∆J = ±1 selection rule for allowed dipole transitions of a free rotator is found to be 
broken for the J = 1 state of HD where we see only a J-conserving transition, and not for the J = 
0 state because the J = 0 to J = 0 transition is not observed in our spectra.  To explain these 
selection rules, we note that in tetrahedral symmetry, J = 0 becomes A1, while J = 1 becomes T2.  
A1 to A1 transitions remain electric dipole forbidden in the tetrahedral field, while T2 to T2 
transitions become electric dipole allowed.  Therefore, the selection rule for rotational transitions 
of a free rotator, ∆J = ± 1, is broken in tetrahedral symmetry for the J = 1 state but not for the 
state with J = 0.   
 If we apply these selection rules for J to H2 and D2, we immediately recognize that only the 
nuclear-spin configurations that correspond to the initial states with J = 1, ortho for H2 and para 
for D2, will give rise to IR absorption lines.  Thus the absence of an ortho-para splitting in the IR 
spectra of H2 and D2 is explained naturally by the selection rules for J found from our ro-
vibrational spectra for HD.  Surprisingly, ortho and para species also were not seen in Raman 
spectra measured for H2 and D2 in Si [8].  Recent Raman experiments, however, do reveal ortho-
para splittings and additional new surprises [21]. 
 
 
3.  Confirmation of the rotational motion of H2 and D2 in Si: uniaxial stress results 
 
Uniaxial stress results for the H2 and D2 vibrational lines, previously interpreted in terms of a 
non-rotating defect [14], can be reinterpreted to confirm our model of a nearly free rotator [18].  
The shifts and splittings of the H2 and D2 vibrational lines for different orientations of the applied 
stress are shown in Fig. 4.  Here the data for H2 and D2 are plotted together with the frequency 
axes, left for D2 and right for H2, shifted so that the zero-stress frequencies of the D2 and H2 lines 
coincide.  The 3618.4 and 2642.6 cm-1 transitions both show sizeable stress splittings, with the 
remarkable characteristic that the line splittings seen for H2 and D2 are nearly identical. 
 The static model that previously was assumed to fit the stress data for the 3618.4 cm-1 H2 line 
[14] does not explain the isotope independence of the stress splittings seen for H2 and D2 and 
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also predicts the existence of additional weak lines that are not observed.  Our proposal that the 
IR transitions of interstitial H2 and D2 in Si are allowed only when the molecule is in the J = 1 
rotational state [17] suggests a new interpretation of the stress results in which it is the J = 1 
rotational state of the H2 molecule that is split by stress.  Kaplyanskii [22] has determined the 
splittings of the representations of the Td point group for stresses applied along the high-
symmetry crystal directions and also the intensities of transitions between the split states.  The IR 
transitions seen for H2 (and D2) when in the J = 1 rotational state are T2 to T2 transitions.  To fit 
our data, we have assumed that the T2 rotational states associated with the ground and excited 
vibrational states show the same splittings under stress and that there is a small hydrostatic shift 
of the center of gravity of the split lines.  The straight lines drawn in Fig. 4 are the result of a 
least squares fit to the stress data for the 2642.6 cm-1 D2 line.  The experimental data for the 
positions, relative intensities, and polarization selection rules are in excellent agreement with the 
results expected [22] for a T2 to T2 transition of a defect with full tetrahedral symmetry. 
 The fit to our stress data for D2 also provides a reasonable fit to the data for H2 shown in Fig. 
4.  This absence of an isotope dependence, while initially puzzling, is a natural result of the 
splitting of a degenerate rotational level, in the present case J = 1.  To first order in perturbation 
theory, the uniaxial-stress splitting arises from a perturbing potential energy whose effect is 
calculated from the matrix elements of rotational wave functions.  Both the potential energy and 
the rotational wave functions are isotope independent, so the resulting splittings are as well. 
 Uniaxial stress results establish that the 3618.4 and 2642.6 cm-1 absorption lines seen for 
interstitial H2 and D2 in Si are due to vibrational transitions between ro-vibrational states with 
rotational quantum number J = 1 (T2 in Td symmetry).  The absence of an isotope dependence for 
the line splittings is a signature of the lifting of the degeneracy of the rotational states by stress.   
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Figure 4.  Stress-induced 
frequency shifts vs the magnitude 
of the stress applied along the 
high symmetry crystal directions 
for the 3618.4 cm-1 and 2642.6 
cm-1 lines assigned to interstitial 
H2 and D2 in Si.  The left scales 
correspond to data measured for 
D2 (open circles and triangles) and 
the right scales correspond to the 
data measured for H2 (filled 
circles and triangles).  
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Figure 6.  Spectra measured as a function of 
temperature for the 3282.2, 3285.4, 3304.4, and 
3340.8 cm-1 absorption lines assigned to the O-
HD complex in Si.  The vibrational lines present 
at 4.2K are indicated with the dotted vertical 
lines.  The lines that appear at elevated 
temperature are indicated with the dashed 
vertical lines.   

 
 
 
4.  The O-H2 complex in Si 
 
An O-H2 complex is formed in Czochralski-grown (Cz) Si when H2 migrates and becomes 
trapped by an O impurity (Fig. 1) [7, 23].  O-H2 gives rise to two near-lying oxygen modes (Fig. 
5) and to high-frequency H2 modes [7, 19].  These results were interpreted previously in terms of 
two O-H2 complexes with different structures [7].  Our results for H2 in Si [17] suggest a new 
model in which the H2 molecule in the O-H2 complex is a nearly free rotator and that both para-
H2 and ortho-H2 are trapped by O impurities [19].   
 In the studies of HD in Si described above, we found a new vibrational absorption line that 
appears at elevated temperature (T>20K).  In the experiments described here, vibrational spectra 
were measured as a function of temperature for Cz Si into which H and D had been introduced to 
search for new lines that might be associated with the O-HD complex.  Fig. 6 shows spectra for 
the O-HD complex.  As the temperature is increased above 4.2K, the 3285.4 and 3304.4 cm-1 
lines previously assigned to O-HD [7] become weaker while two new lines at 3282.2 and 3340.8 
cm-1 grow in.  The joint appearance of the two new lines of O-HD at 3282.2 and 3340.8 cm-1 as 
the temperature increases, while the two lines at 3285.4 and 3304.4 cm-1 both weaken, shows 
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that all of these lines are due to the same defect complex.  Similar to this finding for O-HD, we 
also conclude that the related vibrational lines of O-H2 cannot be due to two complexes with 
different structures [19]. 
 Our conclusion that only one O-H2 structure is being observed suggests that the two near-
lying oxygen lines observed for O-H2 are due to the ortho and para states of the H2 molecule in 
the complex, and similarly for O-D2.  This possibility was originally considered by Pritchard et 
al., but was rejected in favor of an alternative model [7].  Fig. 5 shows spectra of Cz-Si samples 
measured after the indiffusion of (a) H and (b) D and an anneal at room temperature to produce 
the complexes.  In spectra (a) and (b), two strong near-lying oxygen lines are seen.  For the O-H2 
complex, spectrum (a) was fit by two lines with Voigt shapes and with the intensities of the two 
components being 3:1.  For the O-D2 complex, spectrum (b) was again fit by two lines with 
Voigt shapes, but with the intensities of the two components being 2:1.  This analysis of the 
intensities of the oxygen modes of the O-H2 and O-D2 complexes is in excellent agreement with 
the previous results of Pritchard et al.  [7] 
 The relative intensities of the two oxygen modes, 3:1 for O-H2 and 2:1 for O-D2, are 
consistent with the ratios expected for ortho to para complexes, where the ratios of the intensities 
are given by the ratios of the degeneracies of the ortho and para nuclear-spin states [20].  These 
results, and the knowledge that isolated, interstitial H2 and D2 in Si exhibit rotational motion [17, 
18], lead us to conclude that there are two near-lying oxygen lines for the O-H2 (and O-D2) 
complex because the oxygen vibrational frequency depends on whether its H2 (or D2) partner is 
in the ortho or para state. 
 Our studies of the high-frequency H2 and D2 lines of the O-H2 and O-D2 complexes show 
that each complex has at least three high-frequency modes [19].  These can be understood as 
transitions of ortho and para H2 and D2 trapped by oxygen.  The important differences between 
the isolated interstitial molecules and H2 and D2 trapped by O are that the presence of the O atom 
lowers the symmetry of the neighboring interstitial site, splitting the J = 1 rotational states and 
also making H2 (and D2) vibrational transitions in the J = 0 rotational state electric-dipole 
allowed.  The splittings of the high-frequency modes of O-H2 and O-D2 and the intensities of the 
lines can be understood in the context of this model. 
 
 
5.  Conclusion 
 
Previous studies of interstitial H2 in Si have led to a number of perplexing questions, with a parti-
cularly controversial issue being whether H2 in Si is static or is a nearly free rotator.  The key to 
the solution of this problem is the discovery of a new IR absorption line for HD in Si at 3191.1 
cm-1 [17].  The line previously observed for HD at 3265.0 cm-1 is reassigned to a ro-vibrational 
transition that can occur only for the heteronuclear HD molecule.  These results and their 
interpretation lead to the conclusion that interstitial H2 in Si is a nearly free rotator.  Uniaxial 
stress results for H2 and D2, which were taken previously as evidence for a static defect [14], 
actually provide a strong confirmation of the rotation of interstitial H2 [18].  Furthermore, the 
microscopic properties of an O-H2 complex in Si can be understood in terms of ortho and para 
H2 molecules that become trapped by O impurities [19]. 
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Industrial systems for hydrogen passivation using hydrogenated amorphous SiNx layers 
 
Silvia Roth, Roth & Rau Oberflächentechnik AG, Gewerbering 3 + 10, D-09337 Hohenstein-
Ernstthal 
 
A high throughput industrial PECVD reactor for deposition of passivating SiN layers is presented. It is shown that 
high quality SiN layers are deposited using a novel remote microwave plasma technology as well as that the 
equipment fulfils the demands of the photovoltaic industry for high throughput and long time process stability under 
production conditions. 
 
1. INTRODUCTION 

 
Amorphous hydrogenated silicon nitride (SiN) layers, deposited by Plasma Enhanced CVD 

processes have been demonstrated to be - besides good anti-reflection layers - excellent means for 
surface passivation [1]. Moreover, in a mc-Si cell processing scheme in which the metallization 
pattern is printed on the SiN layer and subsequently is fired through the layer by means of a short 
high-temperature step, the minority charge carrier lifetime in the bulk of the mc-Si can improve 
significantly. This improvement of the quality of the bulk is due to diffusion of hydrogen from 
the SiN layer into the silicon during the firing step [2,3]. 

For these reasons and since more and more mc-silicon is used in solar cell production there is a 
great interest from the silicon PV industry in the process of PECVD deposition of SiN. An 
industrial PECVD reactor must meet the following requirements of the PV industry: 

- Significant improvement of the cell efficiency of at least 10% compared with a 
conventional TiO2 antireflective coating 

- High process stability and reproducibility 
- High throughput 
- Low cost/wafer  
- Easy implementation into automatic production lines  

SiNA is a continuous operating industrial PECVD reactor, which has been developed to provide 
equipment, which fulfils the demands imposed by the PV industry (Figure 1). 
   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1: View of a SiNA system 
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2. SYSTEM 
 
The system consists of 5 vacuum chambers, an entry load-lock chamber, a heating chamber, a 

deposition chamber with linear remote plasma sources, a cooling of chamber and an exit load-
lock chamber, in which trays with a number of wafers are sequentially processed (see Figure 2). 
The throughput of this system reaches from 640 wafers/hour (wafer size 8” x 8”) to 1960 
wafers/hour (wafer size 4” x 4”).  

 
 
 
 
 
 
 
 
 
 

 
 
 
 
 

 
Figure 2: Scheme of construction and functional principle of SiNA systems 

 
In the entry chamber, the wafers are pre-heated by means of IR-lamps. In the heating chamber 

the wafers attain the deposition temperature of typically 350…400°C. The deposition takes place 
in the central part of the system, where the trays with the wafers under- or overpass an array of 4 
linear plasma sources. Both process directions of the wafers – face up or bottom up – are possible 
as well. The “bottom-up” version is the preferred process direction for production since there is 
no contamination of the wafers by spelling of loose particles from parasitic layers in the 
deposition chamber. The plasma sources in the reactor are novel remote microwave plasma 
sources, developed by Roth & Rau for the SiN deposition process [4]. The plasma sources consist 
of a quartz tube with a Cu antenna inside reaching form one wall of the deposition chamber to the 
other. The quartz tube separates the antenna from vacuum. The source is operated at a microwave 
frequency of 2.45 GHz. The microwaves are coupled from both sides and propagate along the 
antenna. A high density, uniform plasma is excited around the quartz tube over a length up to 1 
m. The source also includes an arrangement of permanent magnets for electron confinement in 
the plasma. Typically a NH3/SiH4 gas mixture is used depending on the process technologic 
demands in the pressure range of 0.08 to 0,5 mbar. The deposition process takes place in the 
afterglow range of the plasma. Using an array of 4 plasma sources the deposition rate is typically 
40 nm/min. The deposition arrangement is schematically shown in Figure 3. 

In comparison with older and more conventional direct plasma sources, this remote plasma 
source has the following advantages. 
 

- Wafer handling is more convenient since the wafers do not need an electrical contact with 
any electrode. Therefore the process does not depend on the wafer size or any wafer 
material properties 
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- Due to the GHz frequency at which the source is operated the plasma self-bias is very 
low. Consequently the ion bombardment of the wafers does not cause a deterioration of 
the surface. 

- The utilisation of the process gases (silane and ammonia) is very efficient. The 
dissociation rate (depletion) in the plasma of both gases is more than 90 %. The 
deposition efficiency, that is the fraction of the process gases that is converted in SiN on 
the wafers, is about 4 % [5] 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3:  Scheme of the plasma source arrangement 
 

Before the wafers enter the exit load lock chamber, they cool down in the forth chamber. The 
load-lock chambers and the deposition chamber have individual pumping systems such that the 
evacuation of the chambers is not a limiting factor for the throughput. The limiting factors for the 
throughput are the deposition time and the time needed for loading and unloading of the trays. 
The cycle time for loading is 90 s. 

In order to meet the requirements of the different cell line capacities 3 system sizes are 
available. The capacities are summarized in table 1.  
 

Wafer size / mm² SiNAMINI SiNA SiNAPLUS 

100 x 100 300 1200 1960 

125 x 125 192 800 1440 

150 x 150 144 640 1000 

200 x 200 108 360 640 

Pieces / tray             
(125 x 125 mm²) 

16 20 36 

Loading cycle time 300 90 90 

Table 1: SiNA and SiNAPLUS system sizes 
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3. SOLAR CELL RESULTS 
 

Production tests have been carried out on mc-silicon wafers provided by different suppliers and 
made by different technologies. Basing on the experiences with the smaller pilot system operating 
at the Netherlands Energy Research Centre ECN different process recipes have been developed 
for the different materials.  

For optimum solar cell performance the optical properties as well as the passivation properties 
have to be optimised in the deposition process. Usually the required film thickness is in the range 
of 70…80 nm and the refractive index about 2.1. The deviation of the film thickness must be less 
than +/- 5%. A deviation of the refracted index is acceptable in the range of < +/- 2,5%.  
Variable process parameters are the NH3/SiH4 ratio in the process gas, process temperature, 
process pressure, microwave power and transportation speed of the trays. The optical and 
passivation properties are controlled by gas ratio, process temperature and process pressure. The 
uniformity of the layers mainly depends on the absolute values and balance of microwave power 
on both sides of the plasma sources. By varying the transportation speed the deposition rate is 
controlled. 

The most important parameter for adjustment of the refractive index is the NH3/SiH4 ratio. In 
Figure 4 the dependence of the refractive index on the gas ratio is shown. 
 

 
 
 
 
Figure 5 and 6 show the uniformity of film thickness and refractive index in dependence on the 

position of the tray perpendicular to the moving direction of the trays. The wafers had a size of 
208 x 208 mm². In moving direction no inhomogenity has been observed. 
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Figure 4: Refractive index in dependence on the NH3/SiH4 ratio (T = 350C; p = 0,15 mbar; MW power 2x 1500W for 
each plasma source)  
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Figure 5: Film thickness uniformity over the tray perpendicular to the moving direction 
 

Figure 6:  Refractive index in dependence on the position on the tray perpendicular to the moving direction of                  
the tray for NH3/SiH4 ratios of 2,5, 1,9, 1,8 

 
We have investigated film thickness uniformity and refractive index uniformity over a time 

interval of 8 hours operation under production conditions. The wafer size was 125 x 125 mm², 36 
wafers have been processed on a tray. Film thickness and refractive index are an average of the 
values measured on wafers from 9 positions on the tray (Figures 7 a and b). 
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The mean improvement of the cell efficiency caused by the passivation effect of the SiN layer 
is in the range of 10…20% compared with a conventional TiO2 antireflective layer. Besides the 
deposition process the gain depends on the quality of the mc-silicon material and parameters of 
the firing step. Concerning the deposition process the passivation properties strongly depend on 
the NH3/SiH4 ratio on the process gas. We have investigated gas ratios from 1 to 4. We have 
observed two process windows for passivating SiN. With silane rich gas mixtures (ratio between 
1,3 and 1,8) as well as with ammonia rich gas mixtures (> 2,7) good passivation properties can be 
achieved. Figure 8 shows some typical results for process recipes. The deposition process has 
been carried out at the same process temperature and the same process pressure. Different 
suppliers have provided the mc-materials. 

Layer Thickness versus time

72,00

74,00

76,00

78,00

80,00

82,00

84,00

1 2 3 4 5 6 7 8 9

Carrier No/Hour 

Th
ic

kn
es

s (
nm

)

Average thickness
USL
LSL
Nominal target

Ref.  Index versus time

1,890
1,900
1,910
1,920
1,930
1,940
1,950
1,960
1,970
1,980
1,990

1 2 3 4 5 6 7 8 9

Carrier No/Hour

R
ef

. I
nd

ex

Average refractive
index
USL

LSL

Figure 7a:  Film thickness vs. time during 8 hours operation; the LSL to USL range is +/- 4% of the nominal target 
of 80 nm film thickness 

Figure 7b:  Refractive index vs. time during 8 hours operation, the LSL to USL range is +/- 1,5% of the average  
                   value 
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Figure 8:  Total efficiency of cells in % of 2 test runs processed with silane rich gas mixture (violet bars) and 

ammonia rich gas mixture (blue bars) 
 
4. COST SITUATION 
 
Since the success of a technology in industrial application always depends on its cost we want to 
give a short overview on the cost situation. In table 2 all costs for operation of the large-scale 
industrial PECVD equipment SiNAPLUS are summarized. The calculation is based on a 365 days / 
24-hour production cycle and German prices for labour, facilities and consumables are applied. 
The wafer size is 125 x 125 mm² and the efficiency has been calculated with 14,5%. 
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5. SUMMARY AND OUTLOOK 
 

Roth & Rau have jointly developed a high throughput industrial scale PECVD reactor. This 
PECVD reactor has been successfully implemented into mc-Si solar cell processing for 
deposition of amorphous silicon nitride. It is shown that with this PECVD process, SiN can be 
grown which not only acts as a good AR coating, but which can also improve the quality of the 
bulk mc-Si material if the deposition is followed by a suitable heat treatment. The ‘firing through’ 
process significantly increases the lifetime of minority charge carriers in the bulk of the mc-Si, 
leading to an average increase of the cell efficiency of about 1% absolute.  

We have performed 8-hour shift production tests on mc-Si wafers in which we have 
investigated the process stability and reproducibility of the properties of the SiN layers. These 
tests have shown a very good stability of the process under production conditions over long time. 

The growing of PV as one option in the market of regenerative energies will mainly depend on 
cost reduction for production of solar cells and modules. Besides the cost reduction for the silicon 
material the production lines must produce more effectively. In-line concepts like SiNA offer 
new options for automation of the cell production lines and for implementation of other 
processes. Roth & Rau is going to develop a plasma-etching reactor for phosphor glass removal 
using a dry plasma etching process prior to the SiN deposition. The prototype will be installed 
next.   
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ABSTRACT 
First-principles molecular-dynamics simulations are used to study the configurations, binding 
energies, and electronic structures of isolated N and N pairs in Si. All the N-related local vibrational 
modes are predicted. 
 
 
INTRODUCTION 
Nitrogen-related defects in Si have not been studied as extensively as many other light impurities, 
probably because the semiconductor industry has been avoiding this impurity for decades. This has 
changed, and crystal growers now often add nitrogen to the ambient. This results in material with 
better mechanical strength and lower densities of grown-in defects, but also in N-related defect 
centers. In PV materials, thin nitrogen layers often serve as anti-reflection coatings. These layers, 
grown by exposure to an ammonia plasma, are hydrogen rich. The layer then serves as a source of H 
for bulk passivation during later anneals. Little information of microscopic nature is available about 
the details of the interactions taking place and about the role of N. An ongoing collaboration involves 
microscopic experimental studies (mostly based on Fourier-Transform Infrared Absorption (FTIR) 
spectroscopy) and first-principles calculations. The first step for theory is to identify the defects 
associated with the ingredients present, namely H, N, and native defects. Further, C will have to be 
considered as well, as it is often the most abundant impurity in the host crystal (passivation tends to 
be much less efficient in O-rich material). 
 Systematic studies must start with the identification of all the possible stable structures of isolated 
interstitial nitrogen (Ni), N-vacancy interactions leading to substitutional nitrogen ({N,V}=Ns), N-N 
pairs including two interstitials ({N,N}i), the interstitial-substitutional pair ({N,N,V}={N2,V}), and 
the substitutional-substitutional pair ({N,V,N,V}={N2,V2}). These defects are discussed below, but 
some results are still preliminary. In addition to the lowest-energy configurations and the binding 
energies, the electronic structures are obtained as well as all the N-related local vibrational modes 
(LVMs) which are critical to the identification of the defects by FTIR. Ongoing research focuses on 
the interactions between these defects and hydrogen, as well as the relevant dynamics. 
 In this work, fist-principles molecular-dynamics (MD) simulations in periodic 64- and 128-host 
atoms cells are used within the SIESTA package.[1] The electronic problem is solved within self-
consistent local density-functional theory. The exchange-correlation potential is that of Ceperley-
Alder[2] as parameterized by Perdew and Zunger.[3] Ab-initio pseudopotentials in the Kleinman-
Bylander[4] form are used. The basis sets consist of numerical linear combinations of atomic orbitals 
ranging from single-zeta (SZ) to double-zeta with polarization functions (DZP). The k-point sampling 
is limited to k=0 for dynamic runs and extended to a 2x2x2 Monkhorst-Pack[5] mesh for static 
calculations. The vibrational frequency analysis is carried out within linear response theory.[6] This 
method allows the entire dynamical matrix to be extracted from derivatives of the density matrix 
relative to atomic coordinates. No atom needs to be physically displaced in order to calculate the 
frequencies. 
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ISOLATED NITROGEN IN SILICON 
Systematic geometry optimizations of a range of plausible configurations for Ni in Si resulted in the 
identification of only one stable structure, shown in Fig.1 (left). Ni binds to three Si atoms, forming a 
split-<100> structure with almost identical N-Si bond lengths: 1.77, 1.78 and 1.79Å, respectively. In 
the 64-cell, the split is not exactly along <100> but makes a 15o angle toward <110>. This could be a 
consequence of the small cell size, and we are checking the result in a larger cell. Were the split 
exactly along <110>, the symmetry of the defect would be C2v. The tetrahedral (T) or hexagonal (H) 
interstitial sites are not local minima of the energy, and neither are the bond-centered site or the split 
<110> configuration. Two LVMs are associated with this defect, a Si-N stretch at 873cm-1 and a wag 
mode at 725cm-1 (see Table 1). We have not yet determined the activation energy for diffusion or the 
diffusion path of Ni. 
 If Ni encounters a pre-existing vacancy, it becomes Ns with an energy gain of 2.64eV. This 
binding energy is substantially smaller than the vacancy formation energy (~4eV[7]), which means 
that Ni will not displace a host atom to become substitutional. Ns has C3v symmetry (Fig.1, right). 
Nitrogen moves away from the center of the vacancy along a trigonal axis by 0.73Å and its three Si 
nearest neighbors (NNs) are displaced in such a way the N is almost trigonal and planar (~sp2). The 
4th and 5th electrons sit in the 2pz lone pair which points toward the center of the vacancy. The A1 
mode at 504cm-1 has Ns moving up/down the trigonal axis and the degenerate E modes at 664cm-1 are 
N wag modes perpendicular to it (see Table 1). The fourth Si NN to the vacancy has a single electron 
in a dangling bond, which strongly suggests that it is a trap for an electron or hole. It is also a very 
likely trap for H. At present, we only considered the neutral charge states of all the defects. 
 
 

                      
 

Fig.1: Lowest-energy configuration for Ni (left) and Ns (right) obtained in the 64-cell (Gamma point) with a 
DZ basis set on N and DZP on the Si atoms. The small ball shows the perfect substitutional site. 

 
 
NITROGEN PAIRS IN SILICON 
 A total of seven N-N dimers were studied and three stable structures identified. The interstitial-
interstitial pairs investigated include the interstitial N2 molecule at the H site and at the T site, the 
structure proposed by Stein[8] which consists of two Ns at adjacent puckered bond-centered (BC) 
sites, and the D2h configuration proposed by Jones[9] (it is shown in Fig.2, left). The latter is the most 
stable configuration. The N2 molecule at the T site is 4.63eV higher and the N2 molecule at the H site 
dissociates into two N’s at adjacent T sites which is 4.90eV above the stable Ni. Finally, the Stein 
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structure is also metastable by 4.24eV. Therefore, we find that only one interstitial {N,N} pair is 
stable. We will refer to it as the {N,N}i pair. The associated LVMs are listed in Table 1. Two FTIR 
lines[9] associated with this complex are very close to our predicted values. 
 The interactions of {N,N}i with V or of Ns with Ni lead to the formation of the {N2,V} complex 
(Fig.2, center). The former reaction releases 0.67eV and the latter 0.90eV.  The symmetry of {N2,V} 
is C2v and its LVMs are given in Table 1. The N-Si and N-N bond lengths are 1.82Å and 1.46Å, 
respectively. 
 Finally, {N2,V2} results from the reactions {N2,V}+V or {N,N}i+V2, since {N,V} is very unlikely 
to be mobile. The energetics are: {N2,V}+V→{N2,V2}+2.86eV and {N,N}i+V2→{N2,V2}+3.79eV. 
The {N2,V2} complex looks very much like two adjacent Ns structures, and there is no overlap 
between the two N atoms. 
 

           
 

Fig.2: Lowest-energy configuration of the {N,N}i (left), {N2,V} (center), and {N2,V2} (right) complexes 
obtained in the 64-cell (Gamma point) with a DZ basis set on N and DZP on the Si atoms. 

 
 
DISCUSSION 
Isolated N and {N,N} pairs form relatively simple defects in Si. A single configuration exists for Ni 
(the split-<100>), Ns (a trigonal center with a Si dangling bond), {N,N}i (Fig.2, left) {Ns,Ni}={N2,V} 
(Fig. 2, center), and {Ns,Ns}={N2,V2} (Fig. 2, right), respectively. All these complexes have 
characteristic LVMs, but only those of Ns (one mode) and {N,N}i (two modes) have been identified 
experimentally so far. For those three modes, our predictions are all very close to the measured values 
(Table 1). Ongoing work deals with formation energies and with the interactions between these 
centers and interstitial hydrogen. 
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complex mode this work (cm-1) 0thers (cm-1)[9] observed[9] 

Ni n/a 873   
 n/a 725   

Ns E 664 677 653[10] 
 A1 504   

{N,N}i Ag 1036 933  
 Bu 934 919 962.1 
 Ag 705 769  
 Bu 730 689 765.6 

{N2,V} A1 875 975  
 E 773 580  
 B2 577 n/a  

{N2,V2} Eu 670   
 Eg 664   

     
 

Table 1: Calculated and measured (when available) LVMs for N-related complexes in Si. 
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ABSTRACT 
 
The stoichiometry and hydrogen content of hot-wire-grown silicon nitride was examined as a 
function of SiH4/NH3 flow ratio.  The effect of post-deposition hydrogenation treatment on 
overall film hydrogen content was determined.  The hydrogen release properties in Si-rich and 
N-rich nitride layers were characterized by annealing treatments.  Hot-wire nitride layers were 
deposited onto diffused emitter String Ribbon silicon substrates, producing cells with 
comparable JSC, VOC, FF, and efficiency to those fabricated using plasma CVD nitride layers.  
 
INTRODUCTION 
 
Silicon nitride acts as an effective anti-reflection (AR) coating for solar cells due to its high 
refractive index, tunable in the range from 1.8-2.5.  These films may also serve as passivation 
coatings for surface and bulk defects in the underlying silicon, due to the large fraction of 
hydrogen that may be incorporated (up to 25 atomic %).1  The conventional means for depositing 
silicon nitride films uses plasma enhanced chemical vapor deposition (PECVD).  Another 
promising technique for low temperature SiNx growth is hot-wire CVD (HWCVD), also known 
as catalytic CVD (Cat-CVD).2  As compared with PECVD, HWCVD offers the advantages of 
high deposition rate,3 as the process can take place at pressures higher than those at which a 
plasma can be sustained.  In addition, it has been demonstrated that the process is compatible 
with large area deposition by careful design of gas delivery and filament geometry.4  The 
deposition of high hydrogen content nitride films by HWCVD for photovoltaic applications has 
been recently demonstrated.5,6   
 
EXPERIMENT 
 
The system used in the deposition of SiNx is a high vacuum chamber with a base pressure of 
order 10-9 Torr.  Source gases, consisting of SiH4 (diluted to 1% in He) and NH3 are introduced 
through a gas inlet and decomposed on a W wire (0.5 mm dia, 12 cm length, 1800oC 
temperature).  Flow rates of the various gases range from 4-48 sccm, with SiH4/NH3 ratios 
ranging from 1-8%, and pressures in the range of 20-100 mTorr (higher pressures are possible, 
but were not explored in this study).  Under these conditions, growth rates range from 16-52 
Å/min, limited largely by the use of dilute SiH4; rates of up to 0.14 µm/min have been 
demonstrated with the use of pure SiH4 and NH3 ambients.6  A substrate heater is located 
approximately 5 cm from the wire, and a shutter is used to protect substrates from the 
evaporation of impurities from the wire during its initial heating; growth temperatures were 
approximately 300oC for this study.  The substrates used were lightly-doped p-type (350 Ω-cm), 
double-side polished, float-zone Si. 
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RESULTS 
 
A series of different SiH4/NH3 flow ratios (FR) were used to examine the effects on film 
properties.  The films to be described were grown at a substrate temperature of 300oC for a 
period of 40 min, with a wire temperature of 1800oC and a total pressure of 100 mTorr.  Fig. 1 
provides the Fourier Transform Infrared (FTIR) transmission spectra for a series of four SiNx 
films grown under SiH4/NH3 flow ratios of 1, 2, 4, and 8%.  The most prominent feature in the 
transmission spectrum is the Si-N absorption around 860 cm-1.  Also evident from Fig. 1 is that 
the majority of H is bound to N for the 1, 2, and 4% flow ratios, while at 8%, H is mostly bound 
to Si.  The refractive index, as determined by single wavelength (633 nm) ellipsometry, increases 
from 1.8 up to 2.5, with the 4% flow ratio film being the closest to stoichiometric silicon nitride 
(n = 2.0).  To complement these FTIR measurements, Rutherford Backscattering  (RBS) and 
Hydrogen Forward Scattering (HFS) measurements were made to determine the stoichiometry 
and hydrogen content of a select number of SiNx films.  The films chosen for analysis were the 
1% and 8% flow ratio films, in addition to two films grown at a flow ratio of 6% (all other 
conditions identical)†, one of which was subjected to a post-deposition H2 treatment.  The post-
deposition H2 treatment was carried out under conditions identical to SiNx deposition, but with 
the replacement of SiH4 and NH3 with H2 at the same 100 mTorr total pressure.  Table 1 
provides a summary of the RBS and HFS film analysis.  As expected, an increase in the Si/N 
ratio in the film was observed as the SiH4/NH3 flow ratio increased.  All values are greater than 
the value of 0.75 expected of stoichiometric silicon nitride, although the value of ~1 obtained 
with FR = 1% is attributed to the presence of SiO2.  There is a slight decrease in the Si/N ratio 
after the post-deposition H2 treatment, suggesting an etching effect of H on the Si of these Si-rich 
nitride layers.  Also revealed by HFS is an increase in the overall atomic percentage of H as the 
flow ratio (or Si/N) increases, supporting the idea that SiH4 is the primary source of this H at 
these flow ratios.  It is noteworthy that the 1% film contains a large percentage of oxygen (23%), 
while it is absent in films grown at higher flow ratios.  This has been attributed to post-deposition 
absorption of water by the nitride film.7 
 
For applications where hydrogenated SiNx is to be used as a passivation coating, the mobility of 
bound hydrogen is critical as it is thought that the degree of passivation (as measured in minority 
carrier lifetime) depends the amount of hydrogen released from the SiNx film.8  As a means to 
study hydrogen release from SiNx, two of the films described previously were chosen.  In order 
to observe the effects of H release from N versus Si, the 2% and 8% flow ratio films were 
selected.  Each film was annealed for 5 minutes at temperatures of 400oC, 600oC, and 800oC.  
Between each anneal, the sample was allowed to cool to room temperature, after which FTIR 
measurements were made to monitor to release of H from the SiNx film.  Fig. 2 shows the FTIR 
spectra at the various annealing temperatures for the 8% (Si-rich) film, along with an estimate of 
the H concentration, determined by the use of absorption cross sections.1  This figure reveals 
only a slight reduction in the H bound to Si up to 600oC, with a total reduction of 80% after the 
800oC anneal.  For the 2% (N-rich) film, a steady reduction in the H bonded to N is seen as the 
anneal temperature is increased, with an overall reduction of 70% after the 800oC anneal.  This 

                                                 
†FTIR analysis of the 6% flow ratio films revealed that H was bonded predominantly to Si, as in the 8% case. 
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difference in hydrogen release kinetics can have important implications for the choice of 
annealing treatments (temperature, time).  
 
To evaluate the quality of hot-wire-deposited silicon nitride layers relative to their plasma CVD 
counterparts, films were deposited onto String Ribbon substrates provided by Evergreen Solar 
(Marlboro, MA).  Film growth conditions were 3% SiH4/NH3 at a total pressure of 70 mTorr for 
a growth period of 1 hour.  The hydrogen content was estimated to be, at minimum, 10 at.% by 
comparison with previously grown films.  The samples were p-type (resistivity of 3 Ω-cm), with 
a thin phosphorous-diffused n-type layer on top.  Due to the large area of the substrates (15 cm x 
8 cm), a filament array had to be used to improve thickness uniformity.  It has been observed4 
that if the filament spacing is at most half the filament-to-substrate distance, then non-uniformity 
associated with the filament array is eliminated.  With this design criterion in mind, the filaments 
were spaced 2 cm apart, with a wire-to-substrate separation of 5 cm.  Samples grown using this 
wire array exhibited a thickness variation of approximately 150 Å from the center to edge. 

  
Three nitride samples with an average center thickness of 830 Å were chosen for subsequent 
processing by Evergreen Solar.  The nitrided samples had a thick aluminum layer deposited on 
back by a screen-printing process using a commercially available aluminum paste.  The samples 
were then annealed in a belt furnace to form the back contact as well as release H from the 
nitride layer.  Upon fabricating front contacts, the cell’s electrical properties were measured.  
Table 2 provides the short circuit current density (JSC), open circuit voltage (VOC), fill-factor 
(FF), and efficiency (η) for a representative hot-wire (HW) nitride cell versus a similarly 
processed plasma nitride cell produced by Evergreen.  The hot-wire nitride cell is comparable in 
electrical properties (with the exception of JSC) to the plasma nitride cell.  Further improvements 
in JSC might be expected with the use of more uniform nitride coatings. 
 
CONCLUSIONS 
 
Varying the SiH4/NH3 ratio from 1-8% produced silicon nitride films ranging in refractive index 
from 1.8-2.5, with hydrogen content ranging from 9-18 atomic %.  Transmission measurements 
using FTIR revealed a transition in the bonding of H (N-H to Si-H) as the flow ratio was 
increased beyond 6% SiH4/NH3.  As this ratio was increased, the overall H-content increased in 
the film, suggesting that SiH4 is the primary source of H under these conditions.  A film 
deposited with a low flow ratio of 1% revealed a prominent Si-O-Si feature, suggesting 
oxidation.  This result was further confirmed with RBS, indicating 23 atomic % oxygen 
incorporation in the film.  Annealing studies revealed different kinetics for H release from Si 
versus N, important in the selection of an appropriate annealing treatment.  String Ribbon silicon 
cells produced with hot-wire-grown silicon nitride layers show comparable electrical properties 
to those produced with plasma nitride layers. 
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Table 1.  Summary and comparison of RBS and HFS film analysis. 

FR t (nm) n Si/N 
[RBS] 

[H] at.% 
[HFS] 

atomic  
density [RBS] 

(at/cc) 

oxygen content 
(at.%) 

1% 62 1.8 0.99 9.3 8.2x1022 23% 
6% 209 2.2 1.3 16 7.5x1022 0% 

6% + H2 185 2.1 1.1 16 8.4x1022 0% 

8% 129 2.5 2.2 18 6.2x1022 0% 

 
Table 2.  Comparison of electrical properties for hot-wire versus plasma nitride cells. 

cell type JSC 
(mA/cm2) 

VOC 
(mV) 

FF η  
(%) 

HW nitride 29.99 579 0.712 12.4 
Plasma nitride 30.92 584 0.709 12.8 
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1. Introduction 
One of the main advantages of photovoltaic solar cells (PVC) is their ecological clarity of direct 
conversion of solar energy to electricity. For wide spreading of PV technologies it is necessary to 
ensure that there is no environment pollution at the stage of PVC-s manufacturing, beginning 
from producing of polysilicon feedstock [1]. 
The objective of this project is creation of ecologically clean method for production of solar grade 
polysilicon feedstock (SGPF) as raw material for PVCs, and also raw material for producing 
monocrystalline silicon, which is used in electronic industry. 

Semiconducting silicon made from polycrystalline silicon is base material for electronic 
and electrotechnical industry, which produce millions discrete and integral devices, 
microprocessors. More than 80% of computing, radio-, video- , robotics, telecommunication, 
controlling automatisation and PV and other equipment are manufactured with use of 
monocrystalline silicon. 

World production of PVC-s reached 300 MW in 2001. From this amount about 80% is 
produced from polycrystalline silicon. To produce 1 MW of PVCs using modern technologies it is 
required 13 tons of SGPF [2]. According to more optimistic prognoses, this amount will decrease 
to 10 tons per 1 MW produced. For PVCs polycrystalline silicon with less purity, than for 
electronic industry, so named scrap. Usually, scrap is not more that 10% of electronic grade 
polycrystalline silicon. During last years, growth of world production of PVCs was bigger than 
production of scrap, therefore world reserves of scrap is almost depleted and it is necessary to 
create new way for production of solar grade SGPF. 

Forecast for demand and delivery of polycrystalline silicon on world market is presented 
at fig.1 [3]. You can see that delivery of SGPF will be less than demand within next 10 years. 
Annual world demand in SGPF in 2010 can be 16-32 thousand tons; at the same time the delivery 
will be only 8 thousand tons. 

To produce such amount of solar grade SGPF with cost less than 20 USD per kg new 
approaches are required, which ensure less energy consumption and higher ecological cleanness 
comparing to conventional methods. 

Main obstacle for mass production of PVCs is high cost of SGPF. If the cost will decrease 
in several times, the cost of PVCs could decrease twice as less up to 1 USD per watt peak. In this 
case cost from PV stations will be competitive with cost of energy produced by conventional 
methods. 

In [4] it is noted that silicon can be “oil of 21 century”, because 1 kg of polycrystalline 
silicon used in filmed α –Si PVCs can produce during its lifetime the same amount of energy that 
can be produced from 100 tons of oil. However, this example is not typical for polycrystalline 
PVCs, because in α –Si PV cells the silicon film with thickness 1 µm is insignificant part from 
total thickness of the cell, which consists mainly from stainless steel and glass. Modern PVCs 
from crystalline silicon have thickness ~350 µm. At this thickness and efficiency 15%, to produce 
1 MW of solar cells it is required 13 tons of polycrystalline silicon (or 1 kg for 100 W module). If 
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accept average number of peak-hours during a day equal 5, then during a year it will produce  
~182 kWh, and during 30 years – 5475 kWh of energy. At electricity price 0.1 USD per kWh, the 
cost of energy produced will be 547.5 USD; for these money ~1.5 tons of petroleum can be 
bought. Let’s assume that 1 kg of oil produces 9 kWh of heat and efficiency of conversion it to 
electricity is 30%. Then, to produce 5475 kWh of electricity about 2 tons of oil will be required; 
the same amount of energy can be produced by 1 kg of SGPF used for manufacturing of PVCs. 
Market price of solar modules is now ~3.5 USD/W, thus 100 W module price is 350 USD and 
pay-back period is about 19 years. Thus, already today the increase of solar cells production is 
economically expedient. Forecasted decrease of PV cells and modules price will decrease payback 
period to 10 years. 

 
  2. Known methods of pure silicon producing. 
 
There are 2 SGPF producing methods dominated:  

- with use of hydrogenous  reduction of trichlorsilane SiHCl3, named “Siemens-
process [5], and 

- disproportionation for producing of monosilane SiH4 , developed by Union 
Carbide Co.[6] 

In the world about 80% of polycrystalline silicon is produced using first method and 20% using 
second method. Block-schemes of these processes are presented at fig. 2 and 3. 

In the Siemens process the SiHCl3 is produced in boiling bed reactor as results of 
exothermal interaction of powdered metallurgical silicon with НСl.  The vapor-gas mixture 
obtained is separated through filtration and condensation, and HC1 and Н2 are recycled. The 
condensate is separated and SiHCl3 is purified through multilevel rectification. Purified SiHCl3 
mixed with H2 is directed to rod reactor for producing SGPF, where only 30% of SiHCl3 is 
converted to SGPF. Main amount of SiHCl3 remains in balanced mixture and along with other 
matters is removed from the reactor. Further this mixture is separated cryogenically and products 
of separation are directed to recycle. This process is complex, energy consuming and ecologically 
dangerous. 

SGPF production process developed by “Union Carbide Co” started from 
hydrochlorination of metallurgical silicon in boiled bed reactor. Only silicon is spent, and SiCl4 
from all stages of the process is returned to hydrochlorination, ensuring maximal return of Si and 
Cl into the process. After separation of H2, SiHCl3 is multi-rectified and directed to 
disprportionation , where SiH4is obtained. The SGPF is obtained through pyrolysis of SiH4. at 
temperature 8000С in rod reactor with special design. 

Disadvantages of this method are conducting the process in chemically aggressive media 
at high pressure and temperature, which require costly equipment made from heat-resistant and 
chemically inert materials. The presence of chemically aggressive Cl compounds leads to transfer 
of admixtures from the equipment walls (sides) to monosilane and create ecological danger.  

In former USSR, beginning from 1983, the main method of producing of high purity SiH4, 
and then SGPF, was cathalytical disproportionation of triethoxysilane SiH(0С2Н5)3 [7]. Block-
scheme of used technological process presented at fig. 4. Raw material for producing of 
SiH(0С2Н5)3 were SiHCl3 and dehydrated ethanol. The process of synthesis of SiH(0С2Н5)3  and 
desorbtion of НС1 is implemented in film type apparatus. This method was realized in “Kremni 
polimer” plant in Zaporojie city (Ukraine) and production volume of SiH4 was 12,6 t per year. 
From the monosilane was produced SGPF through pyrolysis, and then high-resistant monocrystals 
for nuclear particles detectors and IR-receivers were produced by float zone technique. 

Disadvantage of this method are: high consumption of ethanol, big amount of wastes, use 
of energy consuming method of monosilane rectification at liquid nitrogen temperature and use of 
ecologically dangerous Cl-containing materials.  
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 3. Main features if the new method. 
 
In the new alcoxysilane method of SGSF production the technology existed in the plant 

“Krasny polimer” was partially used. The block-sheme of the method of producing of SGPF 
through monosilane is presented on fig.5.. At the first stage as raw material powdered 
metallurgical silicon and dehydrated ethyl alcohol is used instead of trichlorsilane. 

       catalyst 
 Si + 3 C2H50H        →          SiH(OC2H5)3 + H2 
 
 It is noted, that purity degree of powdered metallurgical silicon has no such importance as 

in case of synthesis of trichlorsilane, thus less expensive silicon with purity 98% can be used. The 
reaction is conducted in high-boiled silocsan liquid at presence of Cu-based catalyst at 
atmospheric pressure and temperature not less  than 1800С. At low pressure not reacted alcohol is 
removed, which prevents conversion of triethoxysilane to tetraethoxysilane. At optimal conditions 
85-90% of SiH(OС2Н5)3 is obtained, and the rest is diethoxysilane. 

At the second stage the triethoxysilane is converted into silane and tetraethoxysilane 
according reaction:  

 
             catalyst       
  4 SiH(OC2H5)3        →       SiH4  +  3 Si(OC2H5)4 
 
 Small amount of produced diethoxysilane is converted into silane according to reaction: 
 
         catalyst       
  2 SiH(OC2H5)2        →       SiH4  +   Si(OC2H5)4 
 

Unlike to existing in “Kremni polimer” plant technology, at disproportionation of 
SiH(0С2Н5)3  stage better catalyst was used and also the process of purifying of monosilane was 
modified. This allowed to implement disproportionation at ambient temperature, increased 
equipment efficiency and reduced energy consumption. New method has stage of 
tetraethoxysilane hydrolysis; this allows to receive valuable by-products, and to return waterless 
alcohol to the stage of SiH(OC2H5)3 synthesis. The waterless ethyl alcohol is obtained without 
additional reagents due to absorption of water by tetraethoxysilane. At this stage more than 95 % 
of ethyl alcohol is recycled and it is required to add only 5% of ethyl alcohol into the process. 

The main advantage is absence of Cl in the process, eliminating the possibility of ingress 
of Cl-contained contamination to environment. Moreover, all stages of the silan purifying and 
pyrolysis are conducted at ambient temperature or at lower temperatures, down to temperature of 
the silan liquefaction; these reduce the risk when work with monosilane. 

Every admixtures of elements of III-V group, which present in metallurgical silicon, are 
converted to saturated metalorganic compounds without link element-hydrogen and, thus, are not 
disproportionated with creation of volatile hydrids like dibonran, phosphine and arsine. In this 
case main polluting admixtures in monosilane are high-boiled ethoxysilanes. Ethoxysilanes and 
aother metalorganic compounds are removed at the next stage by adsorption of admixtures by 
liquid tetraethoxysilane cooled to –600С. Final purity of monosilane 99,999% is reached by 
adsorption of tracking admixtures by activated charcoal and final purifying on chucks with 
chemisorbent. Such purifying guarantees content of carbon and oxygen at level less than 1.1015 
at/sm3 and characterized by minimal energy consumption and material capacity. 
Big temperature difference between main substance and corbon-containing admixtures simplifies 
the purifying process at stages of ethoxysilane and monosilane purifying. In table boiling 
temperatures if these substances are presented. 
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Table. 
 
№ Name of substance Boiling temperature at pressure 1 atm 
1 Carbon oxide         - 192 
2 Carbon dioxide         - 78,6 
3 Methan         - 161,5 
4 Ethan          - 88,6 
5 Ethylene          - 103,7 
6 Ethyl alcohol          + 78,5 
7 Triethoxysilane           + 131,5 
8 Tetraethoxysilane          + 168,5  
9 Monosilane            - 112 
 

For producing SGPF the monosilane is pyrolysed at 800-8500С; the process can be 
implemented in rod reactor or in reactor with “boiling” layer of seed silicon particles. In second 
case the pyrolysis process requires minimal energy at level 10 kWh/kg. 

 
 4. Characterictics of main and by- products 
 

 Main production for the new method of SGSF production are:  
 Monosilane and monosilane mixtures with other gases, 

• Electronic grade polycrystalline silicon, 
• SGPF for PV industry. 

The technological process allows to change assortment and shares of the products in total 
amount depending on market situation. 

High quality of monosilane and SGPF are confirmed by measurements. The admixtures 
presence is at the level of sensitivity of modern instruments. Specific resistance of 
monocrystalline silicon samples produced by float zone technique is more than 10 000 Ώ.sm, and 
life time of minority carriers is up to 1000 µs.  

At the same time there is 24 kg of tetraethoxysilane per 1 kg of monosilane in the yield. To 
transform it to other useful materials several technologies were elaborated: 

 As result of hydrolysis of tetraethoxysilane, silica sols are produced; they can be used 
as coupling agent at manufacturing transfer-molds, for textile and construction 
materials strengthening, for creation of composite and other new materials.  After 
thermal treating of silica sols Si dioxide is obtained; it can be used for manufacturing 
of fibre-optic and quartz wares  

 Through organomagnesium synthesis of tetraethoxysilane wide used silicone 
polymers are obtained 

 By thermal-oxidation of tetraethoxysilane superfine silicon dioxide (white soot) is 
obtained; it is used as a filler material 

 
5. Possibilities of perfection of the new method 
 

At annual yield of silicon 10000 tons about 240000 tons of tetraethoxysilane will be 
produced; this is close to current world tetraethoxysilane annual production. Currently accepted 
tetraethoxysilane production scheme [9], presented on fig. 6, in many respects coincides with 
alcoxysilane technology of monosilane production. For creation of joint manufacture it is 
expedient to combine 2 schemes to one, which should be close to scheme presented on fig.5. 
To do this it is necessary to create conditions for maximal yield of di-and triethoxysilane 
during the first stage of alcoxysilation of silicon; in this case the main product will be silicon 
and materials produced from tetraethoxysilane. 
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At the initial stage of industrial scale use of this new technology at SGSF production 
volumes about 1000 tons annually, in the existing production of tetraethoxysilane only part of 
metallurgical silicon can be converted into triethoxysilane according to scheme presented on 
fig.7. 

Another approach for the problem solving is selection of new catalysts and conditions of 
silicon and alcohol interaction ensuring increase of diethoxysilane yield and decrease of 
tetraethoxysilane amount  in disproportionation reaction. 

Part of tetraethoxysilane can be converted into triethoxysilane through hydration: 
 
Si + 3 SiH(OC2H5)4 + 2 H2    →  4 SiH(OC2H5)3 
 
Realization of this method will allow to return the tetraethoxysilane into technological 

process for increasing of the monosilane yield. 
Comparing to using of traditional catalysts, more effective can be implementation of 

plasma catalysis with use of nonequilibrium plasma generated by various types of electrical 
discharges. 
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Figure 1. Forecasted PV Feedstock Demand and Secondary Polysilicon Supple in  

Metric Tons by Year. 
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     Figure 2. Schematic of semiconductor grade silicon produced (Siemens process). 
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 Figure 3. Schematic of semiconductor grade silicon produced (Union Carbide). 
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       Waste 
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     SiHCl3 + 3C2H5OH → SiH(OC2H5)3 + 3HCl 
 
 
 
      Disproportionation & purification      
      Si(OC2H5)4   4SiH(OC2H5)3 → SiH4 + 3Si(OC2H5)4 
 
 
 
 
      Pyrolysis at 800-8500C      
         SiH4 → Si + 2H2     
 
 
 
 
Figure 4. Schematic of semiconductor grade silicon produced through monosilane in     
former USSR. 
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Figure 6. Existing Process for Production Silica Sols. 
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Introduction 
Due to its high refractive index, ZnS has been used as an anti-reflective coating for high 
efficiency solar cells.  ZnS is also common to many inorganic phosphors[1].  It should 
therefore be possible to fabricate fluorescing anti-reflective coatings with a ZnS type 
phosphor. A fluorescing anti-reflective coating would evolve longer wavelengths from 
shorter wavelengths, possibly increasing photo current since[2]:   

JL ∝ ∫λφ(λ)dλ 
We have shown that a ZnS type phosphor can be used to fabricate fluorescing anti-
reflective coatings.  However whether the luminescent coating increases or decreases 
photo generated current was not shown. 
 
Method:  Thin films of ZnS and ZnS:Cu,Al were resistively evaporated at 10-5 torr from 
a graphite crucible onto glass substrates at Arkansas State University (ASU). The 
evaporated films had a milky-brownish color on glass, perhaps due to preferentially 
evaporated trace CuxS which would inhibit luminescence. To check that the ZnS:Cu,Al 
films fluoresced, transmission through the glass substrate was analyzed with an Elmer 
Perkins Fluorescent Spectrometer model FS100. The results are shown in Figure 1 for a 
.64um thick film of ZnS:Cu,Al.  Figure 2 shows the relative percent energy absorbed and 
emitted on the excitation and emission bands of ZnS:Cu,Al [3].  Comparison of Figure 1 
and Figure 2 shows that the absorption and emission bands of the resistively deposited 
film correspond to the absorption and emission bands of the ZnS:Cu,Al proving that the 
resistively deposited films maintained fluorescence.  Thin films of ZnS:Cu,Al were than 
resistively evaporated at 10-5 torr from a graphite crucible onto etched p-type silicon 
substrates at ASU.  This was followed by PECVD deposition of 2.2um of SiO2.  2.2um of 
SiO2 was also deposited on etched p-type silicon substrates.  An Ocean Optics model 
OOII spectrometer was used to measure the reflectance off samples of SiO2 – p type Si 
(Figure 3) and SiO2 – ZnS:Cu,Al – p type Si (Figure 4).  The ripple in each figure is 
sequential constructive and destructive interference due to reflections at the two SiO2 

surfaces. Comparison of the two figures proves that the ZnS:Cu,Al is an effective ARC in 
the 550nm to 650nm range for the SiO2 – Si interface. 
 
A Gaertner L117 Manual Ellipsometer was used to measure the refractive index of the 
resistively deposited  ZnS:Cu,Al. The refractive index was 2.39 +/- .15, which is only 
slightly lower than the accepted value of ZnS refractive index for films in the .2um to 
.4um range[4].  It was assumed that ZnS and ZnS:Cu,Al have identical refractive indices 
at all wavelengths.  A Perkin-Elmer Lambda 19 spectrophotometer was used at ASU to 
measure absorbance vs. wave length for sample 017 of ZnS and samples 019 and 022 of 
ZnS:Cu,Al.  Ripple in the absorbance curves at longer wavelengths, due to consecutive 
constructive/destructive interference between the resistively deposited films and the glass 
substrate, was used to calculate the thickness [5] t of the ZnS film (t = .64um) and the 
ZnS:Cu,Al sample 019 (t =1.33um) and ZnS:Cu,Al sample 022 (t = .37um).  Absorption 
coefficient (α) vs. wavelength (λ) was obtained for the ZnS and ZnS:Cu,Al samples by 
dividing the thickness of each film into its spectrophotometer data: Figure 5 is ZnS; 
Figures 6 and 7 are ZnS:Cu,Al.  Since the transmittance through a film T = I e-αl, where I 
is the incident intensity and l is the film thickness, the α vs.λ 
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Figure 2: ZnS:Cu,Al Excitation/Emission 
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Figure 3 Reflectance w/o ZnS:cu,Al
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Figure 1 ZnS:Cu,Al Measured EX/EM 
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Figure 5 Absorption/length vs. Wavelength ZnS
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Figure 6 Absorption/lenght vs. Wavelength ZnS:Cu,Al
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Figure 7 Absorption/length vs. Wavelength ZnS:Cu,Al
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Figure 10 Modified AMO ZnS:Cu,Al 022
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Figure 11 Modified AMO ZnS:Cu,Al 019
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Figure 9 Modified AMO ZnS
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curves were applied as a filter to the AMO 
spectral distribution assumed incident on  
.125um thick films of ZnS and ZnS:Cu,Al.  In 
this way the modified AMO distributions for 
ZnS:Cu,Al (Figure 10 and Figure 11) and 
ZnS (figure 9) were generated.  Figure 8 
shows the AMO spectral distribution[2].  On 
(325nm, 625nm), ∫λφmod(λ)dλ for ZnS:Cu,Al 
sample 022 is 1.8% larger than for ZnS.  
However, on the same interval ∫λφmod(λ)dλ 
for ZnS:Cu,Al sample 019 is 1.5% smaller 
than for ZnS. 
 
Conclusions: 
Photo luminescent films of ZnS:Cu,Al were 
resistively  evaporated onto glass and p-type 
silicon substrates.  The films were shown to 
maintain fluorescence and act as anti-
reflective coatings for the glass-silicon 
interface.  Spectrophotometer data was used 
to generate modified AMO spectral 
distributions for light transmitted through 
.125 um films of ZnS and ZnS:Cu,Al and 
∫λφmod(λ)dλ was numerically determined on 
(360nm,630nm). However, no conclusion as 
to the sign of this integral can be made from 
this limited number of samples analyzed. 
Annealing the resistively deposited films in 
an inert atmosphere may drive the Cu and Al 
impurities into their equilibrium position 
within the conduction band to impurity level 
energy gap. Therefore annealing may increase 
the phosphors’ absorption and emission 
thereby increasing photogenerated current.  
Since copper and aluminum are problematic 
for long-term solar cell use, future work will 
also involve identifying ZnS type phosphors 
with smaller diffusion coefficients. 
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INTRODUCTION 
 

Hot-wire chemical vapor deposition (HWCVD) has recently been shown to be a 
promising method for fast, low-temperature epitaxy [1, 2]. We investigate the low-
temperature (<600ºC) epitaxial growth of thin silicon films by HWCVD on 
polycrystalline template layers formed by selective nucleation and solid phase epitaxy 
(SNSPE).  Previously, we showed that direct deposition by HWCVD on SiO2 produced 
small grains (~40-80 nm), even with the addition of H2 to a diluted mixture of 1% silane 
in He [3].  By varying the gas flow rates and the wire-to-substrate distance, we are now 
able to grow 300 nm thick epitaxial layers at T=400ºC on silicon [100] substrates with an 
H2:SiH4 ratio of 70:1.   Transmission electron microscopy confirms that the films are 
epitaxial with a periodic array of stacking faults.  SNSPE layers formed by the use of 
nickel nanoparticles as nucleation sites for the solid-phase crystallization of phosphorus-
doped amorphous silicon on SiO2 display grain sizes on the order of 100 µm, and have 
been successfully used as seed layers for epitaxial growth by molecular beam epitaxy at 
600ºC [4,5].    We will discuss the microstructural properties of epitaxial films grown on 
silicon substrates and SNSPE template layers and their suitability for photovoltaics 
applications. 
 
 
EXPERIMENT 
 
 Silicon films of 300 nm thickness were grown on silicon (100) and SiO2 
substrates and SNSPE templates by HWCVD using hydrogen and diluted silane in He at 
an H2:SiH4 ratio of 70:1 at a total gas pressure of 170 mTorr.  A tungsten filament of 0.5 
mm diameter was heated to 1850°C and placed 4 cm from the substrates.  These 
conditions were chosen to produce amorphous silicon films on SiO2, similar to those 
investigated by Seitz et al. [2].  Growth temperatures of 350°C − 450°C were chosen to 
investigate the effect of different levels of hydrogen surface passivation on the resulting 
epitaxial films.  Substrates were ozone cleaned for 10 minutes and HF-dipped; to reduce 
surface contamination, ultrahigh purity gas mixtures were used and the base pressure of 
the growth chamber was below 10-6 torr. 
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RESULTS 
 
 Cross-sectional transmission electron microscopy of films grown on silicon (100) 
substrates at 400°C confirms the presence of epitaxial growth, as shown in Figure 1.  The 
rough film-substrate interface is believed to have been caused by etching of the surface 
during growth by atomic hydrogen produced by the wire [3].  The roughened morphology 
of the silicon substrate in cross-section may be due to the presence of hydrogen platelet 
defects arising from the diffusion of hydrogen into the film during growth.  Epitaxy 
continues to a thickness of approximately 240 nm, after which the film becomes highly 
twinned.  The epitaxial films exhibit a periodic array of stacking faults which gives rise to 
the higher-order spots seen in the diffraction pattern in Figure 2.   

 
Figure 1.  Cross-sectional TEM of Si on Si (100) at 400°C.  (a) Interface between Si (100) and HWCVD 
epitaxial film.  What appear to be hydrogen platelet defects are evident in the substrate. (b) Films become 
highly twinned after a thickness of approximately 240 nm. 
 

 
Figure 2.  Selected area diffraction patterns.  (a) HWCVD film and amorphous glue layer.  (b) HWCVD 
film and Si (100) substrate.  (c) Si (100) substrate.  Higher order spots in (a) and (b) are due to a periodic 
array of stacking faults in the epitaxial film and twinning in the uppermost regions of the film.  

a b c
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 Epitaxial films on SNSPE templates were investigated through plan-view 
transmission electron microscopy.  The results, seen in Figures 3 and 4, are consistent 
with low-temperature epitaxy on the scale of the 100 µm grains of the SNSPE templates.  
Epitaxial breakdown is observed in the diffraction pattern of the HWCVD film, but some 
of the underlying higher-order diffraction spots are visible, making it likely that the 
underlying film has a morphology similar to that observed in the HWCVD films on Si 
(100).  The effect of the orientation of the underlying grain structure of the SNSPE 
template on the morphology of the HWCVD film can be seen in Figure 4. 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 3.  Plan-view TEM of HWCVD epitaxial film on SNSPE template.  (a) Selected area diffraction 
pattern from underlying SNSPE template.  (b) Selected area diffraction pattern from HWCVD film on 
SNSPE template.  (c) Bright-field image indicating selected area diffraction regions.  Inset: diffraction from 
entire area. 
 
 
 
 
 
 
 

a 
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Figure 4.  (a) Bright-field image of HWCVD film on SNSPE template showing selected area diffraction 
regions.  (b) HWCVD film on (100)-oriented grain.  (c) HWCVD film on grain of different orientation. 
 
 
CONCLUSIONS 
 
 Epitaxial films characterized by a periodic array of stacking faults have been 
grown at high hydrogen dilution by HWCVD on Si (100) substrates.  The limiting 
thickness for epitaxy is shown to be approximately 240 nm at a growth temperature of 
400ºC, after which the films exhibit a high degree of twinning.  Evidence has been 
presented for epitaxial growth on SNSPE templates with 100 µm grains.  Epitaxial 
growth on these templates could lead to the development of large-grained thin-film 
polycrystalline photovoltaic devices.  Future work includes efforts toward increased 
growth rates (currently only 0.05 Å/s) and evaluation of the minority carrier lifetimes of 
the SNSPE templates and resulting epitaxial films to determine their suitability for 
photovoltaic applications. 
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At present, there are two well-known techniques for silane 
production: simultaneous reduction and oxidation of trichlorosilane 
over a catalyst, and the reaction of silicon-containing alloy such as 
magnesium silicide with an acid aqueous solution. The former 
process, having the advantage of producing a high purity silane, 
involves a set of complicated steps that leads to high cost of the 
product. In contrast, the latter process is the best and the easiest to 
be realized among other methods because it requires neither 
expensive reducing agent, no low temperatures or elevated 
pressures. However, it poses a problem of low yield of silane. 

 This paper intends to report a process for production of 
silane, at a low cost and a high yield, suitable for forming thin layer 
silicon structures and high purity poly- and single crystalline 
silicon for a variety of applications, such as electronics and 
photovoltaics. The process of silane production, considered in this 
work, comprises the aluminothermic reduction of silica of 
industrial wastes, to obtain a silicon-containing alloy. The alloy 
used in the process is composed of at least two metals and silicon. 
Silane is produced under the interaction of silicon-containing alloy 
in the form of fine powder with hydrochloric acid at ambient 
temperatures. The reaction rate is very high and in average the 
reaction takes from several seconds to several minutes to be 
completed. The amount of the silane gas generated and identified 
as monosilane (SiH4) was found corresponding more than 80% of 
the silicon content of the alloy. The purification of silane may be 
carried out by known methods such as low temperature processing 
and by the use of adsorbent. It is noticeable that in unrefined silane 
only traces of diborane, the most hard-to-remove impurity, are 
detected. The advantages of this process are low energy 
consumption, high yield of silane, simple production steps that 
enable reduction of product cost, effective utilization of industrial 
wastes. 
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Bayer evaluated different ways for the production of solar grade silicon 
[1]. The technology stages in comparison with “Bayer process” are shown 
in Figure 1. 
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Abstract – Copper precipitates have been deliberately 
formed in single-crystal silicon wafers in order to 
study their impact on carrier lifetimes. The injection-
dependence of the measured lifetimes of samples 
with different dopant type and resistivity reveals the 
presence of both shallow and deep levels associated 
with the precipitates, in support of previous DLTS 
studies. Although such precipitates are expected to 
produce a continuous range of interacting energy 
levels, a simple model using only one shallow and 
one deep Shockley-Read-Hall recombination centre 
results in a consistent fit across all samples. 
 
1. INTRODUCTION 
 
Metallic precipitates are often a dominant 
recombination centre in multicrystalline silicon 
wafers, and are therefore of critical importance in 
solar cells. In general, these precipitates contain 
several different metallic species, as well as other 
impurities such as oxygen and carbon. Unfortunately, 
their diverse composition means that controlled 
studies of these ‘native’ precipitates are difficult. In 
order to learn about the recombination behaviour of 
precipitates, it is therefore desirable to study those 
that contain only a single metallic species.   
 
Recently, Sachdeva et al.[1] found that conditions 
which initiate precipitation of Cu in p-Si 
simultaneously give rise to a sudden decrease in the 
diffusion length. By contrast, the diffusion length 
decreases more evenly with increasing Cu 
concentration in n-Si, in which precipitation occurs 
easily, even for low Cu concentrations[2,3]. These 
facts suggest that, of the various possible forms Cu 
can take in Si, Cu precipitates tend to dominate the 
carrier lifetime when present. This dominance, 
coupled with the fact that the conditions that bring 
about precipitation are fairly well understood, makes 
them an ideal candidate to study precipitate-driven 
recombination. 
 
One of the most important electronic features of 
precipitates in general is that they produce states in 
the forbidden gap which occupy a range of energy 

levels, as opposed to discrete, single-energy states 
typically caused by interstitial metal atoms. Cu 
precipitates are no exception, as shown by modelling 
of DLTS spectra by Schröter et al., who identified a 
defect band from EC-0.2eV to EC-0.5eV[4-6]. They 
were also able to conclude that these states were 
‘band-like’ rather than localised, meaning that they 
interact with one another directly through carrier 
hopping.  
 
As a result, a rigorous recombination model for such 
distributed, interacting states would be quite 
complex. In this present study, we have approximated 
them with two non-interacting Shockley-Read-Hall 
recombination centres. The net impact of the 
interactions between the states and their non-discrete 
distribution are then lumped into a relatively small set 
of ‘effective’ energy levels and cross-sections. 
Despite the apparent crudeness of this simple model, 
the results indicate that it can indeed provide a good 
explanation of the measured injection-dependent 
lifetimes. 
 
2. EXPERIMENTAL TECHNIQUES 
 
Most of the Cu contaminated samples were prepared 
at the Australian National University (ANU). An 
additional sample from the University of California, 
Berkeley (UC) was originally prepared for Cu 
precipitation studies published elsewhere[1]. 
 
A critical aspect of preparing the samples is to ensure 
that most of the Cu is in fact precipitated in the bulk 
of the wafers, and not at the surfaces or present 
interstitially. As mentioned, bulk Cu precipitation 
occurs spontaneously in n-Si[7], even for low Cu 
concentrations, due partly to the position of the Fermi 
level causing the precipitates to be negatively charged 
or neutral. In p-Si however, precipitation only seems 
to occur when the Cu concentration exceeds a critical 
level that is approximately equal to the acceptor 
concentration plus 1016cm-3[7]. 
 
Hence, in this study, the n-Si sample contains a 
relatively low bulk Cu concentration of 1×1014cm-3, 
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while the p-Si samples have 3×1016cm-3 Cu to ensure 
precipitation in even the most heavily doped sample 
(1Ωcm, or NA=1.5×1016cm-3). A further p-Si sample 
(250Ωcm) with a lower Cu concentration of 
1×1014cm-3 is also included.  
 
The ANU samples were <100> FZ-Si implanted with 
70keV  Cu63 isotopes at 100°C to reduce the 
formation of an amorphous layer. Doses were chosen 
to give the desired bulk Cu concentrations after 
annealing. The implant was 3×3cm in size to allow 
accurate lifetime measurements. 
 
After implantation and cleaning, the samples were 
annealed at 900°C for 54 minutes to distribute the Cu 
evenly. At this temperature, the solid solubility limit 
of Cu in silicon is more than 1017cm-3, safely above 
the target values[8]. 54 minutes is sufficient for the 
Cu to diffuse 10 times the thickness of the thickest 
wafer, ensuring a uniform distribution within the 
wafer bulk. The samples were then etched to remove 
residual implant damage or Cu pile-up at the surfaces. 
 
For each resistivity, control samples were processed 
in parallel. In all cases the lifetimes of the control 
samples were at least an order of magnitude greater 
than those with Cu, meaning the latter are not 
affected by surface or Auger recombination, furnace 
contamination, or the lifetime of the starting material. 
 
The preparation of the sample from UC is described 
in detail elsewhere[1]. The most important features 
are that it was p-Si 12Ωcm CZ, prepared by dipping 
in dilute CuF2 solution and then annealing at 900°C.  
This resulted in a bulk Cu concentration of 
2.2×1017cm-3 (as determined by the solubility limit), 
sufficiently high to ensure precipitation after cooling. 
 
To passivate the surfaces, all samples were coated 
with plasma SiN films[9]. Lifetime measurements 
were then performed using the Quasi-Steady-State 
PhotoConductance technique (QSSPC)[10] coupled 
with a generalised analysis[11]. Since the sample 
prepared at UC was significantly smaller (100mm2) 
than the inductive coil used, special silicon samples 
of the same shape and size were prepared to re-
calibrate the apparatus.  
 
3. RECOMBINATION MODEL 
 
The Shockley-Read-Hall model provides a basis for 
calculating the injection-dependence of the carrier 

lifetime if the energy level and the capture cross 
sections of a defect are known. It is generally 
expressed in terms of the capture time constants for 
electrons and holes τn0 and τp0, which are related to 
the recombination centre density NSRH through 
τn0=1/(NSRH cn) and τp0=1/(NSRH cp). The parameters 
cn and cp are equal to the product of the thermal 
velocity and capture cross section for each carrier 
type. Details of the model can be found 
elsewhere[12]. 
 
In attempting to model the lifetime curves dominated 
by Cu precipitates, we have chosen two non-
interacting levels at the extremes of the range 
suggested by Schröter: EC-0.2 and EC-0.5eV. The 
values of cn and cp for each level are unknown, and 
have been treated as fit parameters. It should be 
remembered that, in general, the only parameters that 
can be unambiguously determined from such fits are 
the product of the defect density and cn or cp. Since in 
this case we do not know the precipitate density by 
other means, the parameters reported are only 
relative, not absolute. Hence we may only really 
determine the ratio of cn and cp. Furthermore, as 
mentioned above, since the two energy levels used 
only approximate the likely energy distribution, the 
ratio of cn and cp for each level should be thought of 
as an effective parameter. 
 
These limitations may at first appear to make the 
modelling somewhat pointless. However, there are 
two important constraints that make it less 
ambiguous. Firstly, the density of defects at the EC-
0.2 and EC-0.5eV levels are forced to be equal for 
each sample. This merely reflects the fact that the 
precipitates are considered to be physically identical 
in each sample. Secondly, since the capture cross-
sections are not expected to change either, the same 
set of cn and cp values are used for all of the samples. 
An important exception to this requirement is the EC-
0.5eV level in the n-Si case, as discussed below. 
 
Finally, the primary purpose of this modelling 
exercise is not just to determine cn and cp ratios, but 
to determine whether, at least for the case of Cu 
precipitates, the continuous distribution of energy 
levels can be reasonably well approximated by a 
single shallow and a single deep SRH level. This is 
highly relevant for future attempts to characterise 
precipitates. 
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4. RESULTS AND DISCUSSION  

Resistivity Type NA or ND

(cm-3) 
Fermi level 
EC-EF (eV) 

NCu  
(cm-3) 

NSRH  
(arb.) 

EC-0.2eV level 
cn (cm3s-1)          cp

EC-0.5eV level 
cn                cp

250Ω FZ 
" 

12Ω CZ 
1Ω FZ 

20Ω FZ 

p 
" 
" 
" 
n 

5×1013

" 
1.1×1015

1.5×1016

2×1014

0.78 
" 

0.86 
0.93 
0.31 

3×1016

1×1014

2.2×1017

3×1016

1×1014

3.3×1014

3.5×1012

7.5×1014

2×1014

1×1013

2.2×10-9

" 
" 
" 
" 

5.5×10-8

" 
" 
" 
" 

2.7×10-9

" 
" 
" 

2.2×10-10

1.6×10-10

" 
" 
" 

3.3×10-9

Table I. Parameters for the 5 samples in Figure 1 containing Cu precipitates. The parameters in italics are 
involved in the SRH fitting process. 
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Figure 1 shows the injection-dependent lifetime 
measurements for all of the samples in this study. The 
corresponding dopant densities, total Cu 
concentrations and fit parameters are shown in Table 
I. Note that the same energy levels and cn and cp 
values are used for all of the samples (except the n-Si 
wafer, as discussed below). The only parameters that 
are altered between samples are the dopant density, 
which is known, and the nominal recombination 
centre density (the same value is used for both energy 
levels). This final parameter simply shifts the curves 
vertically.  
 
The two energy levels used were EC-0.2eV and EC-
0.5eV. However, self-consistent fits are also possible 
with other pairs of deep and shallow energy levels. It 
is also difficult to unambiguously determine from the 
modelling if the levels are in the upper or lower band-
half, although the change of cross-sections observed 
for the n-Si sample, discussed below, strongly 
suggests they are in the upper half. The 250Ωcm p-
type sample allows us to state with certainty that the 
deep level must be further than 0.33eV from either 
band edge, while the shallow level must be at most 
0.33eV from either band. Future work with a larger 
range of samples, and combination with Temperature 
Dependent Lifetime Spectroscopy (TDLS)[12] 
performed at Fraunhofer ISE, will pinpoint the band-
halves and energy levels more exactly. 
 
Nevertheless, although limited at this stage, the 
results are consistent with those of Schroter et al., and 
tend to confirm that Cu precipitates are responsible 
for the poor lifetimes in both n-Si and p-Si in this and 
other studies[13].  
 
Importantly, the fact that the shapes of the curves are 
qualitatively correct for each resistivity indicates that 
the two-level SRH model describes the data well. An 

obvious feature is that the higher resistivity wafers 
show a hump-like shape. This reflects the fact that the 
shallow level at EC-0.2eV, which dominates in high 
injection, decreases the lifetime with increasing 
carrier concentration. In the more heavily doped 
samples, the shallow level has a much flatter 
dependence, although this is not clear in the measured 
data because high-injection could not be achieved. By 
contrast, the deep level, which dominates at low 
injection, causes a strongly increasing lifetime for all 
resistivities. This is indeed typical of many systems 
that involve simultaneous deep and shallow 
levels[12,14].  

Figure 1. Measured lifetimes for wafers of various
resistivities containing Cu precipitates, and two-
centre SRH model fits.  
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Figure 2 shows the relative contribution of the deep 
and shallow levels for the n-type sample. In this case, 
it was not possible to obtain a satisfactory fit with the 
cn and cp values used for the p-type samples, as 
shown on the Figure. For this sample, the Fermi level 
lies in between the two SRH levels, whereas in all 
other samples the Fermi level is well below both (see 
Table I). Since the charge state of the precipitate 
would therefore be different in the n-type sample, it is 
in fact physically reasonable to expect the capture 
cross sections to change. Specifically, this level 
would become more negatively charged, and 
therefore less attractive to electrons and relatively 
more so for holes. Consistent with this, the value of 
cn of the deep level used in the modelling decreased 
by an order of magnitude, while cp increased. It is not 
clear why the shallow level remains unchanged, since 
presumably it should also be affected by the change 
in charge. It should be kept in mind that the cross 
sections could be different again for differently doped 
n-Si, since the extent of charging would change.  
 
Another interesting aspect of the results relates to the 
250Ωcm p-type sample with low Cu concentration. 
As discussed above, it is not necessarily expected that 
the Cu would precipitate easily in such a sample. 
However, the lifetime curve can be accurately fitted 
using the same parameters as the other p-type wafers. 
It seems likely then that at least some of the Cu in 
this sample has precipitated, and that these 
precipitates dominate the lifetime. Note that the 

recombination centre density NSRH used to model this 
sample, which is proportional to the precipitate 
density, is two orders of magnitude lower than the 
sample with a greater Cu concentration. 
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5. CONCLUSIONS 
 
Irrespective of the complex nature of interacting, 
distributed energy levels associated with Cu 
precipitates in silicon, their impact on carrier 
lifetimes can be adequately described by two non-
interacting SRH recombination centres. A reasonably 
good fit was obtained using levels at EC-0.2 and EC-
0.5 eV, which correspond to previously identified 
upper and lower edges of Cu-related defect bands. 
This finding helps to confirm that Cu precipitates are 
indeed responsible for the minority carrier lifetime 
degradation in p-Si and n-Si. 
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ABSTRACT 

Electron Beam Induced Current (EBIC) and preferential etching techniques were applied to 
study intragrain inclusions in polycrystalline silicon sheet solar cell material. Subsequent 
Transmission Electron Microscope (TEM) measurements revealed the size and configuration of 
inclusions, extended defects generated in the vicinity of inclusions, and a unique void defect. Electron 
Energy Loss Spectroscopy (EELS) was used to identify the chemical composition of particles 
contained within a single void. 

 
INTRODUCTION 

Solar cells generate electricity from clean and inexhaustible sunlight without producing any 
contamination. For solar application, polycrystalline silicon is a promising candidate for its low fabrication 
costs while maintaining moderate conversion efficiency. The conversion efficiency of solar cells made with 
polycrystalline silicon is limited by not only grain boundary (GB) interfaces, but also intragrain defects 
(subgrain boundaries, dislocations, impurity precipitates, etc.) acting as recombination centers [1, 2]. This 
paper reports on the investigation of intragrain inclusions in polycrystalline silicon. 

 
EXPERIMENTAL 

AstroPower produces a polycrystalline Silicon-Film sheet used for the fabrication of solar cells.  The 
top of the sheet is P-type polycrystalline silicon with columnar grains, ranging in size from 100µm to 5mm.  
The total sheet thickness ranges from 600 to 800 µm [3]. The electrical properties were studied using EBIC 
measurements, performed in a Scanning Electron Microscope (SEM) operating at 30 KV with an electron 
beam intensity of 1 nA. After EBIC measurement, the samples were stripped of their Al contact layer and 
preferentially etched (Wright etch), prior to imaging with a Normaski microscope or SEM to reveal any 
structural defects. Finally, samples were thinned by ion-milling for TEM imaging and EELS analyses 
performed using a JEOL 2010F electron microscope. 

 
RESULTS AND DISCUSSION 

Figures 1 (A) and (B) shows Normaski and corresponding EBIC images of the same region, while (C) 
is a magnification of the area denoted by a box in (A), and (D) is an SEM image after Wright etch. From Fig. 
1 (B), it is clear that grain boundaries have various electrical activities, ranging from very weak to strong. 
However, the strongest recombination center observed by EBIC, see Fig. 1 (B), is the large dark intragrain 
spot. Preferential etching revealed this recombination center as an irregular-shaped depression, possibly 
originating from an inclusion. This assumption was confirmed by further study on the same set of samples 
using SEM, Fig.1 (D), with the core of inclusion clearly visible. Note that there are many dislocations 
surrounding this microdefect due to the associated strain field. Since this type of inclusion, exhibiting high 
recombination activity is commonly observed in the polycrystalline silicon sheet material, it is necessary to 
study its origin, composition, and electrical behavior.  

TEM was chosen for its high resolution and chemical identification capability. From the TEM images 
taken at different locations with various magnifications, see Fig. 2, the size of the inclusions may vary from 
20-100 nm and may even form agglomerates up to a size of 1 µm, while the local density may reach around 
20/µm2.  

 

205



 
 

 
Figure 1. Normaski and corresponding EBIC images on the same region are shown in (A) and (B), 
respectively, while (C) magnifies a part of (A) detonated by a box, showing the presence of inclusions of 
various sizes, and many surrounding dislocations. (D) is an SEM image taken on a different region. 
 

   
 
Figure 2. (A) dark field TEM image shows the size distribution of inclusions (20-100 nm), as well as their 
density. (B) and (C) are bright field TEM images of the inclusions of extreme sizes (large vs. small). Note 
the agglomerate of inclusions of about 1 µm in (B). 
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Figure 3. (A) shows a weak beam dark field image of one specific inclusion. There are grain boundary and 
dislocations in the vicinity of the inclusion. (B) is the magnified view of a section of dislocation network.  
 

We now focus our discussion on one specific inclusion inside the box in Fig. 3 (A), which is a weak 
beam dark field image, containing bright stress lines generated by the inclusion (the dark circle). With higher 
magnification, you can see that some of the lines are discrete dislocations forming low-angle GBs, see Fig. 3 
(B), others are continuous high-angle GBs, see Fig. 4 (A). The box in Fig. 3 (A) denotes the region shown in 
Fig. 4 at higher magnification. Note that the single inclusion is, in fact, a large void containing many small 
particles. The octahedral shape of the void suggests its possible origin: agglomeration of point defect during 
the rapid crystallization process. Subsequently, supersaturated impurities (O, C, and metals) heterogeneously 
precipitate along the boundary of the void.  

EELS analyses were performed on the void periphery regions indicated by the small black squares in 
the Z-contrast image of Fig. 4 (C). Qualitative chemical composition results of the EELS analyses are 
superimposed on Fig. 4 (A).  The major elements identified inside the particles are Si, C and O, indicating 
the possible chemical compositions of particles: SiC or SiOx. Note that C is also present in the neighboring 
grain boundary, resulting from C diffusion along GB. Transition metal Cr is found in some particles, as well 
as within neighboring grain boundaries. Note that the nature of the void was confirmed by a continuous 
EELS spectrum with no peaks identifiable. 

Since the Z-contrast imaging reveals local differences in atomic number of elements present, it is 
suitable for the study of the interaction between void and impurities. The white Z-contrast observed in Fig. 4 
(C) indicates the presence of impurities, whose Z is higher than that of the Si host, possibly transition metals, 
localized both within and outside of the void. If more specifically, we can see that heavy elements are mostly 
segregated within the small particles and surrounding GBs from the compassion of Fig. 4 (A) and (C). 
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Figure 4. (A) is a magnified dark field view of the region enclosed by a square in Fig. 3 (A), showing that 
the inclusion is actually a void enclosing many small particles. (B) and (C) are the corresponding bright field 
and dark field images, respectively, with (C) being a Z-contrast image whose contrast indicates some 
elemental differences. EELS analyses were also performed on regions with bright contrast in (C), and 
indicated by the arrows in (A). 
 
SUMMARY 

We have found a strong correlation between the results from TEM measurement and those from EBIC 
and preferential etching. Inclusions are chemically identified as SiC and SiOx, and rich with transition metals 
(e.g., Cr) as observed using EELS analyses. Due to the fact that extrinsic defects decorated with transition 
metals can behave as deep level traps, the inclusions should exhibit strong recombination activity, as 
confirmed by EBIC contrast. For the large inclusions, clusters of dislocations are generated in the 
neighboring region, due to the associated strain field, which is again consistent with the preferential etching 
study. 
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This research addresses the non-contact measurement of in-plane residual stresses in thin 

silicon sheet by two complementary infrared transmission systems. A full field infrared 

phase stepping polariscope with a fringe multiplier using a pair of partial mirrors 

developed at the Georgia Institute of Technology, and a scanning linear polariscope 

system which scans samples with a IR laser and records a point-by-point measurement 

developed at the University of South Florida.  As part of this study five samples of EFG 

silicon sheet grown by ASE Americas were measured by these two methods. The results 

show a good correlation between the two techniques with the same level and statistical 

variation in the residual stress distribution. 

 

 

Some of the details that have needed to be examined included the analysis of the 

influence of crystal anisotropy on the IR transmission in silicon. The photoelastic effect 

for the (100), (010) and (001) orientations was developed to describe the relationship 

between the stress and the dielectric impermeability tensors. For the (001) and (111) 

orientations, the stresses are related to the photoelastic parameters by an effective stress-

optical coefficient which may be angle dependent.  
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In addition, the thickness of the silicon samples was measured by an LH/F-200 SAM 

system which was developed as part of the research effort. A focused longitudinal 

acoustic pulse with a repetition rate of 20KHz was used to scan the samples while in DI 

water. The acoustic pulses are reflected from the front and back surfaces, received by the 

transducer and converted back to voltage pulses. Time-of-flight data were measured and used to 

obtain thickness maps on EFG wafers.  The maximum thickness variation caused by 

anisotropy is about 20%. 
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ABSTRACT 

 In this paper we discuss methods to obtain 
high dopant concentrations during processing of 
Si devices.  The possibility of increasing the 
solubility of B in Si by misfit stress is 
investigated. The enthalpy of B atoms is 
calculated, with and without stess, using density 
functional theory.  A second approach, the 
trapping of excess dopant atoms during 
deposition of Si, is also considered.  For this 
purpose, the enthalpies of several dopant species 
in sites near the surface are calculated. 

1 INTRODUCTION 

The design of efficient and compact Si 
devices can be facilitated by device processing 
simulations, provided the models are based on 
accurate kinetics to describe fabrication, 
including the diffusion and interactions of 
dopants and point defects [1].  In recent years the 
models of Si processing have improved 
significantly, due in part to data generated by 
quantum mechanics calculations based on density 
functional theory (DFT). 

 
    DFT calculations can also suggest new 

techniques for fabricating devices.  The trend in 
integrated circuit fabrication is to pack the chips 
with higher densities of components, requiring 
high doping densities to provide sufficient current 
flow.  We present DFT calculations of stress and 
its influence on equilibrium dopant 
concentrations that predict extremely large 
enhancements with biaxial stress from 
film/substrate misfit on the order of 1% [2].  
Higher equilibrium solubility reduces the fraction 
of implanted dopant atoms that are in clusters and 
precipitates, and hence electrically inactive. 

 

Another technique for doping at high 
concentrations is to deposit Si together with the 
dopant by chemical vapor deposition (CVD), or by 
co-deposition during molecular beam epitaxy (MBE) 
of silicon.  In this way, the dopant is inserted without 
the need for energetic collisions with the Si crystal 
lattice.  Therefore very little diffusion of dopant 
atoms or defects occurs, reducing the opportunity to 
form clusters and precipitates.  The incorporation of 
impurities during deposition is strongly enhanced by 
surface segregation, and for this reason we will 
examine the energies of several dopant atoms in the 
vicinity of the surface. 

2 STRESS AND B SOLUBILITY 

During the past two decades much attention has 
been directed towards the study of the electronic 
properties of strained Si, as it has become possible to 
grow epitaxial interfaces between lattice mismatched 
materials; e.g.  Si/Si 1-x Ge x heterostructures [3].  The 
Si-B binary phase diagram indicates that for 
temperatures lower than 1200oC, the solid solubility 
of B in Si is smaller than 1 atomic percent [4].  
Beyond this concentration, the excess B atoms form 
precipitates of the so-called SiB3 phase.  This phase 
has a complicated structure based on distorted boron-
rich icosohedral clusters [4].  Assuming that the B 
concentration is dilute, the phase boundary between 
the bulk Si and SiB3 phases is expressed as 

 
 [B]max = A exp{ -( ∆EB - µB - EF )/kT )},  
 

where    µB = [E(B3Si) – E(Si)]/3, and [B]max  is the 
maximum soluble B concentration in Si, EB is the 
energy of an isolated negatively charged B impurity, 
E(B3Si) and E(Si) are the total energies per atom of 
the B3Si and pure Si phases respectively, and A is a 
temperature independent prefactor which includes 
the vibrational entropy.  The explicit appearance of 
the Fermi level EF  is due to the charge of the B 
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impurity.  At finite temperatures, however, EF 
depends on the dopant concentration, and we can 
derive the expression  

           _____ 
[B]max=√Ani(T) exp{ −(∆EB −µB –Emid )/2kT } 
 

where ni is the intrinsic carrier concentration and 
Emid is the level at midgap [2]. 

 
We calculate the terms in the exponential in 

the above equation from first principles using the 
VASP plane-wave pseudopotential code [5] with 
Vanderbilt’s ultrasoft pseudopotentials [6], 
supplied by G. Kresse and J. Hafner [7].  To 
calculate ∆EB, we use a 128 atom supercell.  The 
experimental ESL of B over the range 900o to 
1325oC, exhibits Arrhenius behavior, i.e. [B] ∝ 
exp (-E/kT), where E = 0.73±0.04 eV [8].  We 
can thus neglect the variation with strain of A and 
the chemical potential µB, in expression for [B]max 
above. 

 
Figure 1a depicts the change in ∆EB and Emid 

with bi-axial strain.  It is shown that both these 
quantities depend linearly upon strain in such a 
way as to raise the B solubility for ε < 0. But the 
change in Emid with strain is an order of 
magnitude larger than the change in ∆EB.  Hence 
the strain dependence of the solubility of B in Si 
is determined to a large extent by the explicit 
response of the Si band stucture to shear stress. 

 
  Figure 1 shows both GW and LDA results 

for the strain dependence of Eg and Emid, from 
which we can conclude that LDA is very accurate 
for the strain dependence of the band structure of 
Si, in spite of its failure to correctly predict the Si 
band gap at equilibrium. 

 
The intrinsic carrier concentration ni in Si 

can be written as ni(T,ε) = ρ(T,ε) exp(Eg/2 kT), 
where ρ(T,ε) is a well-known function of the 
electronic density-of-states of Si, near the top of 
the valence band and the bottom of the 
conduction band. 

 
  
  
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 1.  (a) shows the strain dependence of Emid 
as well as ∆EB.   (b) shows the strain dependence of 
the band gap.  All energies are relative to the cubic 
phase. 

 
 
      

 
 
 
 
 
 
 
 
 
 
Figure 2. The enhancement of the solubility of boron 
as a function of strain at three temperatures.   
 

From the above equation for [B]max we can    
now calculate the strain dependence of the B 
solubility in Si (see Fig. 2a). We find that 
compressive bi-axial strain enhances the ESL of B 
dramatically. A 1% reduction in aparallel can raise 
[B]max by more than 150% at 1000oC.  This is a 
remarkable result. Calculations were performed 
omitting the dependence of the Fermi level on the 
strain, and these showed a mere 15% increase in the 
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ESL at 1000oC, with 1% bi-axial compression.  
The opposite effect is expected for positively 
charged dopants such as As, where tensile strain 
would be expected to increase solubility. 

3 SEGREGATION OF DOPANTS  

Though the solubility limit of carbon in Si is 
only about 3x1017cm-3 [9], films have been grown 
using MBE having concentrations as high as 
1022cm-3, or 20% [10].  Tersoff used an empirical 
potential to examine a possible explanation for 
this based upon an increased solid solubility near 
the surface, which is frozen in as the film grows 
[11].  He predicted an equilibrium concentration 
limit near the surface of around 3x1021cm-3, close 
to the MBE value above. 

 
Crystal growth is inherently a non-

equilibrium process, and trapping of a species at 
concentrations far above its maximum 
equilibrium value is always possible. The amount 
trapped will depend on the rate of crystal growth 
compared to the rate at which the impurity can 
diffuse away from the moving crystal surface.  
During MBE growth of Si with the co-deposition 
of dopant atoms, diffusion away from the surface 
is difficult or nearly impossible, since the 
evaporation rate for most dopants is small.  Either 
they accumulate on the surface, or they are 
trapped in the growing crystal.   

 
A high concentration of dopant present at the 

surface increases the probability for dopant 
incorporation at advancing step edges.  The 
energies of dopant atoms in sites near the surface 
can play an important role in trapping.  Relatively 
low energies in these sites permit the large 
surface accumulation of dopant atoms to become 
incorporated at high concentrations in this region.  
Then, as the crystal grows, and the potential 
energies of the dopant atoms increase, their 
ability to hop to lower energy sites closer to the 
surface is impeded by the presence of several 
crystalline layers. Dopants with the lowest 
energies in these sites are expected to exhibit the 
highest supersaturations in the crystal. 

 
We have calculated the energies of atoms at 

the surface sites by similar methods to those 
described above.  A 4x4x7 slab of silicon was 

modeled, using periodic boundary conditions in the 
lateral directions (see Fig. 3).   

 

 
 
 
Figure 3.  Atomic sites near the surface of a Si 

crystal.  U and L are the upper and lower atoms of 
the tilted surface dimer, 2 indicates atoms in the 
second layer, 3T and 4T the third and fourth layer 
sites below the trench, and 3D and 4D are the sites 
below the dimer.   
 

Energies obtained for dopant atoms in sites near 
the surface are shown in Fig. 4.  The symbols 
indicate the sites marked in Fig. 3.  We will discuss 
the differences in the behavior of the different dopant 
atoms in a forthcoming publication, together with 
comparisons with MBE data on trapping in excess of 
equilibrium solubilities.  But the tendency to 
segregate at near-surface sites is common to all four 
dopants.  It may be significant that the highest 
concentration relative to bulk Si solubility is found 
for MBE growth of C co-deposited with Si, since C 
has low energy surface sites, as seen in Fig. 4. 

4 CONCLUSIONS  

We have investigated two techniques to increase 
dopant concentrations in Si.  The first involves ion-
implanting B atoms into a strained layer of Si, grown 
epitaxially on the (001) surface of a slightly smaller 
pseudomorphic compound, such as ZnS.  We 
attribute this effect largely to the charge of the B 
impurity in Si.  

 
The second approach is to co-deposit silicon 

with the dopant atoms, using  CVD or MBE 
methods. Dopant atoms may be trapped in the 
growing crystal at concentrations up to five orders of 
magnitude greater than their equilibrium solubility.  
We examined segregation of the dopant at sites near 
the surface of the crystal, and found some sites near 
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the surface where the concentration of the 
impurity would be enhanced by several orders of 
magnitude.  Tersoff’s results showing that there is 
a tendency for dopants to segregate in this region 
is qualitatively correct, although the various 
dopant species have very different behavior  [11].  
Strong segregation implies that a large dopant 
concentration is in the region being encompassed 
by the growing crystal, therefore likely to be 
trapped. 
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Figure 4.  Energies of substitutional dopant atoms in 
sites near the surface, relative to their energies in the 
bulk Si.  See Fig. 3 for identification of the sites 
corresponding to the symbols. 
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Abstract 
In the European projects SOLSILC and SPURT, a process is developed for the production of solar grade silicon 
(SOG-Si) by carbothermic reduction of silica, based on very pure raw materials. The purity of the raw materials 
greatly reduces the requirements on purification of the silicon, from dopants and other impurities. This paper reports 
the technology used for the Si production, which is suitable for the available high purity silica and carbon materials. It 
also reports results from the carbon removal process, which brings the carbon content of the silicon from several 
hundred ppmw to below 5 ppmw. Finally, it discusses experiments on the allowable impurity concentrations in SOG-
Si feedstock for directional solidification. Segregation observed during directional solidification is better than 
previously published, and allowable concentrations of Fe and Ti are similar to what was previously published for 
monocrystalline material by Westinghouse Corp.  

1. Introduction 
The amount of feedstock required for silicon solar cells is increasing by several thousand metric tons per year. The 
two present sources of silicon for PV are limited: reject and waste silicon from the electronics industry is about 
constant and limited to 3000 mt/a, and the excess production capacity in the same industry is presently 10000 mt/a 
but expected to disappear in a few years. Therefore, around 2004 one or more sources of dedicated “solar grade 
silicon” (SOG-Si) must be available. Nevertheless, firm plans for large scale SOG-Si production plants have not yet 
been announced. 

There are two main approaches towards the production of SOG-Si: i) try to make the production and purification of 
(halo)silane precursor gasses and their pyrolytic decomposition into high-purity Si as low-cost as possible, or ii) try to 
produce Si by inherently low-cost metallurgical procedures – for example, carbothermic reduction of quartz.  

In the SOLSILC and SPURT projects, we are developing the production of SOG-Si by carbothermic reduction of 
silica, based on very pure raw materials. The purity of the raw materials greatly reduces the requirements on 
purification of the silicon, from dopants and other impurities. We have developed, at pilot scale, a Si production 
technology suitable for the available high purity silica and carbon materials. We have developed, at lab scale, a 
carbon removal process, which brings the carbon content of the silicon from several hundred ppmw to below 5 
ppmw. We are in the process of optimising and scaling up this technology. The price goal is below 20 €/kg.  

2. The SOLSILC Si production process 
The idea of using high-purity raw materials for production of solar grade silicon by carbothermic reduction has been 
followed before by several groups1. There are several ways in which the Si production in SOLSILC differs from these 
previous efforts. First, the SOLSILC route is the first to use both high purity quartz from natural sources as well as 
high purity carbon black, combined together in one process. In all previous work, either for at least one of the raw 
materials the purity was in fact not sufficient, or elaborate and probably costly purification methods were used 
(Table 1).  

 SiO2 carbon 
SOLSILC cleaned powder from natural quartz high-purity gas black 
Dow Corning lumpy quartz oil black 
Siemens molten+fibre leached quartz leached oil black 
Kawasaki leached water glass gas black 
Heliosil sand/lumpy quartz carbon black 
Table 1. Raw material characteristics of “direct reduction” projects.1 
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The result of the SOLSILC approach is that for acceptable costs, the impurity content of the raw materials is 
compatible with application as feedstock for ingot production. For the first time, raw materials are combined which 
have dopant (B, P) impurity levels below 1 ppm, and other contaminants in the 1-10 ppm range.  

Fig. 1. Schematic process sequence of production of solar grade silicon in SOLSILC. 
 
The second main difference of the SOLSILC Si production with previous attempts is the use of a two-step process 
(Fig. 1). Conventional Si production takes place in a submerged arc furnace, where the use of lumpy materials allows 
for the high gas flow rates (of CO and SiO) which occur during the process. High-purity raw materials in powdered 
form, however, have to be pelletized and are then less suitable for this conventional process. Consequently, the Si 
production has been separated in two process steps, the first producing SiC in a rotary plasma furnace (at Sintef, 
ref.2), and the second producing Si from this SiC in a submerged arc furnace (at ScanArc). Both these processes have 
been operated successfully, with the high-purity raw materials, at pilot scale. Within the available accuracy of 
chemical analysis (1-10 ppm) the first step does not add significant quantities of contamination. The submerged arc 
furnace and its environment are presently being upgraded for clean operation, to verify the same important issue for 
the second step of the process.  

3. The Si purification 
The liquid silicon which is produced by carbothermic reduction at high temperature (up to 2000 °C) contains a high 
concentration of dissolved carbon, usually several hundreds of ppm. Virtually all of this carbon has to be removed to 
make the Si suitable for ingot production. In the past this problem was tackled with a variety of techniques, varying 
from, e.g., plasma treatment to directional solidification.  

Fig. 2 a) process for carbon removal. b) results. 
 
Fig. 2a shows the approach to carbon removal in the SOLSILC process. First, during a controlled cool-down the 
excess carbon is precipitated as SiC and separated. This results in Si saturated with carbon at the melting point (~70 
ppmw). Next, by a combination of oxidative melt treatment and solidification, the carbon is reduced to less than 5 
ppmw. Fig. 2b shows results. Typical carbon concentrations which have been obtained in the final Si are ≤3 ppmw 
with a yield of 70%.  
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4. Evaluation of purity and requirements 
The Si produced via the SOLSILC route is meant to be suitable as feedstock for directional solidification or Cz 
growth (after remelting, the material would also be suitable for ribbon growth). Contamination from the quartz and 
carbon black can be up to the 1-10 ppm level, whereas the limits allowed in Si wafers are around the 1 ppb level or 
lower. Hence, the segregation of contaminants to the liquid phase which occurs during directional solidification (DS) 
is essential in order to produce solar grade ingots. Equilibrium segregation coefficients have been listed, for example, 
by Hopkins or Schei et al.3. The actual segregation approaches these values closely during Cz growth, but may be 
different for DS of mc ingots.  

To investigate this problem systematically, we have produced a number of purposefully contaminated ingots (similar 
to older work4). The feedstock for these ingots was electronic grade silicon doped with varying combinations and 
concentrations of contaminants either to simulate the quartz and carbon raw materials, or to provide model ingots for 
segregation and sensitivity studies of particular impurities. The ingots of ~10 kg were grown in a Bridgman-type 
directional solidification furnace at Sintef, according to industry-like procedures. The ingots were wafered by HCT 
AG and processed to solar cells in the industry-type process line at ECN5.  

Fig. 3a shows short circuit current density for two ingots: one made from electronic grade silicon, and one with 10 
ppmw Ti added to the Si feedstock for a Ti-sensitivity study. Fig. 3b shows the FeB profile6 in the uncontaminated 
ingot. With these ingots, the effective segregation during DS, and the effect of Ti and Fe on solar cell properties was 
estimated.  

Fig. 3 a) Jsc in mA/cm2 for uncontaminated feedstock (SOLSILC2, diamonds) and feedstock contaminated with 10 
ppmw Ti (SOLSILC3, squares). b) FeB concentration in the uncontaminated ingot SOLSILC2 from lifetime 
measurements. 
 
DLTS7 measurements of the Ti-contaminated ingot showed a number of traps, with concentrations of approx. 
1-3·1013 cm-3. Unfortunately the oxygen content in this ingot was high due to air leak-in during growth, but because 
oxygen traps are usually not visible in DLTS in p-type material, we attribute the traps to 0.34-1 ppbw of Ti. The 
effective segregation coefficient then follows to be approx. 10-4, decreasing to 2·10-5 cm as growth proceeds and gets 
slower. For comparison, the equilibrium segregation coefficient of Ti is 2·10-6. In agreement with DLTS, chemical 
analysis could not detect Ti within the detection limit of 20 ppbw.  

The IscVoc product of the cells from the Ti-contaminated ingot was 60% relative to uncontaminated reference cells. 
The work by Hopkins et al.8 reported a decrease to 60% relative efficiency for 1.7 ppbw Ti. Hence, these results do, 
at least, not disagree with each other. Another ingot from feedstock with 10 ppmw Ti as the main impurity and 
without the accidental oxygen contamination resulted in an IscVoc product between 70% and 80% relative to 
uncontaminated cells. 

The Fe in the uncontaminated ingot is due to solid state diffusion from crucible and segregated material in the top of 
the ingot. There are just four data points in Fig. 4b but the magnitude as well as the shape of the profile are also found 
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systematically in commercial material.9 A wafer at 90% of ingot length had such low lifetime (0.3 µs) that the 
concentration of FeB could not be determined reliably. Judging from the lifetime it was several times 1013 cm-3. 
These Fe-contaminated wafers were used to assess the effect of Fe on cell efficiency. The wafers in Fig. 4b with FeB 
up to 3·1012 cm-3showed no significant reduction of cell performance. For the wafer at 90% position the efficiency 
reduction is at most ~ 5% relative. Again this is in rough agreement with Hopkins.  

5. Discussion and conclusions 
Finally, we conclude on some implications for solar grade silicon feedstock. From DLTS it appears that the 
segregation of Ti in directional solidification is very good, much better than the sparse reports in literature10 suggest. 
We also conclude that the model curves from Hopkins so far give a reasonable prediction also for present-day mc 
material and processing.  

If we assume that the ratio of effective to equilibrium segregation coefficient for Fe will be the same as for Ti, this 
leads to the following requirement for feedstock for DS11:  

impurity upper limits, in ppmw in feedstock max allowable loss in cell 
efficiency (% relative) Ti Fe 
2 %  0.07 2.5 
5%  0.2 8 
10 %  0.4 25 

Table 2. Tentative requirements for Fe and Ti in SOG-Si feedstock for mc ingot growth 
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Abstract. A rapid anodic oxidation process was developed for precise iterative thinning of Si layers. After 
optimization of the electrolyte and oxidation parameters, a homogenous 100-nm thick oxide was formed 
within 6 min at 150V. Doping profiles were determined by measuring sheet resistance in samples that were 
intermittently thinned by anodic oxidation.  
 
INTRODUCTION  

Measurement of doping profiles in Si devices is extremely important to develop new and control 
current technological processes. The most commonly used methods to determine doping profiles in Si are 
Secondary Ion Mass Spectroscopy (SIMS), electrochemical CV-profiling (ECVP) and spreading resistance 
analysis (SRA) on beveled surfaces. These methods require complicated and expensive equipment and 
time-consuming sample preparation: polishing for SIMS and ECVP, beveling for SRA. Moreover, SIMS 
cannot measure the distribution of electrical carriers, both SIMS and ECVP are limited to very small areas, 
and SRA is only suitable for materials with a uniform planar impurity distribution.  

It is, however, often necessary to measure Si samples having a rough surface and/or macro planar 
heterogeneity of the carrier distribution, as for example poly- or multicrystalline Si wafers or sheets for 
solar cells. For this type of material one can use the four-point probe method similar to SRA on beveled 
surfaces. Obviously, for planar depth profiling, a reproducible thinning of the analyzed material is required. 
Theoretically, a very stable and slow chemical etching process can be used. Practically, however, this is not 
possible due to the uncontrolled etching rate at surfaces composed of multiple grains and having a 
complicated relief structure.  

Perhaps the best and the simplest solution for this case, is anodic oxidation of the Si surface followed 
by selective oxide etching. Anodic oxidation is reproducible, planar, orientation independent, and is 
practically independent on conductivity type as well as doping concentration. Also, it does not require 
complicated equipment. The main problem with anodic oxidation is a relatively long time (about an hour) 
necessary to form a reasonably thick oxide (about 100 nm) using electrolytes cited in the literature [1]. This 
work was aimed at developing of faster anodic oxidation through optimization of chemical composition of 
electrolytes and oxidation regime (applied voltage and final current). 
 
EXPERIMENTAL 

The setup for anodic oxidation is shown in Fig.1. 40 x 40 mm2 Si wafers with p- or n-type surface 
layers and different surface morphologies were used in this work. 

 

Pt-cathode

Electrolyte

A

Si-wafer
(anode)

Vacuum holder

U
+
_

Anodic oxide  
 

 Prior to anodic oxidation the wafers were cleaned using HF and dried with nitrogen. No visible residual 
layers were observed on the surface of the wafers after this cleaning. Anodic oxidation was performed in 
electrolytes with the following components: 

Fig. 1 Setup for anodic oxidation.  
The sample is held with metal vacuum 
tweezers from the backside. The front side 
of the sample is exposed to the electrolyte. 
Special precautions have to be taken to 
avoid the electrolyte creeping towards the 
vacuum tweezers on the backside of the 
sample such as often occurs when a high 
electrostatic field is applied.  
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(i) A component to provide a suitable ionic conduction in the electrolyte. In this work we studied a 
concentrated HNO3, 5 % tartaric acid aqueous solution, as well as nonaqueous (0.04N) solutions of 
KNO3 or NH4NO3.  

(ii) A component to decrease the dissolution of the anodic oxide. In this work ethylene glycol (EG) was 
used.  

(iii) A catalyst to accelerate the process of oxidation (optionally). Tungsten was used in this work.  
 The anodic oxidation process consisted of two parts (Fig.2): (a) a galvanostatic part (within 6 min in 
the optimized electrolyte) with a constant current density (J0) and increasing voltage from 0 V to VA, and 
(b) a potentiostatic part with a constant applied voltage (VA) and a current density falling from J0 to the 
final value Jf.  
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Fig.2 Current density and voltage vs. oxidation time 

in a (0.04N)-NH4NO3 : EG electrolyte with 
tungsten. 150 V is applied. 

Fig.3 Current density vs. oxidation time at 150 V 
in a (0.04N)-NH4NO3 : EG electrolyte 
showing the effects of including different 
amounts of  diluted tungsten. 

 
An important criterion for anodic oxidation, is the duration of the galvanostatic part. The drop in 

current indicates that formation of a continuous oxide film on the surface is complete. Though the oxide 
film continues to grow at lower currents, the growth rate decreases substantially. Also, as it was determined 
for anodic oxidation of GaSb [2], a lower Jf is advantageous for homogeneity of the oxide. However in this 
work, the homogeneity of the Si oxide after the end of the galvanostatic part was good (at least by a visual 
control), and we terminated the oxidation process at this point.  

After preliminary experiments without tungsten, we found that an electrolyte consisting of nonaqueous  
(0.04 N) solution of NH4NO3  in ethylene glycol provides the shortest galvanostatic part compared to 
electrolytes using HNO3, KNO3 or tartaric acid. Therefore, this electrolyte was chosen as the basis for 
further studies. In the text below this electrolyte is referred as “standard”.  

Fig. 3 displays the influence of diluting tungsten in the standard electrolyte on the oxidation process. 
The galvanostatic part in the standard electrolyte is reduced from 42 minutes to 6 minutes. The relative 
change of tungsten in the electrolytes was determined by Inductively Coupled Plasma Optical Emission 
Spectroscopy (ICP-OES). One can assume that tungsten works as a catalyst accelerating the process of 
oxidation.  

To determine the oxide thickness on polished Si wafers, spectroscopic ellipsometry measurements were 
carried out using a J.A. Woollam Variable Angle Spectroscopic Ellipsometer. For thinning of Si, however, 
not only the oxide thickness but also the amount of consumed silicon is important. The thickness of 
consumed Si was determined by performing a local oxidation, selective anodic oxide etching and 
measuring the step height between oxidized and no-oxidized parts. This thickness was found to be 
approximately 50 % of the oxide thickness. 

Voltage applied to the sample is the main parameter determining the thickness of the anodic oxide. The 
higher the voltage, the thicker the oxide. In general, anodic oxidation of Si is characterized by a relatively 
small thickness/voltage ratio of oxidation (several Ångströms per Volt) that is advantageous to study very 
thin layers. However, the process becomes time consuming when micron or more thick layers have to be 
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studied. Many oxidation steps are necessary in this case because application of high voltage (>200-250V) 
and thus using of larger steps is technically difficult. As it is shown below, not only the oxide thickness, but 
also the oxidation rate depends on applied voltage. Unfortunately, the oxidation rate decreases with voltage. 
Thus oxidation at high voltages results in thicker oxide layers, but the time involved might be unreasonably 
large.  

Fig.4 shows that the galvanostatic part of the oxidation process increases with applied voltage. The 
thickness/voltage ratio measured at the end of the galvanostatic part was determined to be approximately 
0.6 nm/V. As the duration of the galvanostatic part increases with the voltage, the growth rate of the oxide 
falls. Fig.5 demonstrates that the oxidation rate at 250 V is only one third of that at 100 V.  

This is important to consider in developing a Si-thinning process. For example, what is better for 
oxidation of 450 nm of Si: to make (i) less low-rate long-time high-voltage oxidations or (ii) more high-
efficiency short-time low-voltage ones? To oxidize 450 nm one needs to apply 450 nm / 0.6 nm/V = 750 V. 
This voltage can be composed from three 250 V (method A), five 150 V (method B) or ten 75 V (method 
C) oxidations.  

Let us assume that the post-oxidation processing that includes selective etching of the anodic oxide, 
rinsing, drying and adjustment for the new oxidation requires 5 min. According to Fig.5, three 250 V 
oxidations will last 3 x 23 = 69 min, five 150 V oxidations – 5 x 6 = 30 min and ten 75 V oxidation – 10 x 
2.4 = 24 min. As method A requires three post-oxidation processes, the total process time is 15 + 69 = 84 
min. For method B which requires 5 post-oxidation processes, only 25 + 30 = 55 min will be necessary. 
Though oxidations in method C require the least time, 10 post-oxidation processes are necessary making 
the total time of 50 + 24 = 74 minutes. Thus method B is optimal for the above example. In this work, the 
voltage of 150 V was normally used for the depth profiling. 
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Fig.4 Current density vs. oxidation time in an 
optimized (0.04N)-NH4NO3 : EG electrolyte 
at different voltages. 

Fig.5 Duration of the galvanostatic part and 
oxidation rate vs. applied voltage in an 
optimized (0.04N)-NH4NO3 : EG electrolyte.  

 
 

SHEET RESISTANCE AND DOPING PROFILING IN SILICON 
Diffused emitters formed by phosphorous or boron diffusion into p- or n-type Si, respectively, were 

studied by the above-described method. Four-probe measurements were carried out after each 
oxidation/etching step. Figure 6 shows an example of the sheet resistance profile of an n-type B-diffused 
emitter with a surface roughness of about 5-10 µm. As the highly doped layers near the surface are 
removed during the oxidation/etching, the sheet resistance increases. A sharp drop in resistance is observed 
when the base layer is reached, thus showing the position of the pn-junction. This was verified by 
measuring the polarity of the sample with a thermoelectric probe. Similar profiles were obtained for single 
crystal and polycrystalline P-diffused emitters with a surface roughness of about 5-10 µm and 50-60 µm, 
respectively. 
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Fig.6 Distribution of sheet resistance in a boron-
diffused layer obtained by means of the 
anodic oxidation depth profiling. 6-min long 
steps at 150 V were used. 

Fig.7 Carrier concentration in a boron-diffused layer 
(different from shown in Fig 6) determined by 
means of the electrochemical CV and anodic 
oxidation depth profiling. 

The resisitivity ρi of the layer removed at an i-step can be calculated as follows: h
RR ii

i ∆−=
−

)11(
1

ρ , 

where Ri is sheet resistance of the layer removed at an i-step and ∆h is a thickness of the removed layer (45 
nm in our case). To determine the concentration of holes or electrons in the layers from ρi values, one can 
use the Solecon calculator [3] that is based on carrier mobility values derived by W. Thurber et al.  

To check the accuracy of the above-described method, some samples were measured by means of 
anodic oxidation depth profiling and electrochemical CV-profiling. The latter was performed using the 
newest CVP21 profiler from Dage Electronic Europa-Vertriebs GmbH [4]. Both methods showed 
practically the same depth of the pn-junction (about 600 nm) and a good match in carrier concentration 
(Fig. 6).    
 
CONCLUSIONS 

A rapid anodic oxidation process of silicon was developed. Due to optimization of the electrolyte and 
oxidation regime, a homogenous 100-nm thick oxide was formed within 6 min at 150V. The rapid anodic 
oxidation can be successfully used for depth profiling of silicon wafers without complicated and expensive 
equipment. In addition, wafers with rough surfaces and heterogeneous distribution of doping can be 
studied. 
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ABSTRACT
Direct writing of solar cell components is an
attractive processing approach. We have
fabricated a 6.8% Si solar cell using silver ink
based electrodes.  Ohmic contact through the
antireflection (AR) coating was obtained with
pure Ag electrodes at 850 0C.  We also report on
highly conductive silver metallizations and initial
results on direct-write TCO demonstrating a 100-
micron spatial resolution produced by inkjet
printing.

INTRODUCTION

A key issue in developing next
generation photovoltaics is the ability to develop
low cost production techniques and maintain or
improve device quality.  Ink jet printing of
metalorganic (MO) and nanoparticle based inks
as precursors potentially offers the ability to
deposit high quality electronic materials with the
desired spatial resolution [1].  Versatility in the
formulation of the liquid inks allows fine tuning of
the compositions and control of doping levels of
the materials produced so as to optimize the
device performance.

We have previously demonstrated silver
layers with conductivities near bulk that were
spray-printed from solutions of MO precursors
and from composite MO/nanoparticulate silver
precursors [2].  Using composite precursors
results in much greater deposition rates.  In both
cases high adhesion strength to Si and to glass
substrates was obtained without employing
adhesion promoters such as glass frits or metallic
adhesion layers.

For direct write contacts to be useful in
photovoltaics applications they must form a low-
resistance ohmic contact with the underlying
semiconductor through any intervening layers.
This requirement is especially challenging when
the contact is fabricated on top of an
antireflection coating such as the typically
employed Si3N4[3].  In screen-printed contacts
glass frits are incorporated in the Ag paste.
These frits are believed to “burn” through the
insulating layers at relatively low temperatures
(~700 0C) facilitating ohmic contact between Ag
and Si [4].  Analogously, nanosized glass frits
could be incorporated in the Ag inks for inkjet and
spray printing.  In our initial experiments,
however, we used pure MO-silver inks and
studied the effect of high temperature annealing
on contact resistance.  Here we report on inkjet

and spray-printed silver contacts to Si solar cells
with and without Si3N4 AR layers.

Transparent conducting oxides (TCO)
represent another key solar cell component
especially for thin film solar cells. These may also
be amenable to direct write processing.  MO inks
or colloidal nanoparticle suspensions can be
developed based on known precursors for
virtually all known TCO compounds.  Here we
also report on initial results on the direct writing of
transparent conducting oxides.  ZnO and SnO2

were successfully printed from concentrated
colloidal nanoparticulate precursors.  In addition,
MO precursors containing both In and Sn
sources were employed to directly deposit
conducting ITO films.

SPRAY-PRINTED CONTACTS TO Si

Silicon substrates with a diffused p-n junction,
with and without a Si3N4 AR layer were provided
by Evergreen Solar.  The substrates were briefly
etched in 10% aqueous HF prior to Ag
deposition.  MO (MO) silver inks were prepared
by dissolving 2 mol (4.2g) of silver-
(hexafluoroacetylacetonate)(1,5-cyclooctadiene)
(Ag(hfa)COD) in 5 ml of toluene.  1mm thick Ag
layers were spray-printed from the Ag-MO ink
onto heated substrates at 400 0C in air using a
hand-held Vega 2000 airbrush. TLM grids (Figure
1) were patterned from the sprayed silver layer
using photolithography and chemical etching in
concentrated nitric acid.

Figure 1. TLM pattern of Ag contacts fabricated
on the n-type surface of Evergreen Solar material
(the image is 2x).

For Si substrates without the AR
coating, an ohmic contact with relatively low
contact resistance of 0.4 mW•cm2 was formed
immediately during Ag deposition.  For the
substrates coated with silicon nitride, the Si3N4

dielectric layer electrically insulated the as-
deposited silver contacts from Si and each other.
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No current could be initiated between the contact
pads by application of an external voltage up to
20 V, above which breakdown of the insulating
layer was observed.

After the initial electrical testing, the
samples containing AR coatings were annealed
in a tube furnace in air at 600 0C, 750 0C, 800 0C
and 850 0C for times ranging between 2 min and
1 hour.  Due to surface tension phenomena, the
originally continuous Ag layers broke into islands
in the course of firing (SEM Figure 2).  To form a
continuous contact, another 2-micron thick layer
of Ag was spray-printed on top of the already
fired Ag pattern at 400°C and patterned using
photoresist and etching, as before. Annealing at
temperatures between 600 0C and 800 0C for a
period of time from 2 minutes to 1 hour did not
result in formation of ohmic contact, however the
breakdown voltage for the annealed films was
reduced to 1 V.

Figure 2. Ag layer breaks into isolated balls in the
course of annealing at elevated temperatures

Ohmic contact between Ag and Si was obtained,
however, in the samples annealed at 850 0C for
times as short as 5 minutes.  The best contact
resistance achieved was 4 mW•cm2.  Following
the contact resistance measurement, the Ag
layer was removed by a prolonged etch in nitric
acid, revealing the surface of the substrate under
the contact.  The signs of the interaction between
the substrate and Ag layer were evident by
microscopic examination (Figure 3).

Electrode area

Open AR area

Figure 3. Optical micrograph of Ag printed on
Si3N4-coated Si, annealed at 850°C and then
etched, showing that the ink derived Ag burned
through the AR coating.

An experimental 1cm2 solar cell was
prepared with spray-printed Ag contacts.  The Ag
grids were fabricated in a similar fashion as the

TLM patters described above (Figure 4). The
back Al contact (1 mm thick) was deposited by e-
beam evaporation after the first Ag grid was
fabricated and prior to the high-temperature
annealing step.  The front and the back contacts
were co-fired at 850 0C for ~ 10 minutes.

1 cm

Figure 4. Si solar cell fabricated with spray-
printed Ag burned through the silicon nitride layer

This resulted in simultaneous alloying and ohmic
contact formation of the front and the back
contacts with Si.  Again, the Ag layer broke into
isolated islands in the course of the annealing.  A
second Ag layer was spray-deposited and
patterned over the original grid in order to provide
continuous front contact.  The performance
parameters of the fabricated cell are enumerated
in the Table 1.

Table 1. The performance parameters of the cell
with spray-printed front contacts.

Voc 0.5476 V
Jsc 26.762 mA/cm2

FF 46.16%
Eff 6.76%

The low fill factor (FF) is probably due to high
series resistance resulting from insufficient
thickness of the front and back contact
metallizations.  This initial experiment
demonstrates the feasibility of printed Ag
contacts on Si solar cells and shows significantly
that the metal-organic ink is capable of burning
through the AR coating to form a low-resistance
ohmic contact.

INKJET-PRINTED SILVER ELECTRODES

The MO Ag inks were printed using a Microfab
drop-on-demand inkjet printer.  In this system the
drops are stimulated at the tip of a glass capillary
by an acoustic wave produced by a piezoelectric
actuator.  The frequency, and to some degree,
the volume of the generated drops, can be
controlled by an operator.  Such flexibility in
printing parameters helps in controlling
deposition rate and resolution of a printed line.
When printing parameters are optimized, the
most important factors that limit the line
resolution are the size of the drop-generating

10 mm

224



orifice and the wetting properties of the ink on the
surface of a substrate.  Our MO Ag inks
(Ag(hfa)COD in organic solvents) were printed on
glass, Si and Si3N4 coated Si substrates using a
50 mm jet. The best line resolution (100 mm)
(Figure 5) was achieved with butanol-based ink
(highest viscosity solvent) printed on heated (120
0C) glass substrates.

Figure 5. Individual 100 mm Ag drops printed on
glass at 120°C with the Microfab inkjet printer
using Ag(hfa)(COD)/butanol ink.

The printed precursor lines turned into
pure Ag during the following annealing step at
250 0C in air.  The toluene-based inks
demonstrate lower resolution but may be printed
at temperatures above that required to
decompose the precursor, thus directly producing
Ag patterns without the need for postdeposition
annealing (Figure 6).

Figure 6. 300 mm wide Ag line printed on glass at
200 °C with the Microfab inkjet printer using
Ag(hfa)(COD)/toluene ink.

The homogeneous MO inks are very
compatible with the inkjet-printers.  High quality
conducting lines are produced with MO inks, but
the deposition rates are rather low (300Å - 500Å
per pass). Thus we are developing alternate
precursors that are capable of higher deposition
rates.  Two approaches are currently being
evaluated.  One is using alternate MO precursors
capable of higher solubility in suitable solvents.
Second is using concentrated suspensions of Ag
nanoparticles.

Applying the former approach we have
attained concentrations of up to 8M of Ag with a
Ag-trifluoroacetate precursor in water.  This is
four times higher concentration than that attained
for (silver-(hexafluoroacetylacetonate)(1,5-

cyclooctadiene) and should lead to deposition
rates up to 2000Å per pass.  The new
concentrated ink was printable by inkjet and
demonstrated pure silver deposits upon
decomposition in air at 250 0C.  Poor wetting of
the substrate by the ink in our original printing
experiments led to non-uniform distribution of the
printed precursor making it difficult to evaluate
the average thickness of the Ag deposit. Follow-
on work will focus on optimizing ink rheological
properties and the substrate surface to produce

uniform layers.
Key to the latter approach is stabilizing

concentrated Ag suspensions.  A certain degree
of agglomeration would be tolerable, however
aggregates with sizes greater than 5 microns
would constrict the flow of the precursor through
the orifice of the inkjet reducing line resolution
and increasing the chance for clogging of the
orifice of the inkjet.  Surface stabilization of the
nanoparticles with organic surfactants may
alleviate the agglomeration through stabilizing the
suspension of the nanoparticles.  Developing
stabilized nanoparticle inks has a potential to
result in much greater deposition rates than the
highest possible for MO precursors.  Initial results
with composite nanoparticulate/MO precursors of
Ag have shown that it is possible to attain up to
10 µm thick layers with conductivities within
factor of two of that for bulk Ag.

INKJET-PRINTED TCO

Water-based colloids of ZnO and SnO2 from
NYACOL were printed on Pyrex glass substrates
at 125 0C and 800 Hz deposition rate (800 drops
per second).  Narrow (100 mm) and thick (5 mm)
lines were printed in a single pass (Figure 7).  As-
printed pure ZnO and SnO2 particulate
precursors are not conductive.  Annealing in a
reducing atmosphere as well as introducing
doping elements (such as Al for ZnO and F for
SnO2) via intermixed MO compounds will be used
to control the doping level in the printed oxides.
In this approach, small amounts of water-soluble
MO precursors are added to the colloidal
suspension. The MOD reagent is uniformly
dispersed in the colloid providing a uniform
supply of doping elements.  When printed and
annealed above the decomposition temperature
of the MO precursor the dopant is free to diffuse
into the oxide particles.  Also during the anneal
the individual particles sinter together in a
conducting continuum.  For nanoparticles this
occurs at lower temperatures than normal
because of surface energy considerations. Both
reducing anneal and doping via MO will increase
carrier concentrations and thus improve
conductivity of the printed TCOs.

Conducting ITO films were also printed
from a commercial (CHEMAT) MO ITO precursor
in hexanes.  100 mm lines of the precursor were

100 mm

100 mm
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printed at 50 - 75 0C on Pyrex glass slides.
Rectangular patterns of the precursor were
produced by printing individual lines with 20-
micron overlap.

Figure 7. 100 mm SnO2 line printed on glass at
125°C with the Microfab inkjet printer using
NYACOL colloidal tin oxide precursor

The printed precursor patterns were decomposed
by annealing in air at 300 0C.  The solid and
transparent 1000Å thick films thus produced had
a resistivity of 300 Ohm•cm.  Annealing in air at
700 0C significantly improved the resistivity
reducing it to 0.03 Ohm• cm.  A further
improvement in resistivity down to 0.004
Ohm•cm was achieved with a one-hour reducing
anneal in argon at 400 0C.
With these initial experiments, we demonstrated
that low resistivity transparent ITO patterns can
be inkjet printed from MO precursors.  Also high
deposition rates and good resolution were
obtained for colloidal TCO precursors.

SUMMARY

Metal contacts and transparent conducting oxide
layers were printed from MO and nanoparticulate
precursors.  High quality materials can be
achieved by printing liquid precursors under
atmospheric conditions.  Using direct write
techniques such as inkjet printing may eliminate
expensive steps of vacuum deposition,
photolithography and etching, significantly
reducing the cost of solar cell fabrication.  In
addition, the ability to control the composition of
the precursors in real time can lead to
tremendous flexibility in controlling the
conductivity and doping levels spatially.  Ink
formulation and process optimization are
underway to produce higher quality materials and
more efficient devices by direct write techniques.
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Abstract: We present a correlation of Microwave Photoconductance Decay minority carrier 
lifetime with dislocation density in high purity Float Zone silicon. Electron Beam Induced 
Current (EBIC) images were carefully aligned to lifetime maps and depth profiling of individual 
defect electrical activity was done by varying the bias of Schottky diodes. The data presented 
provides a relationship between lifetime variations and EBIC contrast, based on dislocation 
density and impurity decoration in the near surface zone. 

INTRODUCTION 

Although Float zone (FZ) Si ingots grown in NREL are pure and have the highest 
minority carrier lifetime [l], they suffer high yield losses due to breakage and mechanical failure 
during PV device processing. As a means to merge the benefits of both high lifetime FZ and the 
mechanically tougher CZ wafers, a joint NCSU/NREL program is underway using combinations 
of oxygen and nitrogen doping to maintain the high minority carrier lifetime, while improving 
the hardness by blocking dislocation movement. We report on longitudinal (parallel to growth 
axis) and radial changes in dislocation density and electrical activity in connection to minority 
carrier lifetime. Previously, dislocation “lineage” were revealed by x-ray topography (XRT) 
imaging and a correlation was established with Microwave Photoconductance Decay (PCD) 
carrier lifetime [2]. As expected the highest lifetimes correspond roughly to areas of lowest 
dislocation density. In this poster, the dislocations are examined via EBIC imaging in connection 
with lifetime variations due to the level of dislocation impurity content. 

RESULTS AND DISCUSSION 

The measured lifetime distribution in the top portion of a longitudinal slug cut fiom a 
dislocated FZ Si ingot, on which a Schottky diode array was made, is given in Fig. 1. Note that 
most of the lifetime distribution is between 100 to 300 ps, while the maximum is about 400 ps. 
The EBIC images in Fig. 2 were obtained with a variable. bias in a region with -1 70 ps lifetime. 
Since the contrast of EBIC images is lowered in the bulk, see Fig. 2(d), we conclude that the 
dislocations in the near surface are contaminated. According to C-V measurements it appeared 

urities introduced in the material at room temperature diffused about -3 pm depth 
slocations. Impurity fiee “clean” silicon dislocations are not expected to act as 

carrier recombination centers at room temperature [3,4] and, therefore, are not visible with room 
temperature EBIC. The fact that the imp duced during room temperature 
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polishing of the surfaces limits their extent in the bulk, as verified with the variable bias EBIC. 
The extrinsic impurities were identified with DLTS, which showed that Fe exists at a level of 
1E13 to 2E14 cm-3 and Cu at a level of 1E13 cm” [ 5 ] .  

Fig. 1 : (a) Lifetime map and (b) histogram of dislocated FZ sample cut from the region close to 
the ingot neck with superimposed the image of the diode array used in EBIC 
measurement. Note that the bar at 430 ps in the histogram represents the accumulated 
measured lifetimes above that value. 

Fig. 2: EBIC images of a diode taken at different bias voltages. The diode is located in the ingot 
neck Dortion. in a region where the lifetime is about 170 ps, diode E2 in Fig. 1 (a). 
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d in the ingot bottom region di neck region in that 
low lifetime does not simply suggest a high disl different type of 
dislocations leading to different characteristics of the EBIC contrast and 
wider extent of the recombination centers indicate d impurity gettering 
ability. The shape and the contrast of the EBIC features can provide information on the 
dislocation character. 

A B C D E F G H I J K L M  

As shown in Fig. 3, the left is characterized ith a low lifetime - 70ps 
(diode A8) and a high dislocation density [2]. Dislocation multiplication may have occurred by 
interaction wih small impurity clusters which also reduce the lifetime and the EBIC baseline 
current, compare Fig. 4(a) to Fig. 4(c). The EBIC contrast of features in diode D7 appear 
sharper, many of which are circular or linear in shape, see Fig. 3@), while the EBIC spots in 
diodes A8 and K4 appear weaker, and in the case of A8 more diffise. It should be noted that the 
less sharp EBIC features (due to dislocations decorated with extrinsic impurities at the top 
portion) occur in a region (i.e., AS) where the lifetime is intrinsically low . 

In the low dislocation area K4 the contamination is also present in the near surface 
(sensed by the dislocation carrier recombination activity) and the bulk is relatively cleaner than 
A8 region, according to the higher EBIC background current and the higher pPCD lifetime. 
Nonetheless, the shallow contaminati s the bulk lifetime component when 
measured by pPCD. 
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CONCLUSION 
The minority carrier lifetime correlated previously with XRT images, is further studied in 

connection to EBIC data. The EBIC measurements at various biases have shown that a 
contamination occurred in the first 2-3 microns at most. This shallow contamination, was 
instrumental in decorating the dislocations which then allowed electrical evaluation of the 
dislocations strength and electrical activity field and the correlation with minority carrier 
lifetime. Indeed, the dislocation EBIC related features exhibited a characteristic shape that is 
location-dependent and varies with lifetime regions. In the highly dislocated region of the ingot 
neck, the lifetime is the lowest, while in region D7 of moderate lifetime (in the middle of the 
bottom of the ingot) dislocations appear as strong gettering center. Finally, in the low 
dislocation density region (54) the lifetime is intrinsically high, due to a lower density of 
gettered impurities. Thus the lifetime degradation is proposed to be not caused by the 
dislocations only, but also to the distribution of impurities. 
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ABSTRACT 

The objective of this work is to investigate various silicon-metal eutectic systems that selectively 
retain detrimental impurities, such as Ni, Co, Fe, Cr, in the melt so that silicon may be purified.  We 
studied possible interactions in the melt and in the silicon crystal between impurity elements and solvent 
metals that lead to reduced or enhanced impurity partition relative to the respective silicon-impurity 
binary systems.  Systems such as Al- Si, Cu-Si, and In-Si show promises of reduced impurity 
incorporations in recrystallized silicon, which are good candidates for further investigation besides Ga-Si, 
Au-Si, and Ag-Si.  
 
INTRODUCTION 

One of the major issues facing PV manufacturers today is the supply and cost of solar-grade silicon 
(SoG-Si) with low detrimental metal impurity concentrations.  As we reported in a previous publication 
[1], a novel approach to purifying metallurgical grade silicon (MG-Si) in lieu of the conventional 
distillation of chlorosilanes is silicon-metal solution growth.  Figure 1 shows a simple phase diagram of a 
binary silicon-metal eutectic system.  As the temperature is lowered from above the liquidus line, silicon 
precipitates out along the left axis with a low metal content according to the metal’s solubility in silicon at 
the liquidus/composition interception temperature.  

When solidifying silicon from an almost pure 
silicon melt, impurities contained in the silicon 
melt also incorporate into the silicon lattice 
according to their respective impurity-silicon 
binary solubilities at the silicon melting point. 
However, if we use some metals as solvents to 
dissolve silicon, one can recrystallize silicon at a 
much lower temperature and impurities contained 
in the silicon-metal solutions will also incorporate 
at the lowered temperature.  The use of a metal 
solvent dilutes these impurities in MG-Si, thus the 
incorporation into the recrystallized silicon will be 
proportionally less.  Furthermore, most impurities 
exhibit retrograde solubility in silicon with peaks 
around 1300°C.  Some of the most harmful 
elements in metallurgical-grade silicon such as, 
Ni, Co, Fe, and Cr, have their solubility in silicon 
decreased by more than one order of magnitude 
from that at the silicon melting point if the 
crystallization is done at temperatures below 
800°C instead.  Many metals form eutectics with silicon at much lower temperatures than the silicon 
melting point.  These include Ag, Al, Au, Cu, Ga, In, Sb, Sn, Zn, etc.  One would prefer those of which 
with low or no detrimental effects on solar cell performances and with moderate slope of the liquidus line 
to afford fast recrystallization of silicon.  

Tm
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L 

Figure 1 – Simple binary eutectic phase diagram 
for a silicon-metal system.  Arrows illustrate 
growth along liquidus curve yielding 
precipitation of Si.  
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Interactions between an impurity and the metal solvent in a silicon-metal solution could change the 
impurity’s chemical potential, thereby altering its partition coefficient.  An attractive interaction retains 
the impurity in the solution by the solvent, and vice versa.  These can be studied by means of the regular 
solution model in combination with experimental data. 

In addition to dilution and interaction effects, a third mechanism could account for the reduced 
incorporation of some electrically active impurities into the silicon lattice.  The law of mass action or 
Fermi energy level restriction reveals a type of interaction between an ionized impurity and the 
electrically active solvent element in the recrystallized silicon.  This phenomenon could lead to either 
reduced or enhanced impurity segregation coefficient depending on the impurity’s defect energy levels 
and the silicon Fermi energy level that is determined by incorporation of the solvent metal. 

  
CRYSTAL GROWTH 

 Bulk crystals of silicon were grown in 
a 10kHz induction heated furnace with a 
charge size nearly 300g (Fig. 2).  
Compositions were selected from phase 
diagrams for each system such that silicon 
recrystallization takes place at or around 
900oC.  Electronic-grade silicon doped 
with impurities, at levels comparable to 
MG-Si, was used for precise control of 
initial impurity contents (e.g. B ~2 x 1018 
atoms/cc).  Kryopolous growth, as 
described by Brice [5], from (100) seeds 
yielded single crystal and multicrystalline 
samples depending on the growth 
conditions.   

Ar  

water cooled 
induction coils

growth 
solution 

Si seed 

graphite 

thermocouple 

 
Fig. 2 Experimental setup for recrystallization  

 
 
 
 
 
 
 
 
 
 

Figure 3 - Silicon-aluminum melt and 
multicrystalline growth 

Figure 4 - Single crystal 
silicon grown from Si-Al 

Figure 5 - A longitudinal cross-section 
of a single crystal silicon sample 

 
INTERACTION IN THE MELT - THE REGULAR SOLUTION MODEL 

When solidifying silicon from a Al-Cu-Si ternary solution, the chemical potentials of respective 
elements in the liquid phase must be equal to those in the solid phase.  The chemical potential of 
individual element is determined by its activity (the ratio of an element’s fugacity in the mixture at 
equilibrium to the fugacity in its pure state), which is the product of activity coefficient and composition 
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fraction.  Using the regular solution model, the interaction parameters between the three components at 
1173K are experimentally obtained as, Ωl

SiAl = 2.430RT, Ωl
SiCu = 2.469RT, Ωl

AlCu = -0.103RT.  Therefore, 
the segregation coefficient of Al for growth of silicon from Al-Cu-Si mixture can be derived [2], 
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Similarly for Cu, we have: 
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Because both Ωl
SiAl and Ωl

SiCu are large positive numbers, Si-Al and Si-Cu interactions are of repulsive 
nature (with higher heat of mixing).  Ωl

AlCu is negative, however, implying an attractive interaction 
between Al and Cu (with lower heat of mixing).  Therefore, Cu in the growth solution will not only dilute 
Al, but also will retain Al in the liquid, thus providing greater control for Al doping.  Other Si-metal 
solvent combinations may be explored in a similar fashion to reduce incorporation of more detrimental 
impurities using harmless metals as solvents. 
 
INTERACTION IN THE CRYSTAL - THE FERMI ENERGY MODEL 
 

When choosing metal solvents, its conductivity type in silicon is very important.  At growth 
temperature, solvent metal atoms incorporated into the silicon crystal ionize to give a Fermi energy level 
in silicon (determined by solvent concentration and growth temperature).  If an acceptor-type solvent is 
chosen, other impurities of the same acceptor-type but with energy levels above the Fermi level will not 
be able to ionize, thus reducing these acceptor impurities’ incorporation.  Similarly, if the solvent is of 
donor-type, other donor-type impurities with energy levels below the Fermi Energy will not be able to 
ionize.  The ratio of the impurity solubility from such an impurity-solvent-silicon system to that from an 
impurity-silicon binary system is given by [3,4]:   

for acceptor-type impurities with acceptor-solvent: ( )kT
EE

bi

impF

A
A −= exp

][
][

, 

for donor type impurities with donor-solvent: ( )kT
EE

bi

Fimp

D
D −= exp

][
][ , 

where the subscript bi stands for impurity-silicon binary system, and Eimp is the impurity energy level. 
 
The adverse effect is also true.  For example, if a solvent is of acceptor type, other impurities of 

donor-type with energy levels above the Fermi level will be easily ionized to act as donors, so their 
concentration could be enhanced compared to impurity-silicon binary system. 
 
CHARACTERIZATIONS 

 
Bulk silicon samples grown from eutectic systems: Al-Si, Cu-Si, and In-Si were analyzed for 

impurity concentrations.  Depth profiling by secondary ion mass spectroscopy (SIMS) was preformed on 
longitudinal cross-sections to achieve true bulk impurity measurements.  Figure 6 depicts a SIMS 
measurement about 50µm into the bulk of a single crystal sample grown from an aluminum melt.  From 
this profile, any non-uniform edge and interface effects can be ignored, as the concentrations appear 
constant.  Table 1 shows that impurity concentrations observed in the crystals grown from Si-metal 
solutions are quite different from the source levels and from dilution considerations from the intended 
doping (B, Cu, and Al).  The unintended impurities (Mn and Fe) also deviate from even the binary 
solubilities.  Solvents like Ag, Au, and Ga will also be studied for interactions with targeted impurities.   
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Table 1 – SIMS Bulk Impurity Data for Three Eutectic Systems  
 B (intent.) Cu (intent.) Al (intent.) Mn (unint.) Fe (unint.) 

 SIMS Source SIMS Melt SIMS Melt SIMS Sol. [7] SIMS Sol. [7] 

Si-Al 2 x 1017 2x1018 2 x 1015 2.0 x 1020 8 x 1018 * 1 x 1017 5 x 1014 2 x 1016 2 x 1015 

Si-Cu 4 x 1018 2x1018 1 x 1015 * 2 x 1016 8.0 x 1020 8 x 1014 7 x 1014 3 x 1015 3 x 1015 

Si-In 2 x 1017 2x1018 1 x 1015 1.2 x 1021 7 x 1014 5.1 x 1020 3 x 1014 6 x 1015 2 x 1015 1 x 1016 

 
* Solvent Metal  

CONCLUSIONS 
 
 Recrystallization from some 
silicon-metal eutectic systems offers 
promises for solar-grade silicon 
feedstock production with several 
possible purification effects.  These 
effects include: lowering crystallization 
temperatures, diluting impurity 
concentrations, attractive impurity-
solvent interactions in the solutions, and 
repulsive impurity-solvent element 
interactions in the silicon crystal 
resulting rejection of impurity at the 
growth interface.  Future work will be 
conducted to systematically determine 
interaction parameters for all of the 
major eutectic systems and to complete 
investigations into the Fermi energy 
effect on impurity partition.  
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Figure 6 – SIMS impurity data for single crystal silicon grown 
from Al solution.   
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Vacancy densities and vacancy binding energies have been 
quantitatively determined by a Au labeling technique for single crystal 
Si damaged by high-energy ion implantation.   When Au is diffused 
into the defective Si material, Au atoms are preferentially trapped at 
vacancies and small vacancy clusters. The volume concentration has 
been quantitatively calibrated to be 1.2 Au atoms per vacancy (denoted 
as calibration factor k = 1.2).  The technique is potentially capable of 
obtaining vacancy concentrations in as-grown and processed solar cell 
Si material by diffusing Au from the surface.  Of particular interest is 
vacancy injection associated with the formation of Al backside 
contacts. Introduction and diffusion of the Au species and Au profiling 
is discussed in the context of applying a Au labeling technique to 
problems where vacancies play a role in solar cell processing, such as 
hydrogen passivation and contact formation. 

Introduction 

Electrically active lattice defects in solar cell Si can be largely passivated by 
hydrogenation. Vacancies, which contribute 2 acceptor and 2 donors levels, are endemic 
to most starting Si materials grown by rapid solidification from the melt. Vacancy 
concentrations are also correlated with oxygen and carbon impurity levels.    

During solar cell processing, additional vacancies are injected by the thermal 
processing to form the backside contact with Al metallization. Vacancies, as well as other 
defects, act as traps, which affect the diffusion of H in Si. The apparent diffusivity of H in 
Si is thus material sensitive, as shown in Fig. 1 [1]. The measurements yield an effective 
trap-limited diffusivity of H.  Diffusion of H in the presence of fixed and mobile traps has 
been modeled by Zhang [2].  Trap concentrations on the order of 1013 to 1014 cm−3 were 
obtained by fitting diffusion profiles in float zone (FZ) Si.  Trap concentrations in the 
1017 cm−3 range can be inferred from model fits to diffusion of H introduced by ion 
implantation into cast polycrystalline (CP) and edge defined film growth (EFG) solar Si.  
These traps are likely to include vacancies or vacancy clusters. 
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The vacancies presumably agglomerate to form clusters after thermal processing. 
A number of methods have been used to sense the presence of vacancies. Positron 
annihilation S-parameter measurements have been useful for qualitatively profiling the 
density of open-volume defects [3].  

Au Labeling in Implant-Damaged Si 

Previous studies of vacancies in Si exploited the selective precipitation of Au at 
vacancies and vacancy clusters [4-8]. In these works the source of the Au was a surface 
implanted layer. Figure 2 shows the Au concentration obtained in Si damaged by a 2 
MeV, 1016 cm−2 Si+ implant. The diffusion times at 750 °C are shown in the legend.  The 
Au concentrations are in excess of the Au solid solubility of 2×1014 cm−3 at 750 °C.  
Transmission electron microscopy (TEM) studies indicate the presence of fcc Au 
precipitates [5]. The Au concentration profiles obtained by RBS and TEM were found to 
be in good agreement.  Importantly, it was shown that the ratio of Au atoms to vacancies, 

FIG. 2.  Au concentration profile in high-energy implanted Si, determined by 
Rutherford backscattering spectrometry (RBS) with a 2.8-MeV  4He2+ analysis 
beam [Source: Ref. 8]. 

FIG. 1. Apparent 
diffusivities of H in Si 
materials grown by 
Czolchralski (CZ), float 
zone (FZ), cast 
polycrystalline (CP), and 
several recrystallized 
ribbon (RP) methods 
[Source: Refs. 1, 2]. 
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i.e., the calibration factor for the Au labeling technique, is given by k = 1.2. The 
characteristic time, τ, for the vacancies to become saturated with Au atoms, was found to 
scale with vacancies [6] as 

τ  = 3.2×10−11 cm2 s [v] , (1)

where [v] is the areal density of vacancies in the profiled region [8].  Thus data such as 
the solid curve in Fig. 2, which corresponds to annealing up to saturation of Au in the 
vacancy region, is a quantitative measure of the vacancy concentration profile in Si. 

Au Labeling in Solar Cell Si 

A deposited Au film was also used for Au labeling and yielded similar findings as 
for ion-implanted Au [9]. Au-Si clusters were observed to be formed at the surface, since 
the film provided an excess quantity of Au, as compared to ion-implanted doses.  

Although it requires special sample preparation, one could introduce Au in solar 
cell Si material by depositing a thin Au film on the surface.  The method will entail a 
surface-clean preparation of the Si surface and deposition under clean conditions to avoid 
an oxide interfacial diffusion barrier.  For studying the effect of Al-diffused contacts, the 
Al film would be removed by etching prior to the Au deposition. 

Au diffusion into the Si is assumed to follow a trap limited diffusion mechanism, 
where the Au diffusivity various inversely with the vacancy concentration. The 
equilibration is also limited by the solubility of Au at the anneal temperature (2×1014 
cm−3 at 750 °C).  Assuming a diffusion time of τ  = 1 hr, the depth, d, to which the Au 
labeling will reach saturation can be estimated by scaling Eq. (1) as [V] = [v] / d, where 
[V] is the mean volume density of vacancies. This relationship between the depth d and 
[V] is plotted in Fig. 3. 

The model shown in Fig. 3 suggests that a depth of 100 µm can be probed for a 
vacancy concentration of 1016 cm−3. 

FIG. 3.  Relationship 
between probed depth 
and vacancy volume 
concentration for Au 
diffusion at 750 °C for 
1 hr.  Model is 
estimated from Au 
labeling result of 
Eq. (1).  
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Au Profile Measurement 

Vacancy concentrations may be considerably lower in processed solar Si, when 
compared to the high-energy ion implanted Si of Refs. 4-9.  However, the Au 
concentration profiles can also be determined by secondary ion mass spectroscopy 
(SIMS), which has greater sensitivity than the RBS method.  The depths probed by SIMS 
are nominally unlimited, a further advantage over RBS. The sensitivity of SIMS is 
expected be corresponds to a mean Au volume concentration of 1015 cm−3 [10].  

The vacancy concentration near the surface will be perturbed by the Au/Si 
diffusion reaction. A peak and shoulder structure in the Au profile near surface region is 
observed with the Au implantation method, as can be seen in Fig 2. 

Conclusions 

Au labeling has been proposed for quantitatively determining vacancy 
concentrations in solar cell Si materials. It will be necessary to study whether the thermal 
treatment required to diffuse the Au would also ripen or perturb the vacancy distribution 
under study. Such effects were determined to be negligible in the case of vacancies 
introduced in crystalline Si by ion implantation damage. Controlled deposition of the Au 
film could provide a reliable and reproducible surface source of Au diffusion. Studies of 
Al contact formation entail removal of the Al film, to avoid further reaction and eutectic 
formation,  and deposition of a Au film.  The Al processing will be restricted to 
approximately 400 °C, which is below the Al spiking temperature. Study of the 
redistribution of the Al during the Au diffusion would also be of interest. 
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1. Introduction 

Thermographic techniques are able to image local shunts in solar cells [ 31. An external bias 
is applied to the cell in the dark, and the currents flowing locally through the shunts are leading to 
a local heating of the surface of the cells, which may be detected thermographically. Note that 
shunts may act in two different ways to solar cells: I. Under forward bias (near the working point 
of the cells) shunts are increasing the dark forward current, thus degrading the fill factor and the 
open circuit voltage of the cells [4]. II. If a single solar cell in a module is shadowed, it may 
become reverse-biased by the other illuminated cells in the string by up to 13 V [2]. If there are 
local shunts in this cell being active under reverse bias, in these positions excessive heat may be 
produced (hot spots), which may lead to a thermal destruction of the module. 

In the past it was generally assumed that shunts should have a linear (ohmic) I-V 
characteristic. In this case indeed shunts acting under forward bias would be the same which 
produce hot spots under reverse bias, hence reverse bias shunt imaging also would reveal the 
dominant shunts acting at the working point. Then for quantitatively estimating The influence of 
shunts, it would be sufficient to consider the parallel resistance of the cell measured at low bias. 
In recent investigations, however, it has turned out that a large fraction of shunts may show a 
non-linear (diode-like) I-V characteristic [5]. In this case reverse-bias shunt imaging would 
produce misleading results with respect to the influence of shunts under operation of the cells. 

The thermal sensitivity of classical (stationary) infrared (IR) thermography is in the order of 
20 ... 100 mK. This is sufficient to image shunts in silicon cells under a few Volts reverse bias, but 
shunts under forward bias usually produce such a low amount of heat that they cannot be imaged 
in this way. Lock-in thermography improves the sensitivity of thermal investigations by 2-3 
orders of magnitude, since it averages the oscillating thermal signal over thousands of single IR 

.E measurements [3, 51. Moreover, lock-in thermography suppresses the action of lateral heat 
conduction, hence it improves the effective 'al resolution compared to stationary 
thermography, and it can be evaluated quantitative1 

Unfortunately, lock-in IR thermography is a very expensive technique. The easiest and 
cheapest, though quite insensitive, hot spot detection technique is to apply a sufficiently large 
reverse bias to the cell and gently glide with your fingers across the surface of the cell. In this 

.way hot spots can be sensed. With this simple technique s it possible to locate the dominant 
shunts acting under reverse bias an accuracy of, say 5 mm. Unfortunately this technique 

oduces no images. The use of ic liquid crystal (LC) layers under crossed polarisators is 
also known as a cheap thermography technique r this investigation the sample should be 
thermostatted, but it may be hard to ensure a h neous covering of the surface, and after 
investigation the liquid has to be removed. Rec dt et al. [7] have demonstrated the 
application of polymer-dispersed liquid crystal sheets easy-to-use thermographic technique 
to detect shunts under rev sucked together with the cell to a 
heat sink, thereby producing ima verse bias. Practically the 
same technique is being u ially available 

rms of shunt currents flowing [4]. 
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, 

sheets from Edmund Scientific. The 
sheet thermography technique with 
silicon solar cell 

2. Experimen 

of this work is to compare this low-cost liquid crystal 
IR lock-in thermography technique on some typical 

Two cells have been selected for this comparison. Cell No. 1 was a 19.5 cm2 sized float-zone 
silicon solar cell fabricated by means of a high-efficiency cell process. In this cell 4 scratches 
have been made at the surface with a diamond scriber in order to produce strong shunts 
intentionally. Cell No. 2 was one 5x5 cm2 sized quarter of a 10x10 cm2 commercial 
monocrystalline Czochralski silicon solar cell. For the liquid crystal (LC) investigations the cells 
were sucked by a vacuum to a thermostatted brass heat sink and covered by the LC sheets. Two 
different liquid crystal sheets have been used: On sample No. 1 a non-commercial one having a 
temperature range of 25 ... 26 "C was used [9], and on sample No. 2 a commercial one purchased 
by Edmund Scientifics having a temperature range of 35 ... 36 "C. The temperaturn .of the heat 
sink was stabilized at 25 and 35 "C, respectively, and the colour pattern was photographed. Under 
forward bias in both cases no visible signal could be obtained. Under reverse bias, starting from 
-3V hot spots became visible, which were fully resolved at -7 ... -10 V reverse bias. Lock-in 
thermography investigations have been made at a lock-in frequency of 24 Hz using the TDL 384 
M 'Lock-in' thermography system made by Thermosensorik Erlangen [lo]. Here the cells were 
covered by a thin black-painted plastic IR emitter film vacuum-attached to the surface and 
measured at room temperature both under forward and under reverse bias. The acquisition time 
for each image was about 30 minutes for the forward bias images and below 1 minute for the 
reverse bias ones, Local I-V characteristics have been measured thermally (LIVT [ll]) by 
repeating the lock-in thermography measurement at different biases and evaluating the results 
according to the image integration method, which was described in [4]. 

3. Results 

Figs. 1 and 2 s greyscaled im on and lock-in thermography 
images of both samples at reverse bias together with lock-in thermography images measured 
under + 0.5 V forward bias. In some images the shape of the 11 is indicated by dashed lines. The 
colour scale of the LC sheets goes from black acros d, yellow and green, to blue. 
Unfortunately, in grayscale presentation this colour es non-monotonically, hence the 
blue colour representing the highest temperatur a r b  again. Therefore the strongest hot 
spots in the LC images are showing a dark dip 

In cell No. 1 the four scratches (A through D), which are aligned in cross shape, represent the 
. dominant hot spots. Under reverse bias these hot spots are visible both in the LC investigation 

and in lock-in thermography. However, the spatial resolution of lock-in thermography is clearly 
better. Another weak hot spot E is visible in lock-in thermography at the edge of the cell, which 
was lying just outside of the photographed region in the LC image. It is visible in both techniques 
that hot spot D is the strongest and A the weakest of these four. The lock-in thermography 
investigation under M.5 V forward bias sho indeed all hot spots imaged under 
reverse bias are also shunts under forward bi 

Cell No. 2 showed a weaker shunting ac 1. Therefore a larger reverse bias 
of -10 V was applied here in order to see not hot spot in LC imaging (Fig. 2, 
left). One dominant and two minor hot spot ible in the LC image, which are 

240



all lying in the interior of the cell. This result indicates that the edge of this cell should be well- 
passivated. Interestingly, the halo around the dominant spot appears larger here than that around 
the spots visible in Fig. 1. Note, however, that the visual appearance of the hot spots in LC 
imaging strongly depends on the heating power and on the illumination conditions as well as on 
the time left after switching on the power to the cell. The hot spots visible in LC imaging are also 
visible with a better spatial resolution in lock-in thermography (Fig. 2, middle). Additionally 
some more hot spots become visible here, which remain invisible in the LC image since they are 
too weak or are lying in the halo region of the dominant hot spot. The most interesting result is 
that the forward bias thermogram of this cell (Fig. 2, right) looks very different to the reverse bias 
one. Under forward bias the dominant shunts are lying at the edge of the cell, whereas the 
dominant shunt under reverse bias is only a weak one under forward bias. Additionally, there is 
some shunting activity under grid lines in the upper right part of the cell, which is totally invisible 
under reverse bias. This proves that in this case reverse bias shunt imaging using LC sheets 
would not reveal the dominant shunts acting under operation of this cell. This behaviour has been 
found also in other solar cells [5 ] ,  hence in well-processed solar cells an ohmic behaviour of 
shunts is rather an exception than the rule. 

Fig. 1: Cell No. 1 containing 4 scratches. Left liquid 
middle: lock-in thermogram under -7V reverse bias 
under + 0.5 V forward bias (0 ... 5 mK). 

(LC) image under -7V reverse bias, 
00 mK), right: lock-in thermogram 

Fig. 2: Industrial solar cell No. 2. Left: liquid crystal (LC) image under -lOV reverse bias. 
middle: lock-in thermogram under -lOV reverse bias (0 ... 200 mK), right: lock-in thermogram 
under + 0.5 V forward bias ( 

1 are indeed showing a linear I-V 
characteristic. Using lock-in thermogr stics may be measured thermally 
(LIVT [ 111). This technique is based on the fact that the thermal signal is proportional to the 
dissipated power. The thermal signal e-shifted by -90" to the pulsed excitation may be 
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a shunt, leading 
of the shunt current [4]. The result in Fig. 3 
shows that neither the forward nor the reverse 
bias characteristics of the shunts in cell No. 1 
behave linear. Thus, even in this case, where a 
qualitative agreement between forward and - 
reverse bias shunt investigation has been found, 
the reverse bias investigation does not allow to 

e conclusions as to the action of 

f the shunts is not sufficiently 
der operation conditions. Even -7 -6 -5 -4 -3 -2 -1 0 

U M  
described by the parallel resistance of the cell. 

4. Conclusions 

It has been shown that for reverse bias hot spot i sheet thermography is an 
interesting alternative for lock-in thermography, delivering basically the same results with a 

mperature resolution, but at a fracture of the costs. However, these results are 
r the behaviour at the working point under forward bias, which can only be 

investigated by lock-in thermography. In one of the investigated cells having stronger shunts at 
least a qualitative correspondence between the behavior in both polarities been found, but in 
the other cell the behaviour was dissimilar even qualitatively. The antitative thermal 
measurement of local I-V 
Thus, LC sheet thermography is 
optimizing the fill factor and V,, 1 

This work has been suppo 
Thermosensorik GmbH (E 

Fig. 3: Measured current (I) themally 
measured shunt currents of shunts A ... E of 
cell No. 1 
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Abstract 
 

Leakage currents are important factors affecting the operation of p-n junction devices.  
For bipolar transistors and solar cells fabricated using Si, it is well known that metallic 
precipitates located in the junction charge depletion region can have a dominant effect on 
the leakage currents. In the present work, we model the electrical activity of such precipi-
tates by examining the effect of the Schottky current contributions under forward and un-
der reverse junction biasing conditions.  
 
Introduction 
 

To model the electrical activity of metallic precipitates inside the depletion region of 
the p-n junction, a cylindrical diode, 2µ in length and 2µ in diameter, with the p-n junc-
tion at the middle of its long dimension, is considered. A spherical precipitate 100Å in 
diameter is placed at the n-side of the depletion region of the diode along its center cord. 
The cylindrical symmetry of the diode and the spherical symmetry of the precipitate al-
lowed the problem to be formulated and solved for a longitudinal planar section passing 
through the center of the precipitate, see in Fig.1. This enables a steady-state two-
dimensional model of the p-n junction to be used instead. To account for the metal-Si 
junction property, the Schottky effect model [1] is used.  
 
Formulation of Problem  
 

Physically, we note that the precipitate charges-up with the same charge as the major-
ity carrier and creates its own electric field. This field on the one hand, and the p-n junc-
tion field together with the gradients of carrier concentrations on the other, balance each 
other so that a steady state is reached. Which factor is dominant is strongly dependent on 
the bias condition and will be made clear in the solution of the problem. The precipitate 
charging process is not limited by the supply of carriers in the depletion region (even un-
der reverse bias) because for the amount of charges accumulated on the precipitate sur-
face is extremely small. However, the overall effect of the charged precipitate on the de-
vice band structure and carrier transport phenomena in the depletion region can be very 
strong because this charge is confined in the very small volume of the precipitate, and 
hence the electric field emerging or entering the precipitate has values comparable with 
the electric field of the p-n junction itself. 

A set of the standard steady-state semiconductor equations with dependent variables 
(φe,φh,ψ), where φe, φh are the electron and hole quasi-Fermi levels respectively and ψ is 
the electric potential, have been used as governing equations for the carrier transport phe-
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nomena in Si, while the boundary conditions at the Si-metal interface have been derived 
from the thermionic emission theory described in detail elsewhere [2]. The mathematical 
model consists of two continuity equations and Poisson’s equation posed in the bounded 
domain representing the device geometry with two ohmic contacts and the Si-metal inter-
face.  
 
Results and Discussion 
 

The problem has been solved numerically using a general-purpose two-dimensional 
finite-element solver. The materials parameters used in the solution are summarized in 
Table 1. Three different cases, the forward biased, reverse biased, and the unbiased (equi-
librium) p-n junctions have been analyzed. The carrier profiles for the three different 
cases and the structure of quasi-Fermi levels and electric potential demonstrate that the 
precipitate charges with the same charge as the majority carrier in Si. In steady-state, the 
precipitate, in our case charged negatively, creates its own electric field which repels ma-
jority carriers and attracts minority carriers. In transition from reverse bias to forward 
bias the effect of precipitate dynamically changes. As the device goes from reverse to 
forward bias the precipitate discharges and consequently the precipitate charge generated 
electric field decreases.  

Forward bias at 0.2 V leads to the injection of carriers from Si into metal with a car-
rier flux density of 1-217 seccm 107.6 −×  (corresponding to 107.2 mA/cm2) at the Si-metal 
interface. This changes to 1-214 seccm 103.5 −×−  (corresponding to 0.085 mA/cm2) for a 
reverse voltage of –0.2 V. Reverse biasing leads to the injection of carriers from metal 
into Si. Thus, under forward and reverse biasing conditions, the precipitate serves respec-
tively as carrier recombination and generation centers.   

The total current at the device contacts is shown respectively in Fig. 2 and Fig. 3 for 
forward bias up to 0.2V and for reverse bias up to -0.2V. Carrier supply is one of the im-
portant factors acting in conjunction with the precipitate field.  

The profiles of hole and electron quasi-Fermi levels and the electric potential are pre-
sented in Fig. 4. The plots show the band structure is distorted near the metal-precipitate 
interface for the two biasing regimes. 

In conclusion, the electric activity of the metallic precipitate is dictated by the operat-
ing regime of the p-n junction. The precipitate dynamically turns from a generation center 
in a reverse biased p-n junction to a recombination center in a forward biased junction. 
Consequently, the presence of the precipitate in the depleted region of a reverse biased pn 
junction increases the leakage current and also increases the forward current for a for-
ward biased pn junction as can also be seen in Fig. 3. 
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Table 1. Material parameters 
 

Parameter Value 

p-side doping, Na
−  

 
4.5x1015 cm-3 

n-side doping, Nd
+  

 

1x1016cm-3 

Hole lifetime, pτ  
 

1x10-7 sec 

Electron lifetime, nτ  
 

1x10-7 sec 
 

Precipitate radius, Rp 

 

5x10-7 cm 
Schottky barrier height between 

Si and metal φBn   
 

0.68 V 

 
 

 
 
 
 
 
 
 
 
 
 
 
 

1 
 

Figure 1. Schematic diagram of the device  
 

 
Figure 2. p-n junction current under forward bias. 
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Figure 3. p-n junction current under reverse bias. 

 
 

 

 
Figure 4. Band structure diagrams for forward bias at 0.2 V and reverse bias at –0.2 V. 
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 A resonance acoustic method has been developed experimentally and 

theoretically to characterize an elastic quality of as-grown and processed silicon for IC 

and PV application [1]. The acoustic approach is non-contact and non-destructive 

technique applicable for inspection of the full-size Si wafers. Entire cycle of the acoustic 

measurements can be performed within a few seconds which makes the method 

promising as in-line quality assurance tool. In this study, ultrasonic vibrations were 

excited into commercial 200 mm Cz-Si wafers using an external ultrasonic transducer 

and their amplitude was recorded using a scanning air-coupled acoustic probe operated in 

a non-contact mode. A schematic of the system is shown in the Figure 1. By tuning the 

driving frequency of the transducer, we observed the amplification of a specific acoustic 

mode, referred further as a “whistle” [2]. Typically, a resonance frequency of the whistle 

is observed at 12.7 KHz with a narrow frequency generation window of ~ 50Hz showing 

a variation between as grown and processed wafers. We noticed that a minimum 

amplitude of the transducer vibrations required to generate the whistle (amplitude 

threshold) is reduced by a factor of 10  in PV wafers compared to IC wafers of the same 
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diameter [2].  This can be attributed to a reduced thickness of the PV wafers versus IC 

wafers.  

Spatial distribution of the whistle in 200 mm Cz-Si wafers was measured in a 

non-contact mode allowing for identification the mode with high-order flexural vibrations 

of a thin elastic circular plate (Fig. 2). The acoustic map clearly reflects C4 symmetry of 

the (100) crystallographic plane of the wafer. Frequency and amplitude scans of the 

whistle mode can be used for fast in-line monitoring to separate wafers with high and 

poor elastic quality.  

Theoretical modeling of the whistle in Si wafers of different diameter  was 

performed [3]. In a case of 200mm wafers an excellent match with experimental 

resonance frequency was achieved. The calculations predicted resonance frequencies of 

the whistle in 150 and 300mm diameter wafers.  
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Figure 1. A schematics of the acoustic system for “whistle” monitoring. 

 
 
 

 
Figure 2. Spatial distribution of the “whistle” in 200mm Cz-Si wafers. Central part of the 

wafer (white area) was not measured due to interference with the transducer. 
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Abstract 

The conversion efficiency of 15.9% has been achieved on low-cost EFG ribbon Si solar cells. This 
represents the highest reported efficiency for EFG ribbon Si solar cells fabricated with manufacturable 
technologies, involving belt furnace diffusion, PECVD SiNx antireflection coating, and screen-printed 
contacts. Rapid thermal firing cycles, with fast ramp-up and cooling rates, were optimized to enhance the 
PECVD SiNx-induced hydrogen passivation of defects, back surface field, and contacts. Process 
optimization increased the bulk lifetime from ~2 µs to ~50 µs, resulting in 15.9% efficiency with a Voc of 
615 mV, a Jsc of 33.7 mA/cm2, and a FF of 0.769. 
 
Introduction 

Low-cost high-efficiency solar cells are the key to making photovoltaics (PV) a cost-effective energy 
option for the 21st century. EFG ribbon Si is one of the most promising candidates to achieve both low-
cost and high-efficiency cells because of efficient use of Si feedstock; and elimination of mechanical 
sawing steps, deep surface damage etching, and kerf losses. However, due to the direct contact with the 
die and thermal stresses during crystal growth, EFG Si has a high density of crystalline defects such as 
dislocations, twins, and grain boundaries; relatively high concentrations of impurities such as carbon and 
transition metals1. These defects and impurities act as carrier recombination sites and reduce the minority 
carrier lifetime in the as-grown EFG Si to typically less than 3 µs, which is not sufficient for high 
efficiency cells. Therefore, effective lifetime-enhancement techniques need to be implemented during cell 
fabrication to achieve high efficiencies.  

Rapid thermal processing (RTP) has been used successfully in the laboratories for many Si solar cell 
fabrication steps such as shallow n+ emitter 
diffusion2, high-quality oxide growth for surface 
passivation3, p+ aluminum (Al) back surface field 
(BSF)4, and screen-printed contact formation5. The 
use of RTP for solar cells is currently being 
investigated at the laboratory level because a 
continuous high throughput RTP machine is not yet 
available, although some equipment manufactures 
are working on it. A conveyor belt furnace is 
preferred by the PV industry today due to its 
capability of continuous high-throughput 
processing. However, RTP provides a promising 
option for low-cost and high-efficiency Si solar 
cells in the near future because of fast processing, 
accurate temperature control, and beneficial optical 
effects due to high-energy photons in the visible 
and ultra-violet range6.  

Figure 1 shows the efficiency progress of 
screen-printed manufacturable ribbon Si solar cells. 

Figure 1. The efficiency progress of ribbon Si 
solar cells. Note: The number in brackets 
represents the reference. 
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The progress was very slow during 1980-1990 but, after 1990, cell efficiencies have increased quite 
rapidly. This is the result of improved understanding of loss mechanisms, gettering and defect 
passivation, and improved crystal growth and process technologies. Figure 1 shows that screen-printed 
ribbon Si cell efficiencies of 15.3% have been reported on EFG Si10, 14.2% on dendritic web Si11, and 
15.4% on String ribbon Si13. This paper reports on a record high efficiency (15.9%) cell on a low-cost 
ribbon Si using a cost-effective technology, involving screen-printing, SiNx AR coating, and RTP.  

 
Experimental 

The 15.9% efficient EFG Si cell was fabricated on a ~300 µm thick and ~3 Ω-cm EFG Si using a very 
simple n+-p-p+ cell design. Cell fabrication involved phosphorus (P) diffusion in a conveyor belt furnace 
to form n+ emitter with a sheet resistance of 45-50 Ω/sq, which is suitable for screen-printed contacts. A 
silicon nitride (SiNx) antireflection (AR) coating was deposited on top of the n+ emitter in a commercial 
low-frequency plasma enhanced chemical vapor deposition (PECVD) reactor. SiH4, NH3, and N2 gases 
were used to deposit the SiNx coating with an average refractive index of ~2.1 and thickness of ~775 Å. A 
commercial Al paste (FX-53-038 from Ferro Corp.) was printed on the entire backside and annealed at 
750 oC in a single wafer RTP system, involving a fast ramp-up and cooling rates to promote and enhance 
PECVD SiNx-induced hydrogen passivation of defects in EFG Si. Silver (Ag) grid was screen printed on 
top of the SiNx AR coating and fired through it very rapidly at 700 oC in RTP to form the front contacts to 
the n+ emitter. Finally, the cells were annealed in forming gas at 400 oC for 10 min. 
 
Results and Discussion 

In order to support that the two-step RTP firing was critical in achieving record-high efficiency 
screen-printed EFG Si cells, additional EFG Si cells were fabricated using three different firing schemes: 
a) two-step firing in a conveyor belt furnace (simultaneous firing of the PECVD SiNx and the screen-
printed Al at 850 oC for 2min followed by 730 oC/10s firing for the screen-printed Ag contacts), b) co-
firing at 730 oC in a conveyor belt furnace, and c) co-firing at 700 oC in the RTP system. Nine 2×2 cm2 
cells were fabricated on each 10×10 cm2 EFG Si wafer, and several wafers were used for each process 
scheme producing 50-100 cells per process scheme. After fabrication, the cells were isolated by dicing 
and analyzed by lighted and dark current-voltage (I-V) measurements. Bulk lifetimes were measured 
before and after each process scheme by quasi-
steady-state photoconductance (QSSPC) method 
to assess the process-induced lifetime change.  

Figure 2 shows bulk lifetime and cell 
efficiency after the four different process schemes.  
Scheme d) involves the two-step RTP firing, 
which produced he best results. The starting or as-
grown bulk lifetime of the EFG Si samples was 
only ~2 µs, which improved to a) ~13 µs after the 
two-step belt furnace firing process, b) ~18 µs 
after the co-firing process in the belt furnace, c) 
~35 µs after the co-firing in the RTP, and d) ~48 
µs after the two-step RTP firing process. Figure 2 
also shows that a) the two-step belt furnace firing 
process resulted in an average efficiency of ~13% 
with a maximum of 13.8%, b) the belt furnace co-
firing gave an average efficiency of 13.5% with a 
maximum of 14%, c) the RTP co-firing produced 
an average efficiency of 14.3% with a maximum 
of 15%, and d) the two-step RTP firing process 
resulted in an average efficiency of 15% with a 

Figure 2. The bulk lifetime and cell efficiency of 
screen-printed EFG Si cells after four different 
firing schemes. 
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maximum of 15.9%. 
Figure 3 shows the lighted I-V data for the 

highest efficiency (15.9%) EFG Si cell (verified by 
National Renewable Energy Laboratory). This cell 
had an open-circuit voltage (Voc) of 615 mV, a 
short-circuit current (Jsc) of 33.7 mA/cm2, and a 
fill factor (FF) of 0.769. Figure 4 shows an 
efficiency distribution of 61 screen-printed EFG Si 
cells fabricated in three different batches using the 
two-step RTP firing scheme. The average 
efficiency of the cells was found to be 15.0%, and 
many cells showed efficiencies over 15%. To 
establish the superiority of the two-step RTP firing 
over the industrial belt firing, we also fabricated as 
many as 71 screen-printed EFG Si cells. These 
cells were fabricated along with the two-step RTP 
fired cells using the same P diffusion, SiNx AR 
coating, and screen-printed metals. But, co-firing 
of the SiNx AR coating, Al on the back, and Ag 
grid on top of the SiNx AR coating was performed 
in a conveyor belt furnace being used in a PV 
manufacture. The average efficiency of the co-
fired cells was found to be 13.9% with a maximum 
efficiency of 14.7%, which is well below the two-
step RTP firing scheme.  

Following discussion explains how and why 
optimized RTP firing cycles contributed to record-
high efficiency and why the two separate RTP 
firing cycles were used. First of all, the optimal 
hydrogenation temperature for the PECVD SiNx-
coated EFG Si was found to be 750 oC in RTP. 
This is the result of competition between the 
release/diffusion of atomic hydrogen from the SiNx 
into the bulk Si and retention of hydrogen at 
defects. Less atomic hydrogen is incorporated into 
the bulk Si at lower temperatures while more 
atomic hydrogen evolves out of the defects at 
higher temperatures. Rapid cooling can reduce 
dehydrogenation of defects. This is why the belt-
fired cells, where cooling was much slower than 
RTP, showed lower bulk lifetime and cell 
efficiency (Figure 2). Secondly, simultaneous 
firing of the SiNx and Al enhanced hydrogenation of defects in EFG Si because vacancies generated by 
the Al alloying process increase the flux of hydrogen into the bulk Si and also split the molecular 
hydrogen into atomic hydrogen. We have explained and demonstrated this mechanism elsewhere14. Third, 
fast ramp-up rate in RTP, relative to belt furnace process, improves the uniformity and quality of Al-
BSF4. Even though the optimum alloying temperature for the Al-BSF is 850 oC4, 750 oC was used in Step 
1 to maximize the defect passivation or bulk lifetime enhancement.  

Optimized screen-printed Ag contact firing at 700 oC (Step 2) also contributed to high efficiency 
because very short firing time with rapid cooling rate helped in retaining hydrogen at defects which was 
incorporated in Step 1. This was supported by bulk lifetime measurement, which showed only 1-2% 

Figure 3. Current-voltage (I-V) curve for the
15.9% efficient screen-printed EFG ribbon Si
solar cell, measured by National Renewable
Energy Laboratory. 
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decrease in bulk lifetime after the RTP contact firing as opposed to 20-30% loss of bulk lifetime after 
contact firing in the belt furnace. In addition, rapid contact firing in RTP reduced junction shunting 
without degrading series resistance (~0.8 Ω-cm2). This resulted in somewhat higher FF (~0.77) for RTP 
than the belt furnace firing. It was found that RTP co-firing at 750 oC severely degraded the screen-
printed Ag contact quality and FF, while RTP co-firing at 700 oC did not produce maximum 
hydrogenation or bulk lifetime enhancement. That is why the two-step RTP firing was selected, which 
gave the highest bulk lifetime, reasonable BSF, and high FF, resulting in the 15.9% efficient screen-
printed EFG Si cell.  
 
Conclusion 

In conclusion, screen-printed EFG Si cell efficiencies approaching 16% have been achieved using 
single layer SiNx AR coating with no surface texturing. Fundamental understanding of process-induced 
hydrogenation of defects, BSF, and contacts in conjunction with two-step RTP firing scheme contributed 
to this success. In the first firing step at 750 oC, fast ramp-up rate improved the Al-BSF quality and 
contacts, simultaneous annealing of SiNx and Al enhanced atomic hydrogen content of the bulk Si, and 
fast cooling rate improved the hydrogen retention or defect passivation. Very short and rapid firing at 700 
oC in the second step improved the hydrogen retention at defects without compromising the contact 
quality. Enhanced defect passivation or bulk lifetime improved Voc and Jsc while improved contact 
quality increased FF, resulting in the record-high efficiency screen-printed ribbon Si solar cells to date. 
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ABSTRACT  
 
Damaged areas in the contact and emitter region of solar cells cause current losses. The localization 
of these areas is possible by a measurement of the magnetic field that is connected with the lateral 
current in the surface region under illumination. In this paper a new method is introduced which uses 
an inductive coil for the measurement of the field. The results are compared with the previously de-
veloped CASQ method which uses a superconducting SQUID sensor instead. Furthermore a faster 
numerical algorithm has been developed to derive the local current density from the magnetic field. 
Both the current distributions in the contact grid of solar cells and in pn – junctions are determined. 
Experimental results are presented for various damage situations that can occur in the emitter and 
contact region of solar cells.  
 
1. INTRODUCTION 
 
In previous papers it has been shown that one can measure the local current flow in the emitter and 
the contact grid of solar cells under illumination [1-5]. The method is based on the fact that currents 
which flow parallel to the surface of a solar cell produce a magnetic field that can be measured by 
sensitive magnetic field detectors. In the CASQ method a high temperature superconducting SQUID 
is used inside a specially designed liquid nitrogen cryostat. Topographical mappings of the magnetic 
field with a lateral resolution of about 300 - 500 µm have been obtained. A practical limitation of the 
method is that external magnetic stray fields have to be shielded. A newly developed system uses 
inductive coils for the measurement. In this case the current is generated by a pulsed laser beam and 
the resulting magnetic field is detected inductively. This method has a much higher lateral resolution 
of about 10 µm and is less sensitive to magnetic stray fields. Both techniques require the numerical 
calculation of the local current density from the measured magnetic field. This so called inverse 
problem cannot be solved in general but in the special case of a two dimensional current distribution, 
which is approximately given in the emitter and contact region of a solar cell [6]. We developed a 
fast numerical Fourier transformation method for the direct calculation of the current distribution. 
 In this paper mainly the current distributions in illuminated pn – junctions on multicrystalline 
wafers have been investigated. The experimental results show that in many cases the junctions do not 
collect and transport the current as expected. This is caused by inhomogeneities of the sheet resis-
tance and by local shunts. The possible failure mechanisms can be investigated in detail by micro-
scopic investigations of the underlying material structure. It is also shown that although the illumina-
tion conditions are different both experimental methods yield similar results when damaged regions 
due to shunts are analyzed. 
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2. EXPERIMENTAL PROCEDURE 
 
A detailed description of the CASQ method has been given in references [1, 3]. In the present system 
the superconducting loop of the SQUID inside of the cryostat measures the Bz - component of the 
magnetic field perpendicular to the surface. This component is less critical to misorientations of the 
sensor and allows the highest lateral resolution, which is determined by the minimum distance be-
tween the SQUID sensor and the wafer surface. The wafer, either a solar cell or simply a pn – junc-
tion, is illuminated by a homogeneous light source and scanned in two directions below the SQUID. 
The voltage of the solar cells can be changed by a variable load resistance whereas pn – junctions 
without contacts are measured under open circuit conditions. 
 In the newly developed system the current is generated by a pulsed laser beam with a wave-
length  of 680 nm. The resulting alternating magnetic field is detected by an inductive coil with a 
diameter of about 0.7 cm. The pulse frequency in the present measurements is 1 kHz but can be in-
creased to about 100 kHz which improves the sensitivity of the system. Since the spatial resolution is 
determined by the spot size of the beam (about 10 µm) the coil can be placed at a larger distance to 
the surface. This has the advantage that the three vector components of the field can be measured 
more easily. The electrical signals are filtered electronically so that stray fields from the environment 
can be strongly reduced and shielding is not required. 
 Assuming that the current density    j  = (jx , jy , 0) lies entirely in a thin sheet of thickness d 
the two-dimensional current distribution in the x-y plane and the magnetic field are related by the 
law of Biot – Savart in the following form 
 

  

 
B 

 
r ( ) = µod

4π
 

j r '( )× r − r '( )
 r −  r ' 3  dx' dy'∫∫  

where µo = 4 π x 10-7 Tm/A is the permeability of the free space. The magnetic field is measured at a 
height z above the plane.  The current density components  jx , jy can be derived from these equations 
by a Fourier transformation method which will be described elsewhere [7]. 
 Previous measurements with the CASQ method on solar cells have shown that mainly the 
currents in the contact grids can be detected. Therefore current losses due to broken contacts, high 
contact resistances to the emitter, shunts below contacts or at the edges  of solar cells become visible 
in this way. Because of the limited lateral resolution of the method damaged regions of the emitter 
between the contacts could not be resolved in many cases. Therefore investigations of the pn – junc-
tion and emitter region were carried out without contacts. For this purpose Cz – and multicrystalline 
wafers with a diffused pn – junction only were produced and  investigated.  
 
3. EXPERIMENTAL RESULTS 
 
Figure 1 shows the Bz - component of the magnetic field above a globally illuminated mono – and 
multicrystalline wafer with a diffused pn – junction. The underlying current distribution is the result 
of the local generation and recombination and the varying sheet resistance of the emitter. It is evident 
that the current distribution is less homogeneous in the multicrystalline wafer. In order to understand 
and analyze such distributions in more detail the current density components in the emitter plane 
were derived numerically from the magnetic field. Figure 2 shows the result for a monocrystalline 
wafer where the surface and emitter region have been damaged deliberately by scratches. The dam-
aged areas become easily visible and produce a current pattern that consists of regions where either 
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the generation or the recombination is enhanced. Previous results for solar cells have shown that un-
der an external load such a current distribution changes due to the increasing current flow through 
the parallel external resistance. However bad regions can be identified best in the open circuit case 
by the technique. Shunting currents can be determined quantitatively and measured as a function of 
the external voltage.  

 
Figure 1 Topographical SQUID measurement of the Bz - component of the magnetic field of 
two illuminated wafers with a diffused pn - junction at a distance of about 1 mm above the surface. 
Monocrystalline  Cz - wafer (left) and multicrystalline wafer (right).  
 

 
 
 
Figure 2 Topographical SQUID measurement of the Bz - component of the magnetic field of an 
illuminated diffused monocrystalline  Cz - wafer (left) and corresponding current distribution (right). 
The wafer surface and underlying junction has been deliberately damaged by scratches at several 
positions. The marked region is also measured by the inductive coil method (see figure 3).  
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The experimental results obtained with the inductive coil system resemble the SQUID measurements 
and yield similar information. This is shown in figure 3 where a part of the same wafer as in figure 2 
is measured with such a system. Instead of the vertical Bz - component the field components parallel 
to the surface (Bx and By) are measured here. Due to the higher spatial resolution more details be-
come visible. The calculated currents yield partly a different distribution compared to figure 2. This 
is due to the different illumination conditions, since the wafer is illuminated by a focused laser beam 
here in contrast to the global illumination in the SQUID measurements. It is however possible in 
both cases to identify the areas where the current flow is concentrated because of a local shunt or a 
higher generation (encircled regions in figure 3). It can be seen that the mechanical damage of the 
surface by scratches influences the current flow in a complicated way which can be analysed in great 
detail by these methods. The inductive coil method has the advantage to be much simpler experimen-
tally, it requires however higher local currents for detection compared to the SQUID system.  
 

 
Figure 3 Inductive coil measurement of the Bx - (left) and By - (center) component of the mag-
netic field in the marked region of figure 2. The magnetic field is measured in relative units here. The 
top right, enlarged image shows the calculated current distribution for the marked region. For com-
parison the current distribution calculated from the Bz – component of figure 2 is depicted. Areas of 
current concentrations are encircled in both cases. 
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Experimental procedures and sample preparation 

Experiments .were conducted at Beamline 10.3.1 of the Advanced Light Source 
(synchrotron facility) at the Lawrence Berkeley National Laboratory. This beamline was 
originally developed for high-resolution x-ray fluorescence microprobe (p-XRF) studies. An 
intense x-ray beam from the synchrotron with approximately 10” photonsfs is incident on the 
sample, focused to an optimum spot size of (1 -2)xf 1 3 2 . 5 )  pm2 by a pair of elliptically bent 
rnultilayer mirrors in Kirkpatrick-Baez configuration. The emanating x-ray fluorescence is 
detected by a Si:Li detector with a resolution of about 180 eV. The sampling depth of this 
technique is determined by the escape depth of the fluorescence x-rays of interest from the 
silicon matrix, typically between 10 and 100 microns depending on the element [ 11. In order to 
correlate elemental distribution maps obtained by p-XRF with minority carrier lifetime maps, x- 
ray beam induced current maps (XBIC, [2]) were measured in-situ simultaneously with p-XRF. 
The advantage of XBIC is that it provides a direct and unambiguous correlation of the chemical 
nature and recombination activity of the defects. Additionally, XBIC proved to be an extremely 
helpful tool for finding the areas of interest on the solar cells. This can be achieved by taking a 
fast overview XBIC map using short accumulation times and large steps in x-y direction. Both 
p-XKF and XBIC were performed on fully processed solar cells. 

pre-characterized with thermography of the forward biased cells [3] in order to find location of 
the shunts. The size of the BaySix cell was 45x45 mm, the size of the RGS cell was 20x20 mm. 

In our experiments, we used two types of fully processed solar cells: BaySix and RGS, 

Experimental resuits: analysis of the BaySix solar cell 

XBIC mapping of large areas of the cell, performed with a relatively large step (50- 100 
microns), enables one to find the area of the shunt by correlating XBIC maps with the 
therrnography and LBIC maps. Since the size of the “hot spot” on the thermography maps is 
typically around 0.5-2 mm, the task of correlating the XBIC, thermography, and LBIC maps with 
this accuracy was fairly straightforward. Figure 1 demonstrates a good correlation between 
XBIC and LBIC images of large area scans of a BaySix solar cell. Then, the area of the shunt 
was rescanned with a smaller step and a longer accumulation time in order to achieve the 
optimum XRF sensitivity. 
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XRTC LBIC 

Figure 1 - Comparison of XBIC (left) and LBlC (right) maps of a 9x7mm region of a pre-characterized 
with thermography and LBlC BaySix solar cell. XBIC step size is 100 pm. The circles on the LBlC picture 
corresponds to areas where shunts was detected by the thermography measurements. Horizontal lines 
are contact grids; the distance between them is 2.125 mm. 

The regions in the center of the map highlighted by the circles in Fig. 1 are of particular 
interest, as two separate shunts were found there by the thermography measurements. Detailed p- 
XRF analyses were performed on these regions of interest. The p X R F  map of the area which 
corresponds to the lower circled area in Fig. 1 is shown in Fig. 2 along with the XBIC map which 
was obtained during the same scan. The map of the shunt area circled in the upper half of Fig. 1 
is shown in Fig. 3. In Fig. 2, a cluster of silver particles with the diameter of up to 10-20 pm was 
found within the area of the shunt. An examination of p-XRF and XBIC images in the Figure 2 
revealed that a dark XBIC contrast spot could be found for every silver particles visible on XRF- 
map. An optical microscope image of this area did not reveal any surface contamination, 
suggesting that these precipitates are located within the bulk of the material, possibly close to the 
surface given the strong fluorescence signal. This suggests that these metal particles may be 
responsible for the shunt. 

Upon closer inspection of the area of interest using p-XRF scans with longer 
accumulation times, it was found that the small silver precipitates also contain a small amount of 
titanium. Since the contact grid contains a significant amount of both silver and titanium, we 
conclude that the formation of shunts may be caused by the process of the contact strips 
deposition of the contact strips. Interestingly, these clusters of impurities occur not under the 
contact strips, but approximately at the midpoint between two contact strips, the closest of which 
is located nearly a millimeter away from the center of the cluster. Traces of iron could also be 
found at the Ag-Ti precipitates, which may further contribute to the lowering ofthe lifetime in 
this region of the cell. 

Similar procedure has been applied for the investigation of another shunt on the same 
celi, circled in the upper part of the XBIC image of Figure 1. The experimentaily obtained p- 
XRF maps are presented in Fig. 3. Similarly to the first shunt, both iron and titanium were found. 
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Thermography map Silver (La) 
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Figure 2 - Comparison of thermography (upper left), XBIC (bottom left), p-XRF Ag-La (top right), and p- 
XRF Ti-Ka (bottom right) maps of a fufly processed Baysix solar cell mapped in the area of the lower 
shunt region shown in Fig. 1. The XRFIXBIC step size is 14 pm. The dotted structure in the thermography 
map is the result of the low resolution of this thermography scan, and not a physical effect. 
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Figure 3 - p X R F  Fe-Ka ( left) and Ti-Ka (right) maps of a fully processed Baysix solar cell of the upper 
shunt region shown in the Figure 1. The step size is 3 prn. In this case a large precipitate consisting 
mainly of iron as well as numerous titanium spots were found in the area of a bright thermography 
contrast . 
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Experimental results: analysis of RGS solar cell 

For the analysis of RGS material, the same experimental procedure was used. The area of 
a shunt was mapped using a combination of p-XRF and XBIC (Figure 4). The areas of shunts 
had a strong XBIC contrast. p-XRF mapping revealed several large clusters of titanium within 
the shunt location. Additionally, these precipitates contained small amount of silver, iron, and 
copper. All four of these metals could be reliably identified in X-ray fluorescence spectra by 
their KCX and Kp lines, see Fig. 5. 
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figure 4. XRF (left) and XBIC maps taken around an area of a shunt in RGS material. Bright XBIC 
contrast is believed due to an enhanced minority carriers collection due to presence of channels of 
inversed conductivity type [4]. The position of the largest precipitate coincides with the location of the 
location of the current collecting channel. 
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Figure 5. XRF spectrum taken from the largest "Ti"-precipitate shown in the Figure 5. Besides titanium, 
the precipitate contains silver, copper and iron. 
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XRF mapping of BaySix a on samples revealed higher than 
average metal concentration at th Specifically, our investigations revealed the 
presence of silver, titanium, iron, er at the location of the shunt, 
this suggesting that shunts are process-induced defects formed during deposition of the contact 
strips. Hence, our data indicate that (a) the shunts we measured contain, or could possibly even 
be determined by metal contamination, and (b) this metal contamination was process-induced. 
Unfortunately, the spatial resolution of thermography, which is the only technique capable of 
reliably detecting and mapping shunt locations, is much worse than the resolution of our X-ray 
microprobe technique. Therefore, we can only conclude that the metal concentration at the shunt 
location is higher than average, but cannot unambiguous1 rove that these metals clusters cause 
the formation of the 

nfirmation that Ag and Ti cluster 
information on the depth of these precipitates from the sample surface. Indeed, the metal clusters 
should be within the depth of the p-n junction in order to affect its properties. The lack of any 
indications of these precipitates in an optical microscope suggest that these metal clusters are 
located inside of the solar cell, while the strong XRF signal indicates that these metal clusters are 
close to the wafer surface. However, so far we could not accurately measure the depth of these 
clusters from the wafer surface. At the present time, we are developing an experimental 
procedure which would enable us to obtain information not only on the spatial location of the 
precipitate, but also on its depth from the surface. 

se the shunts would be the 
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Application of Xmray fluorescence technique 
to studies of aluminum gettering in silicon 

O.F.Vyvenko, T.Buonassisi, A.A.Istratov, and E.R.Weber 

University of California, LBNL, 1 Cyclotron Rd., Berkeley, CA 94720, USA 

EXPEFUMENTAL PROCEDURES AND SAMPLE PREPARATION 

The samples used for this study were CZ silicon samples containing approximately 
2 . 5 ~ 1 0 ' ~  cm" (sample Sil l), and 1 .8x106 cm3 (sample Si6) of the oxide precipitates, formed by 
precipitating of AOi=6x 1 O J 7  cnY3 and AOi< 10 cm" of interstitial oxygen, respectively. The 
samples were doped with approximately 1 . 5 ~  10'' cm3 of boron. These samples were chosen be- 
cause they contain sufficiently high density of precipitation sites for metals to mimic multicrys- 
talline silicon, and at the same time the properties of the samples cleaved from the adjacent areas 
are very similar. After chemical cleaning of the samples and their intentional contamination with 
Cu or Fe, diffusion anneal was perf'orrned at a temperature of 1200°C in forming gas (N2 + 
5%H2) ambient for 30 min. The anneal was terminated by an air cool. After a chemical cleaning 
and etching, the samples were mapped by microprobe x-ray fluorescence (p-XRF) at the Beam- 
line 10.3.1 of the Advanced Light Source at Lawrence Berkeley National Laboratory. The typical 
measurement parameters were: scanned area of approximately (100 - 300 prn)x(100 - 300 pm), 
focused X-ray beam size of approximately 1 . 4 ~ 2  to 2x2.5 pm, step size 2 to 3 pm, accumulation 
time at each point from 1 to 7 seconds. Then, after another cleaning, a layer of aluminum with 
the thickness of 1.6 to 2.2 pm was deposited on the backside of the samples. Aluminum gettering 
anneal was performed at 800'C for 2 hours in forming gas ambient in a horizontal furnace. Then, 
the samples were mapped with p-XW again. Additionally, one of the Cu-contaminated samples 
was also mapped on the back side to prove that the backside aluminum layer has indeed gettered 
copper. 

EXPEFUMENTAL RESULTS: COPPER GETTEFUNG 

XJXF map obtained after Cu Contamination, presented in Fig. 1, revealed large clusters of 
copper of a typical size of 10-30 microns with a density of approximately 4x 1 O4 cm-2. Since the 
density of the oxide precipitates was at least 5-6 orders of magnitude higher, we believe that 
these copper clusters were associated with stacking faults or networks of dislocation loops 
punched out by the largest precipitates. Note than besides the large Cu clusters, there is a high 
background level of copper in Fig. 1, probably associated with small Cu agglomerates which 
could not be resolved in our measurements. Also note that the average Cu concentration in the 
sample, approximately (2-3)x 1 OI5 c r i3  according to the p-XW data, is much less than the solu- 
bility of copper at the diffusion temperature of 12OO0C (approx. lo*' cmd3, [I]). This indicates 
that the majority of copper had diffused to the wafer surfaces during cooling and was removed 
by chemical etching performed before the p X R F  mapping. The structure and density of Cu clus- 
ters observed in Fig. 1 and the average copper concentration in the XRF map are in agreement 

263



with the data reported by McHugo et al. 121, who used the same type of samples and similar CU 
diffusion conditions in their study of thermal stability of copper precipitates in silicon. 

that due to the lack of markers on the surface of the sample or distinctive features in the p-XW 
spectra, we could not find with sufficient accuracy the same area of the sample that was meas- 
ured before etching. XBIC technique [3], which was successfully used for this purpose on mc-Si 
samples, does not work well on metal-contaminated CZ samples due to their spatial homogeneity 
and lack of characteristic features in minority carrier maps. Therefore, the area mapped in Fig. 2 
does not match the area mapped in Fig. 1. However, since CZ samples are fairly homogeneous, 
we believe that there is no significant differences between the adjacent areas, and each XRF scan 
is a good representation of a typical metal distribution in the wafer. Fig. 2 revealed that the back- 
ground Cu concentration has significantly reduced after A1 gettering. The average background 
Cu concentration has reduced to below 1015 ~ r n - ~ .  On the other hand, several clusters with high 
copper concentration were found. As it is known that Cu often forms precipitates and precipitate 
colonies in the near-surface area (see [4,5] and references therein), it was suggested that the ob- 
served Cu clusters are most likely located at the sample surface. In order to verify this hypothe- 
sis, several microns were removed from the sample surface using silicon etch, and the sample 
was re-measured with p-XRF. In agreement with our expectations, no copper clusters were 
found after etching, and the background signal was very low. 

In order to prove that the backside aluminum layer is an efficient getter for copper, the 
backside of the Cu-contaminated sample Si 1 1 was mapped with p - X U  after A1 gettering. The 
local Cu concentrations in the A1 layer was in the 1 O I 8  cm-3 range, which indicates that the segre- 
gation coefficient of Cu in A1 is at least at 800'C. However, the accurate value of the segre- 
gation coefficient could not be determined since the copper concentration measured at the front 
side of the sample was at or below the detection limit. To the best of our knowledge, it is the first 
direct confirmation of the efficiency of aluminum backside gettering for copper. 

XRF maps taken on a Cu-contaminated sample with lo6 cm"2 of oxide precipitates before 
and after aluminum gettering (not shown) did not contain well defined clusters of copper as those 
in Fig. 1. A summation of the counts at each point over the h l l  scan area, plotted in Fig. 3 as the 
total number of XRF counts versus the XRF energy, enabled us to obtain a quantitative measure 
of the efficiency of gettering. Besides the Cu Ka peak at 8047.78 eV, the X W  spectrum in Fig. 
3 contains a strong Ni Ka peak at 7478.15 eV. This indicates that unintentional nickel contami- 
nation had occurred in our furnace during diffusion of copper. Fig. 3 shows that the height of the 
Cu K a  peak reduced below the background level after gettering, which indicates a decrease of 
Cu concentration by a factor of 6-8 or greater. At the same time, the amplitude of the Ni Ka peak 
has only partially (by less than a factor of 2) decreased after gettering. 

The p-XRF map obtained on Si l l  sample after Al gettering is presented in Figure 2. Note 

EXPERIMENTAL RESULTS: FE GETTERING 

Fe gettering experiments were performed on a sample with 10' c n f 3  of oxide precipitates 
(Sill). p-XW maps were homogeneously gray with more or less equal concentration of iron 
everywhere, and without any characteristic features. After A1 gettering, the p-XW maps re- 
mained as featureless as before gettering, while the average iron concentration in the sample had 
decreased. X R F  spectra obtained by summation of data points in p-XRF maps before and after 
gettering are plotted in Fig. 4. Besides Fe Ka peak at 6403.84 eV, a K a  peak of Ni at 7478.15 
eV is also observed in the spectrum. We attribute the Ni-related peak to the unintentional nickel 
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contamination stemming from OUT diffusion furnace. Comparison of the plots before and after 
gettering shows that A1 gettering is not as effective for Fe as for Cu for the same gettering condi- 
tions. Notice the 58% reduction in Ni concentration, whereas only a 33% reduction in Fe is ob- 
served. This, however, should not be interpreted as an insignificant segregation coefficient of 
iron in aluminum. In our opinion, the observed low iron gettering efficiency is not an indication 
of a low segregation coefficient of Fe in A1 (literature data suggest that iron can indeed be effi- 
ciently gettered by A1 (see, e.g., [6,  7])), but a reflection of a relatively low, in comparison with 
Cu, difhsivity and solubility of iron. Since the equilibrium solubility of iron at 800°C is ap- 
proximately 5x 1 O3 times lower than at 12OO0C, the iron clusters formed during iron in-diffusion 
cannot all be dissolved all at the same time during the gettering anneal. The concentration of the 
dissolved iron quickly reaches its equilibrium solubility at 8OO0C, 2 . 8 ~  1 0l2 ~ r n - ~ .  As soon as this 
iron is gettered by the aluminum backside, the dissolved iron concentration is replenished by fur- 
ther dissolution of the iron clusters. Hence, gettering of iron is kinetically limited by its solubility 
at the gettering temperature and its diffusivity. The possibility of such mechanism was pointed 
out by Plekhanov et al. [S], who concluded that it may take many hours to completely dissolve 
and getter iron clusters in a solar cell, if the total. precipitated concentration exceeds the equilib- 
rium iron solubility at the gettering temperature. 

SUMMARY 

Our experiments proved that aluminum gettering is very efficient for copper. While the 
segregation coefficient of Cu could not be accurately determined, it was estimated as better than 
1 O-3.  The Cu clusters formed at stacking faults or dislocation networks in Cu-contaminated Sam- 
ples Si l l  could be completely dissolved during gettering annealing at 800°C. However, a forrna- 
tion of Cu clusters in the near-surface area on the front side of the sample was also observed. 

For iron, the efficiency of backside A1 gettering for 2 hours at 800°C proved to be rela- 
tively low under our experimental conditions. This can be explained by much lower diffusivity 
of iron and its low solubility at the gettering temperature, which prevents fast dissolution of the 
iron clusters. No gettering-resistant clusters with the size detectable in p-XRF maps was found 
after diffusion of Cu and Fe in CZ-Si at 12OO0C. 

This study was supported by NREL, subcontract AAT-2-3 160543. 
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Fig. 1.  pXRF scan of Cu-contaminated sample Si 1 1 
The X and Y coordinates are given in mm. The cop- 
per concentration in the legend is in cm3. The meas- 
urement was performed after copper was diffused at 
12OO0C, and the sample was chemically cleaned. 
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Fig. 2. pXRF taken on Cu-contaminated sample 
after A1 gettering (2 hours at 80OOC). Cu concentra- 
tions in the legend are in the units of cm3. 
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Fig. 3.  XRF spectra obtained by summation of all 
data points in the maps in the previous figure before 
and after gettering. It is seen that the Cu peak is no 
Ionger distinguishable on the background noise after 
gettering. However, the unintentional nickel con- 
tamination remains strong, and the amplitude of the 
Ni peak was only partially decreased by the gettering. 
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Fig. 4. XRF scan of the sample with 2.5~10" 
oxide precipitates, intentionally contaminated with 
iron and measured before and after A1 gettering. Un- 
intentional nickel contamination is also present. 
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Investigation of Oxygen Precipitates and Associated Stacking Faults 
in Polycrystalline Sheet Silicon and Their Impacts on Solar Cell 
Performance 
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Abstract: 
Oxygen precipitates (OP) and associated defects, such as punch out dislocation loops and 
stacking faults (SF), can act as minority recombination centers and degrade solar cell 
performance. In this experiment, two groups of samples with high and low oxygen 
concentration were used to study oxygen precipitation phenomenon in sheet silicon. Both 
as-grown and processed samples were examined by Fourier transform infrared 
spectroscopy (FTIR), EBIC, PCD and etching/optical microscopy. It was found that during 
solar cell processing, the interstitial oxygen concentration decreased from 16.6 to 5.6 x 
1017 cm-3 for the high oxygen sample (HO) and from 11.0 to 4.1x 1017 cm-3 for the low 
oxygen sample (LO). EBIC measurements show that the intra-grain current collection IC of 
the HO sample is worse than that of the Lo sample. The difference is more prominent for 
large grain regions. The same regions examined by EBIC were etched and checked by 
optical microscopy. A high density of stacking faults was found inside the large grain of the 
HO sample, while no isolated oxygen precipitates or SF was observed in the LO wafer. To 
correlate these defect results with photovoltaic performance, the samples were also studied 
by the microwave PCD method. It was found that, while the large grain region of the LO 
wafer consistently exhibited high lifetime, no consistent correlation was found between the 
grain size and the minority lifetime of the HO wafer. In conclusion, a high interstitial 
oxygen concentration in an as-grown wafer will give rise to a high density of SF, which 
decreases the minority carrier lifetime. It is suggested that, to achieve high lifetime 
material, in addition to increasing the grain size, it is important to keep the Oi 
concentration below about 12 x 1017 cm-3.  
 
1. Introductions: 
As grain boundaries and dislocations are always present in polycrystalline silicon and these 
defects can act as gettering sites for transition metals, the metals will precipitate by 
employing proper post-diffusion annealing. As a result, the lifetime of the polycrystalline 
silicon materials will be mainly limited by the presence of the extended defects, such as 
grain boundaries, oxygen precipitates, dislocations, SF and metal precipitates. In the 
polycrystalline sheet silicon materials, the Oi usually reaches 1018 cm-3 and will precipitate 
during cell processing. It is well know that OP and SF can act as minority carrier 
recombination centers, especially when decorated by transition metal species, which is the 
case in the sheet silicon materials.  
It is well known that carbon1 and nitrogen2 can enhance oxygen precipitation, as well as 
iron3, if its concentration reaches 1014 cm-3. Dislocations can also enhance oxygen 
precipitation by providing heterogenerous nucleation sites. All these impurities and defects 
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appear in polycrystalline sheet silicon materials with carbon and nitrogen at their saturation. 
The iron concentration is on the order of 1013 cm-3. In this paper, we will focus on the 
influence of the initial Oi concentration on the oxygen precipitation process.  
2. Experiments: 
Two groups of wafers with different initial oxygen concentration were grown at 
Astropower. Wafers were boron doped with a resistivity of 2-3 ohm cm and a thickness of 
about 800 um. The grain size ranges from 100um to 2mm. For detailed information 
regarding the sheet silicon materials, refer to Ref. 4.  A conventional solar cell process is 
used at AstroPower, including a phosphorous diffusion, silicon nitride antireflection 
coating, and screen printed metals.  In addition, two novel, high temperature gettering steps 
are being evaluated as part of the standard processing sequence.  The gettering steps and 
phosphorous diffusion were used on the samples under study here.   
The initial Oi concentration of the high and low Oi samples is 16.6 and 11.0 x 1017 cm-3 
respectively. Room temperature FTIR measurements were performed on Bio-Rad 
FTS-6000 spectroscope to investigated the oxygen precipitation by monitoring the change 
of the Oi concentration. Samples were double-side chem-mechanical polished. The 
spectral resolution was set at 2 cm-1. A calibration factor of 3.14 x 1017 cm-2 was used to 
calculate the Oi concentration from the intensity of the 1107cm-1 peak. 

Microwave PCD lifetime mapping was performed on the double side polished wafers. 
Before measurement, samples were boiled in piranha solution and then dipped in 10% HF 
solution for 10 minutes to passivate the surface. The step size of the mapping was 0.1 mm. 
A 904 nm GaAs laser with a penetration depth of 30 um for Si was used as injection source. 
After PCD measurements, Al-Schottky diodes were prepared on the polished surface for 
EBIC measurement. EBIC measurements were performed at room temperature with an 
accelerating voltage of 20 KV and a probe current of about 0.2 nA. Following EBIC 
measurements, the samples were etched in Secco solution for 2 min and examined under 
Normaski microscope. 
3. Results and Discussions: 
Room temperature FTIR spectra, see Fig. 1, shows that after solar cell processing, the 
interstitial oxygen concentration decreases dramatically. The broad peak spanning from 
850-1100 cm-1 is believed to be related to nitrogen precipitates. The interstitial oxygen 
concentrations are summarized in Table. 1, which shows that more interstitial oxygen 
precipitated in the HO sample. 

Sample HO  LO  

As-grown 16.6 11.0 

Processed 5.6 4.1 

Difference 11.0 6.9 
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Fig. 1 Room temperature FTIR spectra of
the HO and LO samples.  

Table 1. Oi  concentration in the as-grown 
and processed wafers. Unit in 1017 cm-3 
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Figures 2(a) and 2(b) are the EBIC and corresponding etching/optical micrographs of a 
large grain region of the HO processed sample, which show a very good correlation. The 
high defect density region correspondingly exhibits low current collection efficiency (dark 
region), and vise verse. From Fig. 2(c), it is evident that most of the defects are stacking 
faults, while in Fig. 2(b) the SF density inside the large grain is higher than that of the small 
grain. Also, near the grain boundaries there are few SF. Due to the volume difference 
between SiO2 and silicon matrix, silicon self-interstitials ISi are generated during oxygen 
precipitation process. These self-interstitials can nucleate on the oxygen precipitates and 
form stacking faults. Because the dimension of the SF denuded zone around grain 

boundaries is about 50-100um and the total diffusion length of Oi is about 15um in the 
solar cell processing, the distribution of SFs is not determined by the interstitial oxygen, 
but arises from some fast-diffusion species (nitrogen, ISi or transition metals). The reason 
why no SF formed near the grain boundaries might be (1) grain boundaries can act as the 
sink for silicon self-interstitials and results in low ISi supersaturation degree, and so no SF 
can nucleate. (2) Grain boundaries can gettering carbon, nitrogen and iron which can 
enhance oxygen precipitation. Due to the grain boundaries gettering, the concentrations of 
carbon and nitrogen are lower at the near grain boundary region than the intra-grain region, 
thereby reducing the SF formation.  

The EBIC and corresponding 
etching/optical micrographs of a large 
grain region of the LO processed sample 
are shown in Figures 3(a) and 3(b). Note 
the absence of the dark region inside the 
large grain in the EBIC picture. Etching 
pits picture shows that there are only 
dislocations and oxygen precipitates 
appeared inside the large grain. No SF 
were found in the LO processed wafer. 
Also, in some regions of the sample, no 
isolated oxygen precipitates (hillock) 

Fig. 3 EBIC (a) and corresponding
etching/optical micrograph (b) of the LO
processed wafer. The large grain is clean and
no SF formed in the large grain. 

a b 

Fig. 2 EBIC image (a) and
corresponding etching/optical
micrograph (b) of the  HO
processed wafer. Box area in
(b) was enlarged and shown
in (c). 

a b 

c 
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were found. This fact implies that even with the assistance of nitrogen and carbon, oxygen 
precipitates still can only nucleate along the dislocation or grain boundary because of the 
lower Oi supersaturation. 

Figures 4(A) and 4(B) show the EBIC picture 
and the corresponding PCD lifetime mapping 
of the LO processed sample. Note that the 
lifetime is well correlated with the grain size. 
In the small grain region, in addition to more 
grain boundaries, there are more black spot 
dislocation clusters. The grain boundaries 
and the dislocation clusters lower the lifetime 
dramatically. Inside the large grain, the 
lifetime reaches its highest value because 
there is no grain boundaries and fewer 
intra-grain defects. 

Figures 4(C) and 4(D) are the EBIC and 
corresponding PCD lifetime mapping of the 
HO processed sample. Although the lifetime 
is also mainly influenced by the grain size, 
the correlation is not as consistent as the LO 
processed sample. This is likely due to the 
high density of SF formed inside the large 
grain of the HO processed sample which 
decreases the lifetime. 

4. Conclusions: 
A high interstitial oxygen concentration in the as-grown sheet material will give rise to a 
high density oxygen precipitates and SF, which will decrease the minority carrier lifetime. 
It is suggested that, in order to achieve high lifetime material, in addition to increasing the 
grain size, it is important to keep the initial Oi concentration below about 12 x 1017 cm-3. 
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Fig. 4.  EBIC picture and the corresponding
PCD lifetime mapping of the LO (A and B)
and  HO (C and D) processed wafers. 
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Abstract 
 
Screen-printed selective-emitter solar cells have been fabricated on FZ Si with efficiencies of 
~16.5%.  A self-doping paste was used on 100 Ω/sq. emitter to form the selective emitter.  A 
much lower contact resistance was obtained for the self-doping paste PV168 compared to 
conventional pastes on 100 Ω/sq.  Contact resistance for the PV168 self-doping paste on a 100 
Ω/sq. was ~1.5 mΩ-cm2 which is comparable to that of a conventional paste on a 40 Ω/sq. emitter 
(~0.96 mΩ-cm2). The co-fired selective-emitter cell using PV168 showed a ~0.1% improvement 
in absolute efficiency over the 2-step fired conventional cell.  Due to the lightly-doped emitter in 
the selective-emitter cell, the blue response of the IQE was better, contributing to 0.6 mA/cm2 
improvement in the short-circuit current. The fill factors for both conventional and selective-
emitter cells were very close, 0.776 and 0.775 respectively, indicating the effectiveness of the 
self-doping paste PV168.  The selective-emitter cells had an unoptimized silicon nitride 
passivation.  Improved oxide or nitride passivation is expected to increase the performance of the 
selective-emitter cells even further. 
 
Introduction 
 
The self-doping Ag paste introduces the P dopant into the underlying Si when fired at a 
temperature above the Ag-Si eutectic (~830°C). This contact formation technique makes use of 
the lightly-doped emitter, which should improve the short-wavelength response.  A lightly-doped 
emitter should also improve the effectiveness of the front-surface passivation.  Self-doping paste 
is fired at higher temperatures (900°C set point in a belt furnace), which forms a good Al BSF 
simultaneously.  Hence, a 2-step firing process is not necessary and both front and back contacts 
can be co-fired simultaneously.  Previous work showed that firing temperatures below the Ag-Si 
eutectic do not give good fill factors (FFs) due to high series resistance or poor ohmic contact on 
the front [1].  Also, a fast firing in the belt furnace showed much superior results as compared to 
slow firing at ~900°C because of reduced junction leakage current (Jo2) [1].  Thus, it was 
established that the firing temperature and the belt speed are critical to the performance of the 
selective-emitter cells using the self-doping paste. Contact resistance of 0.26 mΩ-cm2 has been 
previously reported on a 73 Ω/sq. emitter and 12 mΩ-cm2 for a 93 Ω/sq. emitter [2, 3]. The aim of 
this work is to minimize the contact resistance of the PV168 self-doping paste on 100 Ω/sq. 
emitter and demonstrate high efficiency screen-printed selective-emitter cells.   
 
Experimental 
 
Two types of solar cells (4 cm2) were fabricated on p-type 0.6 Ω-cm 300-µm thick (100) float-
zone (FZ) Si wafers: one involving conventional pastes (Table 1) and the other involving the self-
doping paste PV168 (Table 2).  In Table 1, the first cell is a conventional screen-printed cell with 
a 40-45 Ω/sq. homogeneous emitter using the commercially available paste A, which gave a 
16.38% efficient cell.  This cell was fabricated using a 2-step firing process: 850°C/2 min. for the 
Al BSF (back-surface field) and 752°C/40 sec. for the front contact firing.  The next two cells in 
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Figure 2: Contact resistance values for 
PV168 on emitters of different sheet 
resistance.

Table 1 had 100 Ω/sq. emitter and the front and back contacts were co-fired using conventional 
screen-printed pastes A and B under identical conditions (900°C) to those used for firing the self-
doping paste PV168.  The cells in Table 2 involve the self-doping paste on emitters of different 
sheet resistance values (100, 110, 120, 130, and 150 Ω/sq.).  All the cells in this set were co-fired 
(front contact and back Al BSF) at 900°C at the firing conditions optimized to give good ohmic 
contact on a 100 Ω/sq. emitter.  After cleaning the wafers, the emitters for all the cells were 
diffused in a POCl3 tube furnace.  After the removal of the phosphorus glass, a SiNx single layer 
antireflection coating (SLARC) was deposited with a refractive index of 1.98 and a thickness of 
850 Å.  The front-contact grid was screen-printed on top of the SiNx, and the front and back metal 
contacts were either co-fired, or a 2-step firing process was used as explained previously. All 
screen-printed contacts were fired in a belt-line furnace.  In order to assess the quality of the 
contacts, contact resistance measurements were performed using the transfer length method 
(TLM) [4] on contact resistance test patterns screen-printed and fired simultaneously with the 
front-metal grid. 
 
Results and Discussion 
A. Contact Resistance Analysis 
In order to investigate the quality of the front metal contacts, contact resistance measurements 
were performed.  Figure 1 shows contact resistance measurements for two conventional pastes on 
40 and a 100 Ω/sq. emitters.  For the 40 Ω/sq. emitter, paste A gave a low contact resistance of 
0.96 mΩ-cm2 which increased to ~21 mΩ-cm2 for the 100 Ω/sq. emitter.  Paste B produced even 
higher contact resistance (1.65 mΩ-cm2 on the 40 Ω/sq. emitter and ~23 mΩ-cm2 on the 100Ω/sq. 
emitter).  Paste A gave lower contact resistance values (as low as 2 mΩ-cm2 on 100 Ω/sq.) when 
fired at temperatures slightly higher than the optimized temperature (900°C) for PV168 
suggesting that it also contains some phosphorus. However, high temperature firing of paste A 
degrades the cell performance resulting in lower open-circuit voltage (Voc) and higher n factor 
and leakage current.  
 

 
 
 
Figure 2 shows contact resistance values for the PV168 self-doping paste on emitters of different 
sheet resistance.  The contact resistance is around 1.5 mΩ-cm2 for sheet resistance values in the 
range of 100-130 Ω/sq., and is comparable to that of a conventional paste on a 40 Ω/sq. emitter. 
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The contact resistance for the self-doping paste starts to increase rapidly (3.27 mΩ-cm2) when the 
sheet resistance increases to 150 Ω/sq.  
 
B. Cell Data and Analysis 
Light and dark I-V measurements were performed to analyze the performance of the cells. As 
shown in Table 1, the conventional cell with 40 Ω/sq. homogeneous emitter has a fill factor of 
0.776 and a reasonably good series resistance of 0.886 Ω-cm2 (cell 2-step-40).  Cells A-100 and 
B-100 in Table 1 are fabricated with conventional pastes A and B on 100 Ω/sq. emitter.  These 
cells showed a very high series resistance and low FFs of 0.5-0.6.   
 
 Table 1: Cells fabricated using conventional front metal pastes A and B. 

 
Selective-emitter cells in Table 2 and Figure 3 show that the series resistance increases with the 
increase in emitter sheet resistance.  However, for the 100-130 Ω/sq. emitters, the series 
resistance is only dictated by the higher emitter sheet resistance and not by the contact resistance 
as shown by Figure 2.  The FF also decreases slightly and systematically as the emitter sheet 
resistance increases.  Thus, the performance of these selective-emitter cells (Table 2) could be 
improved significantly by the optimized front metal contact grid design using finer gridlines in 
conjunction with smaller grid spacing.  The front metal grid used in this study was optimized for 
the 40 Ω/sq. emitter. 
  
       Table 2: Front metal contact self-doping paste PV168 on emitters of different sheet 
                      resistance. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4 shows the IQE plot for the conventional cell with 40 Ω/sq. homogeneous emitter and a 
selective-emitter cell with a 100 Ω/sq. emitter.  The short-wavelength response of the co-fired 
selective-emitter cell is superior to that of the 2-step fired conventional cell, resulting in 

Cell Name Voc (mV) Jsc (mA/cm²) FF Eff (%) n factor Rs (Ω -cm²) Rsh (Ω -cm²)
2-step-40 635.3 33.20 0.776 16.38 1.11 0.886 1,507

A-100 619.5 33.00 0.594 12.14 1.07 4.812 18,297
B-100 571.6 32.89 0.536 10.08 2.62 3.208 15,078

Cell Name Voc (mV) Jsc (m A/cm ²) FF Eff (%) n factor Rs (Ω -cm²) Rsh (Ω -cm²)
PV168-100 627.1 33.90 0.775 16.47 1.01 1.003 3,353
PV168-110 622.0 33.40 0.769 15.95 1.01 1.171 8,222
PV168-120 626.5 33.60 0.766 16.13 1.01 1.225 9,681
PV168-130 625.4 33.30 0.765 15.93 0.99 1.293 88,757
PV168-150 617.90 33.50 0.7562 15.67 1.00 1.357 13,111
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0.6 mA/cm2 improvement in the current.  The long-wavelength response of both cells is almost 
identical indicating the same BSF quality.  The short-wavelength response can be improved 
further by better surface passivation because the SiNx SLARC used in this study was not 
optimized for lowest surface recombination velocity. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Conclusion  
 
Contact resistance measurements show that the PV168 Ag paste can achieve reasonably low 
contact resistance on ≥ 100 Ω/sq. emitter with the appropriate firing conditions.  Contact 
resistance values are comparable (< 2 mΩ-cm2) to those of conventional Ag pastes on a 40 Ω/sq. 
emitter.  Screen-printed selective-emitter cells with an efficiency of ~16.5% were achieved on FZ 
silicon with 0.6 mA/cm2 enhancement in Jsc over the conventional 40 Ω/sq. cells.  Fill factors 
were ~0.775 for both selective-emitter and conventional cells. Improved surface passivation and 
optimized grid design can increase the efficiency of selective-emitter cells significantly over the 
conventional cells. 
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Abstract 
 
Porous silicon anti-reflection coatings for silicon solar cells provide an alternative to 
conventional plasma techniques.  Porous silicon is applicable to all silicon crystals and 
allows for reduced processing times.  This paper reports on the development of a novel 
process sequence that incorporates porous silicon as a first step and produces 15.3% 
screen printed RTP cell efficiency (confirmed by NREL) in less than 35 minutes on FZ 
Si. Fill factor (FF) degradation is avoided because the metal contacts are formed at the 
end and are not exposed to a chemical etching solution.  Firing Ag contacts through 
porous silicon is shown to make good ohmic contact to the emitter.  This process 
involved short RTP firing of screen printed contacts on the porous silicon layer that 
enabled better control of the reflective properties and resulted in high FF’s of  ~0.787, 
Voc’s of ~618 mV, 31.5 mA/cm2 Jsc, and efficiencies in excess of 15%. 
 
Introduction 
 
Crystalline silicon continues to be the most widely used substrate for commercial solar 
cells.  Incorporating porous silicon texturing into solar cell fabrication has received 
increased attention in the photovoltaic community because of its promise of increased 
efficiency, ease of fabrication, and low fabrication costs [1,2].  The use of porous silicon 
as an anti-reflection coating (ARC) has received the most attention due to ease of 
integration with current solar cell processing [1,3,4].  Other uses of porous silicon have 
been explored including band gap modification, surface passivation and light trapping / 
diffusion for solar cell structures [3].  Selective emitter formation is an added benefit that 
could result from porous silicon etching at the end of a solar cell fabrication sequence [3].  
However, deep emitter junction, unstable surface passivation, and fill factor degradation 
of screen printed (SP) metals could hurt the cell performance if porous silicon is formed 
as a final processing step.  Other approaches to incorporate porous silicon texturing form 
the porous silicon layer prior to metal contact formation but are constrained by good 
ohmic contact [5].  That is why, unlike other studies, the objective of this work is to form 
the porous silicon layer prior to emitter diffusion and metal contact formation.  In this 
approach the challenge is to manage the change in reflectivity during subsequent high 
temperature processing and series resistance due to the high resistivity and wide band gap 
of porous silicon.  RTP is used in this study to maintain appropriate reflectance after high 
temperature processing.   
 
Experimental  
 
Solar cells are fabricated using the dopant oxide solid source (DOSS) technique [6] to 
form an n+ emitter in both a conventional furnace (CF) and in an RTP system.  Diffusion 
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glass removal is avoided in DOSS processing [6].  Porous silicon layers were formed on 
Si substrates prior to phosphorus emitter diffusion by chemical etching (stain etching) 
technique comprised of HF acid and HNO3 acid, rather than electro-chemical etching.  
Porous silicon etching time was limited to < 10 seconds.  Screen printed Al BSF was 
formed for rear surface passivation.  A Ag grid was SP on top of the porous silicon and 
fired through it in a belt furnace (BF) or RTP to form the front contacts.  Spreading 
resistance analysis (SRA) was performed to obtain diffusion profiles.  Porous silicon 
etching is performed as the first step 
in all solar cell fabrication 
techniques described in this paper.  
 
Results and Discussion 
 
Phosphorus emitter diffusion 
employed a limited source DOSS 
diffusion; therefore analysis of the 
diffusion profile through a porous 
silicon layer needs consideration.  
Figure 1 shows a dopant profile for a 
planar sample and a sample with a 
porous silicon layer subjected to the 
same CF diffusion cycle.  A spin-on 
coated wafer with a 6% P2O5 
concentration was used as a DOSS 
diffusion source at ~925oC for ~1 hour.  The porous silicon etched sample showed lower 
surface concentration and shallower diffusion depth compared to the planar control 
(~0.5µm and 0.95µm, respectively).  Thus porous silicon acts as a diffusion limiter not a 
barrier.  Therefore, proper diffusion profiles can be tailored by changing the temperature, 
spin-on dopant concentration, or time of diffusion.  Figure 2 compares the internal 
quantum efficiency (IQE) and reflectance curves of a SP porous silicon solar cell 
subjected to a CF diffusion cycle and 
a standard screen printed cell.  The 
standard cell consists of a ~40 Ω/sq. 
POCl3 emitter with a full Al BSF on 
a 1.3 Ωcm FZ and a SiNx single 
layer ARC.  Figure 2 shows that the 
porous silicon sample has an inferior 
reflectance with a minimum of ~10% 
at 600nm.  The BSF is also inferior 
because the Al was fired in a belt 
furnace rather than RTP.  The 
weighted reflectance is 17.4% as 
compared to 12.4% for the SiNx 
coated standard cell.  However, the 
blue response is much better for the 
porous silicon sample.  This is partly 
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due to the higher sheet resistance and in-situ oxide passivation in the DOSS emitter.  In 
order to realize the full benefit of the improved blue response the front surface reflectance 
needs to be optimized.  It is clear from Fig. 2 that during high temperature processing the 
porous silicon layer reflectance curve undergoes changes.  Initial weighted reflectance 
was ~11.5% but increased to 17.4% after CF processing.  Therefore, initial reflectance 
needs to be optimized to minimize the final reflectance profile.  However, initial results 
showed no direct correlation between initial porous silicon reflectance and finished solar 
cell reflectance in CF processing.   
 
In an effort to reduce fabrication time (~1 hour diffusion cycle in a CF) and improve the 
porous silicon layer reflectance, use 
of an RTP is explored.  DOSS 
diffusion was performed in an RTP 
at 880oC or 900oC for 3 minutes.  
Better control of the diffusion 
ambient and shorter cycles time are 
realized in RTP processing that can 
help to minimize reflectance changes 
for the porous silicon layer.  Figure 3 
shows the resulting reflectance 
curves for samples subjected to 
various RTP processes.  Samples 
subjected to a 725oC RTP heat cycle 
in nitrogen ambient prior to the 
diffusion cycle showed only a slight 
blue shift in reflectance minimum 
wavelength but not in the minimum reflectance value.  However, the sample that received 
no RTP heat treatment prior to emitter diffusion showed a substantial jump in minimum 
reflectance to ~10%, similar to the afore mentioned CF process. 
 
The CF and RTP solar cell fabrication sequences used in this study are shown in Figure 
4.  CF process (A) gave a SP cell efficiency of 14% along with the IQE shown in Fig. 2. 
This process took ~3 hours.  Process sequence (B) was developed to fabricate solar cells 
in the RTP in approximately 17 minutes after initial cleaning.  This process resulted in a 
much improved front surface reflectance compared to Process A, as shown in Fig. 3.  
However, to maintain the low reflectance of porous silicon, no BSF step was 
implemented in Process B because prolonged exposure to the oxygen ambient (~2 
minutes) for BSF formation was found to degrade the front surface reflectance.  This 
resulted in somewhat inferior red response (see Fig. 5) and lower cell efficiency of 
13.7%.   
 
Process C implements a novel sequence that provides a proper BSF formation 
simultaneously with the emitter formation.  Figure 5 shows the resulting IQE and 
reflectance curves for the RTP processed solar cells with porous silicon ARC.  Process C 
allows for BSF formation to match the standard process because RTP DOSS diffusion 
temperature is 880oC, which simultaneously forms a good Al BSF on the rear.  In process 
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B, Al firing temperature was only 
700oC for 1 second.  A 15.3% 
efficiency is obtained using process 
C, an improvement of greater than 
1% absolute efficiency over process 
A and process B.  This is the highest 
reported efficiency for a porous 
silicon solar cell to our knowledge.  
FF degradation is avoided by not 
exposing the SP metal contacts to 
porous silicon etching.  The solar 
cells processed by porous silicon and 
RTP in < 35 minutes achieved FF’s 
in excess of 78% and efficiency of 
15.3%.  Note that the efficiency is 
~1% lower than the standard cells 
with PECVD SiNx coating.  Further optimization can reduce the gap between the two. 
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Process A  
 Clean   15 minutes 

Porous Silicon Etch 
6 seconds 

CF DOSS Emitter  
150 minutes 

SP Al BSF + Bake + Fire 
8 minutes  (BF) 

SP Ag + Bake + Fire  
8 minutes  (BF) 

 
 

Total Time 
~3 hours 

      Voc     Jsc    FF    Eff. 
FZ  624  29.9  74.9  14.0 
Cz  614  29.2  74.6  13.4 
Mc  619 26.9  75.5  12.5 

Process B 
Clean   15 minutes 

Porous Silicon Etch 
6 seconds 

RTP 725oC 
6 minutes 

900oC RTP DOSS Diff.
6 minutes 

SP Al BSF + Bake 
2 minutes 

SP Ag+Bake+Fire 700oC
3 minutes   (RTP) 

Total Time 
~32 minutes 

      Voc     Jsc    FF    Eff.
FZ  603  28.6  76.2  13.2
FZ  592  30.1  77.0  13.7

 

Process C 
Clean  15 minutes 

Porous Silicon Etch 
6 seconds 

RTP 725oC 
6 minutes 

SP Al BSF + Bake 
2 minutes 

880oC RTP DOSS Diff. 
6 minutes 

SP Ag+Bake+Fire 700oC 
3 minutes   (RTP) 

Total Time 
~32 minutes 

      Voc     Jsc    FF    Eff. 
FZ  618  31.5  78.7  15.3 

 

Figure 4.   Process sequence diagram for porous silicon ARC solar cells using DOSS processing 
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Conclusion 
 
Innovative silicon solar cell processing using porous silicon texturing for ARC and RTP 
resulted in greater than 15% SP solar cells fabricated in less than 35 minutes.  All 
processing steps used in fabrication are industrially viable.  The porous silicon layer 
provides a uniform coating that has a violet appearance on the entire wafer surface.  RTP 
pre-treatment in N2 stabilizes the porous silicon layer.  In addition, a short simultaneous 
RTP heat treatment is used to form the n+ emitter and p+ BSF simultaneously without 
appreciably degrading the porous silicon reflectance.  Finally SP through the porous 
silicon layer forms good ohmic contacts resulting in FF’s of ~0.78. 
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Abstract 
We have investigated and compared material properties and solar cells of several common multicrystalline ingots. 
Apart from the contaminated end parts of the ingots the cell quality correlates well with the as-received lifetime, and 
the lifetime profile through the ingot correlates with the distribution of defect densities in the material. The as-
received lifetime after light soaking is a reasonable predictive parameter for cell performance for the complete ingot 
if the major impurity in the end parts is iron, and if the oxygen concentration is low. A high oxygen concentration of 
15-20 ppma in the bottom parts of some ingots, instead of the more common 5-10 ppma for that position, correlates 
with a strong reduction of cell efficiency. 

1. Introduction 
The properties of solar cells produced from multicrystalline silicon (mc-Si) wafers show a significant variation. The 
purpose of this work is to understand the part of this variation which is due to material properties, and to see whether 
the understanding can be generic, independent of manufacturer. This may help to minimize the variation as much as 
possible e.g. through optimized processing or directions for optimized ingot growth. We investigated 8 ingots from 4 
manufacturers. Characterisation of carbon, oxygen, FeB, lifetime, defects, and traps (by DLTS1) was compared to 
cell results. Results from two types of ingots (denominated A and B) are presented. Because many studies focus on 
material with high concentrations of a particular kind of defect, a characterization of commonly used mc-Si also helps 
to put such studies into context. This paper reports only on the commercially used part of the ingots (i.e., not the 
discarded edges). The paper finishes with tentative qualitative conclusions. 

2. Material characterization 
It is well known that the oxygen concentration decreases 
slowly from bottom to top of an ingot. In most of the ingots 
the oxygen is everywhere below 10 ppma, and in most of 
the material even below 5 ppma. Fig. 1a shows that the 
ingots of type A show much higher maximum oxygen 
concentrations of around 20 ppma in the bottom. 

The carbon concentration in most ingots is high: about 7-11 
ppma with relatively flat profiles. Carbon is known to 
precipitate not very easily. Indeed, the observed carbon 
concentrations caused no noticable shunting of cells 
(Rsh>1000 Ωcm2), neither in clean parts of the ingot nor in 
metal-contaminated parts.  
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The effective lifetime of the ingots was measured by QSSPC2 as a function of position in the ingots. The shapes of 
these lifetime profiles vary significantly among the ingots. However, in at least the center 60% of all investigated 
blocks,3 the QSSPC lifetime is at least tens of microseconds, up to more than 100 µs in several cases.  

Top and bottom of all ingots show the well-known reduction of lifetime. This is attributed to diffusion into the 
solidified silicon of metallic impurities4, and (in the bottom only) to oxygen-related defects. The impurities in the 
bottom of the ingots originate from the crucible and/or its coating. The impurities in the top originate from impurities 
dissolved in the liquid silicon, which have segregated to the very top layer of the ingot, and after solidification diffuse 
‘backwards’. Bottom and top metallic contaminants therefore need not be the same.  
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As a convenient probe of this solid state diffusion, the FeB concentration can be measured by lifetime change after 
light soaking (see, e.g.,ref 5). The resulting estimated FeB concentration profiles are given in Fig. 2a. The diffusion 
depth of Fe is about 30 mm, and most of the contaminated silicon is cut away from ingots before wafering. Some 10 
mm of contaminated top and bottom however usually remains in the block for wafering.6 Fig. 2b shows a detail of the 
FeB profile in ingot A2. The sharp drop of concentration in a few mm is remarkable. The non-zero level of FeB in 
the center of the ingots, and the slow increase towards the top, may be due to a small feedstock contamination (~0.01 
– 0.1 ppma) in combination with a segregation coefficient of around 10-4.7 The maximum observed levels of FeB due 
to this phenomenon are around 1013 cm-3. Such a high concentration causes a dramatic decrease of lifetime (to, e.g., 
3-4 µs for 1013 cm-3). However, since Fe can be easily gettered this low lifetime is not, by itself, predictive of poor 
cell results.  

For the large central part of the ingots, neither solid-state diffused impurities nor oxygen can be the cause for the 
observed lifetime profile. Fig. 3a shows spatially resolved lifetime variations of three wafers measured by MFCA,8 
and the corresponding visual images after a defect etch. As far as we could qualitatively determine in many 
measurements like these, the low lifetime areas always correspond to high defect density areas. These are mostly in 
the form of a fine crackle-type network, apparently strings of dislocations. Fig 3b shows histograms of MFCA 
lifetime measurements and the corresponding QSSPC lifetimes. Apart from bottom and top wafers, the width of the 
histograms is approx. constant (105-120 µs); only the shape changes. It appears, therefore, that lifetime profiles in the 
ingots (apart from bottom, and sometimes top) are determined by the evolution of the defect distributions. This is 
related to solidification and cool-down parameters,9 which are particular for ingot growth techniques and 
manufacturers.  

3. Cell results and lifetime after emitter diffusion 
Fig. 4 shows illustrative 
examples of cell results and 
QSSPC lifetime after the 
normal emitter diffusion (in 
a belt furnace), as well as 
after the same furnace 
anneal without emitter 
dopant source (“anneal 
only”). It is clear that in 
both ingots, gettering 
makes a difference with the 
“anneal only” situation, 
only for the top and bottom 
parts10. The improvement 
in the bottom of ingot B2 is 
very significant, which we 
attribute to the fact that 
DLTS showed that Fe is the 
major in-diffused impurity, 
and oxygen concentration 
is low (<8 ppma). The 
lifetime limiting impurities 
can therefore be easily 
gettered. The phenomenon 
of best performance in the 
bottom of the ingots was found in both ingots of type B. 

In ingot A2 the improvement of the bottom due to gettering is only modest. Oxygen and in-diffused impurities are 
compared with Isc in Fig. 5. The strong decrease of Isc towards the bottom of ingot A2 is not as abrupt and short-
ranged as the FeB profile, so it is more likely due to (or at least, related to) the oxygen contamination. However, it 
should be noted that DLTS showed that Fe was not the major in-diffused impurity in this case. A high oxygen 
concentration in the bottom and accompanying reduced cell performance was found in both ingots of type A.  
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Fig. 4. left: Lifetime after emitter diffusion (solid lines) and after the thermal profile 
for emitter, but without dopant source (dashed lines). right:Isc, relative to maximum of 
ingot, of cells without SiNx ARC (solid lines) and with SiNx ARC (dashed lines). 
Maximum Isc corresponds to about 21.5 and 30.5 mA/cm2, respectively. 
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The agreement of the Isc curves with lifetime profiles 
after emitter diffusion is obvious. The as-received 
lifetime after light soaking for ingot B2 (Fig 6) is also a 
reasonable qualitative predictor for the Isc.  

4. Discussion and conclusions 
The lifetime after emitter diffusion (Fig.4), and in 
specific cases as-received (Fig.6), is a good qualitative 
predictive parameter for cell efficiency. This lifetime 
evolution through the ingot is largely determined by 
crystal defect distribution (Fig.3), i.e. by thermal 
parameters during ingot growth. The effect of hydrogen 
passivation on this defect activity (difference with and 
without SiNx ARC in Fig. 4) is, in the presented 
experiments, small. 

It is apparently feasible to reduce oxygen 
concentrations to below 10 or even 5 ppma in a 
complete ingot, and choose crucible and/or coating 
which release only Fe into the ingot (example: ingot 
B2). Such ingots are then largely free of problems due 
to bottom/top contamination and yield homogeneous 
cell results. Optimizing thermal parameters during 
production of such ingots should allow for further 
lifetime and efficiency improvement. 

In agreement with ref.11, an oxygen concentration 
above about 10 ppma rapidly becomes detrimental (Fig 
5 and similar results for ingot A1). In the largest part of 
any material the oxygen concentration is low and not 
obviously harmful. 12 

These experiments do not show whether the observed impact of defect density is caused by precipitates (in particular, 
precipitates decorating dislocations), or the impact of oxygen is due to interaction with metal impurities.  
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2 Quasi Steady State PhotoConductivity. Sinton WCT-100. This lifetime is an area-averaged quantity. 
3 with the exception of one ingot which was apparently grown from heavily contaminated feedstock 
4 M. Acciarri et al., 13th European PVSEC, p. 1336 (1995). 
5 D. Macdonald and A. Cuevas, 11th workshop on crystalline silicon solar cell materials and processes, p. 24 (2001). 
6 We have verified in one ingot that the edge blocks indeed show a FeB profile consistent with this model. 
7 L.J. Geerligs, these proceedings. 
8 Modulated Free Carrier Absorption, methodology as in A. Schönecker et al., J. Appl. Phys. 79, 1497 (1996). 
9 D. Franke et al., 2nd world conference on PVSEC, p. 108 (1998). 
10 This result may have been influenced by contamination introduced during processing, which however does not 
invalidate the subsequent discussion. 
11 The rate of precipitate nucleation is a high power of the oxygen concentration, see Handbook of Semiconductor 
silicon technology, eds. O’Mara, Herring, and Hunt (Noyes publications, 1990). Perhaps related to this, a threshold 
of around 14 ppma for the detrimental effects of oxygen was reported by. S. Martinuzzi et al., 13th European PVSEC, 
p. 1382 (1995). 
12 Perhaps so low that boron-oxygen defects will not be very relevant for mc-Si. 

Fig. 5. Oxygen and FeB trends (right scale) and relative 
cell Isc (left scale) in the bottom of ingot A2. Isc for 
uncoated cells (squares) and cells with hydrogen-
passivation by SiNx ARC (diamonds) is shown. 
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Abstract 
     Phosphoric acid was used as an n-type doping source for making an emitter. Cold spray 
method has been adopted because it does not need complicated and corrosive heating system. 
The key spray parameters such as belt speed, flow rate of carrier gas, concentration of 
phosphoric acid and angle of spray nozzles are optimized to get uniform and reproducible sheet 
resistance of the emitter. Diffusion process has been studied by firing spray coated silicon wafer 
in the belt furnace. Screen-printed solar cells using the emitter formed by spray method have 
been fabricated and compared with conventional POCl3 diffused emitter. Screen printed/spray 
diffused cells gave impressive cell efficiencies up to 16.6 % on 1 Ωcm FZ, which is nearly equal 
to POCl3 emitter cells (~16.9%). Compared to POCl3 emitter cell, the spray diffused cells 
showed slightly lower quantum efficiency at short wavelength and slightly higher emitter 
saturation current density (~3.59x10-13 A/cm2 as opposed to 2.73x10-13 A/cm2). Further 
optimization can eliminate this small difference in efficiency. 
 
Introduction 
     Batch type diffusion process with POCl3 is very common for junction formation in PV 
industries because of low contamination and availability of equipment from semiconductor 
industry.  However, the cost and throughput of POCl3 diffusion system are not very satisfactory 
due to prolonged heat treatment and excessive wafer handling including wafer insertion into 
quartz boats.  To meet the requirements of the PV industry, Low-Cost, High-Throughput and 
High-Mechanical Yield, an inline type diffusion process and equipment are desirable. Although 
various phosphorus diffusion techniques [1,2,3] have been reported for PV applications, no study 
on cold phosphorus spray has been conducted. The spray of phosphoric acid offers many 
advantages over the conventional diffusion technology due to its simplicity and low cost. In 
order to develop standard inline diffusion process/equipment for PV, we have developed a 
promising diffusion process with spray method and demonstrated high efficiency solar cells. 
 
Experiment 
1. Spray System 
     A spray system with two spray nozzles was developed for spraying phosphoric acid at GT 
solar. Nitrogen was used as a carrier gas to spray phosphoric acid for doping source.  Pick-up 
rate of each spray nozzle was calibrated and adjusted to give uniform sheet resistance across 4 
inch x 4inch silicon wafers. The amount of phosphoric acid on the wafer was controlled by 
changing the belt speed and the concentration of spray source during the spray.  
 
2.  Preparation of phosphoric acid solution 
     Spray source were prepared by mixing commercial phosphoric with D.I. water. The weight 
percent of P2O5 was calculated using equation (1) when 1 ml of phosphoric acid is mixed with 
water. 
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Percentage P2O5  =  (Weight of P2O5) / (Weight of H3PO4 + Weight of water) 
                            =  1.041g / (1.69g + Wg) 
where W is weight of water 
 
3. Wafer cleaning 
     Silicon wafers were cleaned in 2:1:1 H2O: H2O2: H2SO4 and 2:1:1 H2O: H2O2: HCl solutions 
for 5 minutes followed by 3 minute DI water rinse after each cleaning.  The surface of wafer 
shows hydrophilic characteristics after HCl cleaning. Some wafers were dipped in HF solution to 
obtain hydrophobic surfaces. Saw damage of as-cut wafers was removed by etching in 15: 5: 2 
HNO3: CH3COOH: HF solution for 10 minutes. All the wafers were dried in vapor of isopropyl 
alcohol after cleaning. 
 
4. Diffusion of phosphorus 
     The mixture of phosphoric acid and D.I. water sprayed on silicon wafer was at 200 °C for 5 
minutes before firing in the belt furnace at high temperature. The firing temperature and belt 
speed were changed in order to get various sheet resistances and junction depths.  
 
5. Measurement of emitter saturation current density (Joe) 
     Phosphoric acid was sprayed on both side of n-type 5000 Ωcm FZ wafer followed by firing in 
the belt furnace to diffuse phosphorus. SiNx was coated on diffused surfaces in a PECVD 
chamber operating at 13.56 MHz. Joe was measured by PCD method [4] on the emitters with 
40Ω/  sheet resistance. The emitters used for Joe measurement were formed by POCl3 
diffusion as well as spray diffusion with different concentration of phosphoric acid (2 ~ 15%). 
   
6. Cell fabrication 
     P-type (100) 1Ωcm FZ as well as 1.3 Ωcm multi-crystalline silicon, grown by heat exchange 
method (HEM), wafers were used to fabricate screen-printed silicon solar cells.  The emitter was 
formed by spray and POCl3 diffusion. After phosphorus diffusion, the phosphorus glass was 
removed in dilute HF solution. Phosphorus diffused emitter was passivated by SiNx deposited by 
PECVD (Plasma Enhanced Chemical Vapor Deposition). Al paste was screen-printed at the back 
followed by sintering in RTP chamber to form a BSF. Front contact was formed by screen-
printing Ag paste on the SiNx film followed by firing in the belt furnace or RTP. 
 
Result and discussions 
     The pick-up rates of spray nozzles were calibrated before spray diffusion. The configuration 
of each spray nozzle was optimized to give uniform coating on silicon wafers. Molecules of 
solvent evaporate from the droplets and only phosphoric acid remains when volatile solvent is 
used as vehicle liquid. However, we used water solvent because phosphoric acid is miscible with 
water in all proportions.  
   Figure 1 shows the optical micrographs of the surface after phosphoric acid spray. Hydrophilic 
surfaces (a, b) were obtained during HCl cleaning due to oxidation of surface. The hydrophobic 
surfaces (c, d) were obtained when silicon dioxide was removed in HF. It was found that the 
surface state of the wafer is important for achieving good uniformity. The droplets of phosphoric 
acid become round and decrease surface area coverage on hydrophobic surface. It appears that 
uniform emitter cannot be formed on hydrophobic surface because phosphoric acid agglomerates 
without spreading out on the surface.  However, the phosphoric acid on the hydrophilic surface 
spreads out and covers all surface with slight variation in thickness. Figure 1 indicates that 
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hydrophilic surface is better than hydrophobic surface when water based phosphoric acid used as 
a spray source.  
     The dependence of sheet resistance on diffusion temperature is shown in Figure 2. The 
concentration of phosphoric acid and belt speed were 15 % and 5cm/sec, respectively. The sheet 
resistances of 20~50 Ω/  were easily obtained by changing the diffusion temperature in the IR 
belt furnace. The silicon surface showed dark brown color after diffusion regardless of diffusion 
temperature.  
     The effect of spray parameters on sheet resistance is shown in Figure 3. The sheet resistance 
data demonstrate two different trends depending on the concentration of phosphoric acid. The 
sheet resistance of emitter decreases as the belt speed increases for P2O5 concentrations above 
8.54% while the sheet resistance increases at lower P2O5 concentrations. It seems that phosphoric 
acid reacts with silicon and produces phosphosilicate glass during drying and ramping up to 
diffusion temperature. More phosphoric acid on the surface produces thicker glass, which limits 
diffusion of phosphorus into the silicon at low belt speed and high P2O5 concentrations. Different 
colors after diffusion support that the glass thickness is different for different concentration of 
phosphoric acid. Decrease of sheet resistance starts at lower belt speed when low concentration 
of phosphoric acid is sprayed. The figure suggests at low P2O5 concentrations, the diffusion is 
controlled by the amount of phosphoric acid on the wafer, which is lower at higher belt speed. 
     The cell parameters are summarized in table 1. Two different Ag pastes were used for front 
contact. POCl3 diffused emitter maintained high efficiency regardless of type of Ag paste. The 
firing condition for each paste was optimized for POCl3 diffused emitter which has deeper 
junction than the spray diffused emitter. It was found that the open circuit voltage and diode 
ideality factor of cells with spray diffused emitters was more sensitive to the type of paste used. 
The table shows that 2% phosphoric acid gives higher efficiency compared to 15% phosphoric 
acid partly because of low Joe. The cells with spray-diffused emitter yielded lower open circuit 
voltages than those with POCl3 diffused emitter, resulting in slightly lower efficiency. Impressive 
screen printed cell efficiencies of 16.6 % and 15.22% were achieved on FZ on HEM 
respectively, by 2% phosphoric acid. POCl3 diffused FZ cells were ~16.9% and HEM cells were 
~15%. 
     The IQE analysis in Figure 4 shows that spray-diffused emitter exhibited lower quantum 
efficiency at short wavelength than POCl3 diffused emitter. This low quantum efficiency is 
caused by heavy doping effects and high recombination velocity due to high phosphorus surface 
concentration in the spray diffused emitter.  
     From Figure 5 it is seen that higher phosphorus concentration gives higher emitter saturation 
current density. This is appears to be caused by high concentration of phosphorus at the surface.     
The emitter saturation current density for 2% phosphoric acid was measured to be 3.59x10-

13A/cm2, which corresponds to voltage of 653 mV when the base effects are neglected. POCl3 
diffused emitter had Joe of 2.73x10-13A/cm2. 
     LBIC scan of a cell with spray-diffused emitter is shown in Figure 5 along with cell 
parameters in order to study the uniformity of spray diffused emitter. The figure indicates that 
the emitters formed by spray are quite uniform. 
 
Conclusion 
     We have demonstrated screen printed cell efficiencies of 16.6% on FZ and 15.22% on HEM 
with emitters formed by spraying 2% phosphoric acid in air at room temperature. The efficiency 
is only slightly (~0.3% absolute) lower than that of POCl3 diffused emitter due to lower open 
circuit voltage or higher emitter saturation current density. Spray diffused emitter requires proper 
firing condition and paste selection because of shallow junction depth. Process optimization can 
further enhance the performance of cells with spray diffused emitter. 
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Figure 1. Optical microscope images of silicone surface coated with Phosphoric acid on 
hydrophobic (a,b) and hydrophilic (c,d). The belt speeds of spray system were 5cm/sec 
for (a,c) and 15 cm/sec for (b,d). 
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Figure 2. Sheet resistance as a function of diffusion temperature.  The concentration of 
phosphoric acid is 15%. 
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Figure 3. Sheet resistance as a function of spray belt speed. 
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Figure 3. Effects of emitter diffusion parameters on emitter saturation current density. 
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Figure 4. Internal quantum efficiency of cells.       
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Eff=16.2 %, Voc=615 mV, Jsc=33.4 mA/cm2                                             
 
Figure 5. LBIC response of FZ silicon cells spray doped emitter. 
 
 
Table 1. Light I-V data of cells on various emitters.  Paste A and B were fired in RTP and IR belt 
furnace, respectively. 
 
Cell ID Wafer Voc 

(mV) 
Jsc 

(mA/cm2)
FF 
(%) 

Efficiency 
(%) 

n factor Emitter / Front contact 

11F1-3-7 FZ 635 33.8 0.787 16.9 1.10 POCl3 / Paste A  
11F1-4-2 FZ 632 33.6 0.784 16.6 1.15 POCl3 / Paste B 
12F1-1-5 FZ 621 33.4 0.791 16.4 1.02 15 % P2O5 / Paste A 
12F1-2-5 FZ 619 33.2 0.773 15.9 1.13 15 % P2O5 / Paste B 
12H1-2 HEM 599 31.3 0.765 14.4 1.13 15 % P2O5 / Paste A 
12H2-2 HEM 586 30.9 0.697 12.6 1.98 15 % P2O5 / Paste B 
10F2-3 FZ 628 33.5 0.788 16.6 1.09 2 % P2O5 / Paste A  
10F3-4 FZ 621 33.0 0.762 15.6 1.31 2 % P2O5 / Paste B 
10H1-5 HEM 608 32.1 0.781 15.22 1.15 2 % P2O5 / Paste A 
10H2-4 HEM 597 31.4 0.757 14.18 1.33 2 % P2O5 / Paste B 
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1. Introduction 
 Quantitative analysis or numeric simulation on a cross-section of silicon devices offers many insights 
into understanding material problems and their effects on device performances as well as device structure 
optimizations. Such two-dimensional simulations on semiconductor devices are standard design practices 
and are routinely done with expensive software packages. The availability of less expensive software tools 
nowadays, such as MicroTec  [1] for 2D modeling of semiconductor devices, affords us a more detailed 
examination of polycrystalline thin-silicon materials and solar cells.  

 MicroTec  is based on the diffusion-drift model and does not include energy balance. It has a robust 2D 
semiconductor device simulator component that efficiently solves the Poisson equation and the continuity 
equation for electrons and holes with a finite difference technique on a rectangular grid. Only steady-state 
problems are possible, but the built-in models consider many physical effects such as bandgap narrowing, 
recombinations (Shockley-Read-Hall [SRH], Auger, radiative, and surface), impact ionization, band-band 
tunneling, photogeneration, metal-semiconductor contacts (ohmic and Schottky), and concentration- and 
field-dependent mobilities. This paper presents three case studies that are of interest to polycrystalline thin-
silicon solar cell research, the so-called “bad” region effect, grain boundary effect, and device optimization 
using interdigitated contacts. 

2. Inhomogeneity effect 
 

A polycrystalline material having a “bad” region that is photoelectrically inactive and electrically conduc-
tive can lead to a severe shunting problem. Figure 1(a) is the schematic representing such a “bad” region of 
1 µm in width and 10 µm in length in a 20-µm thick and 20-µm wide device. Simulation results in Fig. 1(b) 
show that the effect on cell performance really depends on the extent of the defects. Fig.1(c) and (d) show 
the enhanced SRH recombination in the “bad” region and the resulting non-equilibrium electron and hole 
concentration distribution at y=5 µm.  
 
 P or P+, τ=1 ns

P, τ=10 µs 

y=20 µm 

P+

N+ S=0 
 
 
 
 
 
 
 
 
 S=0 X=20 µm
 
 
Fig. 1 (a) Model device cross-section with a “bad” region 
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  Fig. 1 (b) The corresponding I-V curves  
 

 
 
Fig. 1 (c) SRH recombination rate (cm-3)  Fig. 1 (d) electron and hole concentration at y=5 µm  

 
If the “bad” region is only photoelectrically inactive (with a minority carrier lifetime of 1 ns) but not elec-

trically conductive, then only a small impact is seen which is caused by increased dark current in the “bad” 
depletion region. However, if the region is also electrically conductive (represented by degenerate doping), 
the effect is catastrophic even if the “bad” region does not reach the back contact. 
  
3. Grain boundary effect 
 

The grain boundary recombination activity may be represented by an effective recombination velocity. 
Fig. 2 shows a sketch of a simple N+/P/P+ thin silicon device with a total thickness of 20 µm and an aver-
age grain size of 20 µm. The simulation domain consists of half of a grain (the cross-hatched area). The 
grain boundary runs vertically across the junction. The calculated IV curves are given in Fig. 3(left) with re-
combination velocities at the grain boundary varying from 102 to 106 cm/sec. It is seen that for a grain size 
of 20 µm, a recombination velocity lower than 104 cm/sec is necessary to avoid significant loss of perform-
ance. This velocity, however, has to be lowered to 103 cm/sec for a grain size of 2 µm, as shown in Fig. 
3(right).  
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S=0 N+  

 

GB y=20 µm 
GB 

P+ 

P, τ=1 µs 
 
 
 
 
 
 
 
 S=0 X=10 µm  
Fig. 2 Sketch of a polycrystalline silicon solar cell having a thickness of 20 µm and average grain size of 20 
µm. The shaded area is the simulation domain. 

 

 
 
Fig. 3 (left) Simulated IV curves for a thin silicon solar cell with a grain size of 20 µm. The curves from top to 
bottom are for recombination velocities of 106, 105, 104, 103, and 102 cm/sec, respectively. (right) Simulated 
IV curves for a thin silicon solar cell with a grain size of 2 µm. The curves from top to bottom are for recom-
bination velocities of 104, 103, 102, and 10 cm/sec, respectively. 
 
4. Optimizing device designs 
 

A device structure of interdigitated contacts on the same surface of a thin-silicon film has many advan-
tages over a conventional planar structure such as simplified processing and connections, especially when 
an insulating substrate is used that makes it possible to monolithically integrate cells to sub-modules.  

Analytically speaking, the spacing between the alternating N- and P-contacts is limited by twice the ef-
fective diffusion length of the minority charge carriers. However, with 2D simulations, we may optimize the 
design, and a much larger spacing on the order of 100 µm can be used even when the diffusion length is 
only about 20 µm, making screen-printing the contacts a possibility. Figure 4 shows some examples of 
varying device parameters and the corresponding I-V curves. 

 
5. Conclusions 
 
 Two-dimensional simulation of thin-silicon solar cells is very useful to gain further understanding of ma-
terial problems and their effects on device performances as well as to aid device design optimizations. 
Three case studies are presented on the so-called “bad” region effect, grain boundary effect, and device 
optimization using interdigitated contacts. 
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If a “bad” region is only photoelectrically inactive but not electrically conductive, then only a small im-
pact is seen which is caused by increased dark current in the “bad” depletion region. However, if the region 
is also electrically conductive (represented by degenerate doping, not even reaching the back contact), the 
effect is then catastrophic. The effects of grain boundary recombination on device performances are exam-
ined with grain sizes of 2 and 20 µm respectively, and it is found that 104 cm/sec recombination velocity is 
adequate for 20 µm grain-sized thin silicon whereas a low recombination velocity of 103 cm/sec must be 
accomplished for a 2µm grain-sized silicon. 2D simulation indicates that it is possible to design a thin-silicon 
device with interdigitated contatcts that has an intercontact spacing large enough to use the screen-printing 
technique. 

 

 

 

 

 

 
 
 

 
 
 
 
 
 
Fig. 4 Optimizing device designs with interdigitated 
contacts  
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Introduction 
 
The PVSCAN is an instrument designed to characterize silicon solar cell materials and devices.  
It performs a host of measurements that yield spatial maps of dislocation density, grain 
distribution, reflectance, and photoresponses from near-junction and the bulk of a solar cell.  The 
information it generates helps in both crystal growth and solar cell process design.  It provides 
insight for developing better crystal growth conditions for minimizing defects, establish data-
base on how substrate defects degrade the performance of the electronic devices, and examining 
the influence of various device fabrication processes on the device performance.  It therefore 
leads to processes that can ameliorate the impact of defects and impurities on device 
performance.  The PV industry recognized the importance of this instrument for solar cell 
processing development. Therefore, NREL has decided to upgrade the instrument to include 
commercial features such as large-area scanning capability, high-speed scanning, user-
friendly/menu-driven operation, and automated data analysis.   More features are now being 
added to the new version of the software to accommodate the needs of industry. 
 
PVSCAN was available from NREL for many years.  Recently, it has been licensed for 
commercial manufacture to GTSolar, Nashua, NH.  PVSCAN6000 has a fully menu-driven 
operation with many upgraded features suitable for high-speed analyses.  These features include: 
 
• Larger scanning area (8 x 8 in. vs. 4 x 4 in.) with a resolution up to 25 µm  
• Reduced the scanning time.  PSCAN6000 is typically operated at 4 ips.  This high-speed 

reduces the scanning time for most commercial Si solar cells to about 30 min. 
• Display of distribution-plots of the measured parameters. 

 
 
User Requested Capabilities 
 
In addition to these, we have had requests from various users.  In response, we are currently 
implementing several improvements as described below. 
Capability of exporting data for all scans as text/csv files of position (X, Y) and intensity (Z) 
data.  The updated software saves an additional set of scan files as text files in the SDMS folder 
for each scan type.  These files can be renamed after the scan is completed.    
 
Figure 1 shows line-scan plots of a defect-etched wafer taken from three different maps (at the 
same position of the wafer) using data-export capability.  The three plots correspond to defect, 
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grain boundary, and reflectance maps.  It is seen that defect and reflectance maps have excellent 
correlation.  Furthermore, one can decipher segmentation of intragrain defect density, 
representative of grains with high and low densities.  Also notice the occurrence of grain-
boundary signals at the edges of each defect density segmentation. 
   

 
 
 
 
 
The size of the cvs file can be quite large for a large-area sample.  To avoid handling excessive 
amounts of txt-data and save plotting time, we also save a txt file that contains data for one line 
scan.  This line scan is selected to correspond to the central row of data (along Y direction) scan.  
Figure 2 shows a line scan, transposed to the map via any graphical package, and imposed on a 
defect map. 
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Figure 2.  A line-scan 
superimposed on a defect map.  
The data for the central line are 
stored in a file that only saves 
information for the central row. 

Figure 1. Line scans generated from cvs files of defect, grain boundary and reflectance files.  
The data are selected from the saved text files that contain data of the entire scan. 
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One of the recent improvements in the PVSCAN analysis is the ability to make defect maps 
without chemical-mechanical polishing.  We are following two approaches to do this: one is for 
ribbon samples and the other for wire-sawn samples.  For ribbon samples, we have adjusted our 
etching conditions to provide better defect delineation on striated surfaces of ribbons.  Figures 3a 
and 3b compare etch pits generated on polished and as-grown ribbon samples.  For wire-sawn 
samples, we are trying to identify a polishing chemical etch that can yield a smooth surface. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Because the as-grown surface of ribbons is not smooth, the defect-etched samples result in some 
extraneous scattering that can produce an error.  We have compared average defect density of as-
grown and polished samples to determine the error caused by lack of polishing.  Figures 4, 5, and 
6 show defect maps of three EFG ribbon samples.  The sample in Figure 4a was polished and 
defect-etched, whereas samples in Figure 5a and 6a were only defect-etched.  The defect 
distributions corresponding to Figures 4a, 5a, and 6a are shown in Figure 4b, 5b, and 6b.  The 
average density of defects for samples of Figures 4, 5, and 6 are: 5.82 cm-2, 6.65 cm-2, and 4.77 
cm-2, respectively. Considering these numbers, there appears to be insignificant error resulting 
from a lack of polishing. 
 
Higher sensitivity is needed for reflectance mapping so that low-reflectance, AR-coated cells can 
be mapped.  In response to this, we have developed a new procedure for reflectance mapping that 
will enable mapping of total reflectance or as three different reflectance components, i.e., 
specular, near-specular, and diffuse component, either individually or in any combination. 
 
SUMMARY 
 
PVSCAN is now commercially available from GT Solar.  It has many upgraded capabilities, 
such as ease of data handling and export, less sample preparation for defect mapping, separation 
of reflectance into specular, near-specular, and diffuse components, and higher sensitivity for 
reflectance to accommodate very low-reflectance AR coatings. 
 

Figure 3.  Defect delineation on EFG ribbon samples using Sopori etch: (a) sample 
was polished before defect etching, and (b) as-grown sample. 

(a) (b) 
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Figure 4.  Defect map (a) and defect distribution (b) of a polished sample ribbon sample.  Average 
defect density = 5.82 cm-2.  Scan area = 3.5 x 3 in. 

Figure 5.  Defect map (a) and defect distribution (b), of an unpolished ribbon 
sample Ave defect density = 6.65 cm-2.  Scan area = 3.5 x 3 in. 

(a) (b)
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Figure 6.  Defect map (a) and defect distribution (b) of an unpolished ribbon 
sample.  Average defect density = 4.77 cm-2.  Scan area = 3.5 x 3 in. 
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Abstract 
Techniques for cost-efficient operation of SiNx:H systems with a capability for hydrogen 
passivation in a manufacturing environment are analyzed. We conclude that SiNx:H performance 
may be optimized by a variety of techniques, and that the cost and productivity of the deposition 
tool may be the determining factors in the industry’s decision for a particular technique. PECVD 
constitutes the current benchmark. Dual magnetron reactive sputtering is a candidate to achieve 
industry acceptance.  

Introduction 
Shipments of solar electric power products based on crystalline-silicon materials reached 321.6 
megawatts (MW) in 2001 [1], representing more than 82% of total solar cell shipments.  More 
than 57% of the crystalline silicon capacity, as well as most of the 40% expansion in shipments 
from 2000 to 2001 and the announced future additions, are based on multicrystaline silicon 
wafers. 

Multicrystaline silicon and other low-cost substrates used for commercial Si solar cells contain 
high concentrations of impurities and defects [2]. Fabrication of high-efficiency devices requires 
their concentrations be greatly reduced and/or their electrical activity be diminished.  Because 
some of the processes, such as phosphorous diffusion and Al alloying (for formation of the n+/p 
junction and metal contact, respectively) can remove many impurities and defects by gettering, 
the completed cell carries significantly lower impurity and defect concentrations than the starting 
material. Consequently, these processes are designed to optimize impurity gettering in 
commercial solar cell fabrication. However, even after optimized gettering, significant amounts 
of impurities remain in the cell. Use of hydrogen passivation is one way to mitigate the effects of 
the residual impurities and defects [3].   

A number of methods have been applied for hydrogenation of Si solar cells including ion 
implantation, plasma processing, forming gas anneal, and, more recently, PECVD nitridation. 
Crystalline-silicon cell manufacturing is converging on a set of standard production tools [4]. 
Typically used are CVD of antireflection TiO2 or SiNx:H layers and printing and firing of a thick 
film paste (TFP) metallization.  PECVD nitridation involves deposition of an antireflection 
SiNx:H layer, followed by screen printing and firing of the metallization through the nitride using 
a rapid thermal anneal (RTP).  For multicrystalline silicon wafers, efficiency gains from the use 
of PECVD SiNx:H layers, as opposed to TiO2, are reported to be well over 10%. In an era of new 
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factories with capacities in the hundreds of MW, there are major opportunities for PECVD and 
other cost-effective SiNx:H deposition tools. 

This paper presents the key conclusions of a model that explains hydrogen diffusion during a 
SiNx:H deposition process followed by RTP. We then review the major techniques for SiNx:H 
deposition with intrinsic ability for impurity and defect passivation. We finally evaluate the 
performance potential of processes suitable for passivation in an industrial setting. As a result we 
determine that, in addition to PECVD, use of a dual magnetron reactive sputtering process has 
considerable potential in mass manufacturing of silicon solar cells. 

Mechanisms of H Diffusion in a Nitridation Process 
It is now known that a nitridation process involving PECVD SiNx:H films produces bulk 
passivation of multicrystalline Si solar cells.  It is generally contemplated that the passivation 
mechanism is the diffusion of hydrogen from SiNx film into the Si, during deposition or during 
post-deposition anneal.  Some authors have suggested that in a nitride process, hydrogenation 
occurs during RTP step when H released from SiNx:H diffuses into Si [3,4]. This explanation 
does not consider H diffusion into Si during the nitridation itself. Recently, we have developed a 
model for diffusion of H in Si containing impurities and defects [5,6]. It shows, through 
quantitative modeling, that H can be introduced into traps near the surface of Si solar cells during 
nitridation.  This “stored” H is de-trapped and redistributed during subsequent RTP anneal. This 
mechanism explains most observations related to solar cell passivation. 

We have performed calculations for many cases, from which we can summarize some salient 
conclusions. 
• In a two-step SiNx:H passivation process, the deposition step is accompanied by a shallow 
diffusion of H, in which H is “stored” near the wafer surface.  The process-induced-trap (PIT) 
density controls the profile of the H, whereas the bulk trap density determines the depth of such 
diffusion.   

•  In the anneal step, the source of H can be simply the in-diffused H.  It may be pointed out that 
although H will be depleted out of SiNx:H film during this step, there is no indication that any H 
from this film is going into the wafer.  A simple redistribution of H is sufficient for effective 
passivation. 

•  The diffusion depth of H upon annealing is strongly controlled by the bulk trap density.  For 
example, if the bulk trap density is 1E16 cm-3, the H will permeate through the entire wafer in a 
1s anneal at 800°C.   This is in agreement with experimental observations [3]. 

•  Because the trap density and distribution play a dominant role in the diffusion of H, it is clear 
that lower trap density material will require shorter anneal time or lower temperature.  Likewise, 
higher predeposition temperatures during deposition can help introduce higher H content 
necessary to passivate higher trap and impurity concentrations.  An interesting effect of the RTP 
step is that it can anneal out the plasma process-induced defects, making the H available for 
passivation. 

To verify this theory, we measured the H profiles in the solar cell after PECVD nitridation and 
after subsequent RTP step in ASE America’s production solar cells. For these measurements, the 
SiNx:H films were removed from solar cells with AR coating (no RTP) and after metallization 
firing (without affecting the H in the cell).  Figure 1 shows the measured profiles that clearly 
demonstrate the presence of H in the solar cell after nitiridation, and a redistribution of the 
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existing H.  The H profiles match very closely those predicted by our theory.  These results 
clearly suggest that any SiNx:H deposition process, that creates a surface damage and 
simultaneously exposes the surface to atomic H-containing ambient can produce a reservoir of  H 
at the surface.  Subsequent high-temperature process can release this stored H to passivate bulk 
defects and impurities. 

 

 

 

Plasma Enhanced CVD SiNx:H Deposition and Properties 
Amorphous silicon nitride (SiNx) thin films have many applications in the semiconductor 
industry and in photovoltaics. SiNx is an effective diffusion barrier against moisture and alkali 
impurities, which, when coupled with a high dielectric constant of 7.5, becomes an ideal 
candidate material for gate dielectric [7].  For solar cell and other advanced device applications 
in which low processing temperatures are required, SiNx films are deposited by PECVD from a 
mixture of SiH4 and NH3 at process temperatures ≤ 400°C, which are compatible with 
commercial manufacturing processes [8]. The resulting films are hydrogenated amorphous SiNx 
and are an excellent barrier against hydrogen out-diffusion.  

Optical and electrical properties of the films depend on the structure and the chemistry defined 
by the Si-H, N-H, Si-N bond densities, Si-to-N ratio, and the amount of unbound H, resulting in 
a wide range of properties.  Typically, for films deposited from SiH4 and NH3, local bonding 
depends on the N-to-Si ratio “x” in the films [9].  For small x, the bonding configuration consists 
of isolated Si-H bonds, with no adjacent Si-N bond.  As x increases, multi-N-bonded Si-H bonds 
dominate the structure.  Finally, for x > 1, N-H bonds start to form and increase with x.  Material 
properties of the SiNx films, such as refractive index, ESR spin density, band gap and Urbach 
tail, can be adjusted across a wide range by changing N content. SiH4 and N2 can be used to 
deposit silicon nitride by PECVD, but these reactants typically yield silicon-rich films because of 
the relatively high bond energy of N2. SiH4 and NH3 depositions are normally carried out at 
pressures of 0.2 to 3 Torr, which yield growth rates of 20 to 50 nm/min. PECVD silicon-nitride 
films contain 15% to 30% of hydrogen bonded to either silicon or nitrogen [10]. 
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Figure 2: SIMS profiles of H in EFG ribbon samples: Red: after PECVD Si3N4 coating, 
Black: after contact firing (RTP)Figure 1: SIMS profiles of H in EFG ribbon samples: Red: after PECVD Si3N4 coating, 

Black: after contact firing (RTP). 
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The refractive index of SiNx depends on processing parameters and stochiometry. It is greater 
than 2.0 at 630 nm, which makes it an ideal single-layer AR coating for amorphous and 
crystalline solar cells [11]. PECVD SiNx films are effective for surface passivation of silicon 
solar cells. Surface passivation effectiveness depends on the deposition method. Ion 
bombardment during deposition creates different defect types at the Si-SiNx interface. Substrate 
temperature is a most important deposition parameter determining hydrogen content and is anti-
correlated to the surface recombination velocity [12,13]. 

Bulk passivation of multicrystalline Si solar cells by PECVD SiNx:H films has been analyzed by 
Fukui, et al. [14]. The passivation mechanism is the diffusion of hydrogen from SiNx film into 
the Si, during deposition or during post-deposition anneal, and the saturation of the dangling 
bonds associated with various defects in the material by this hydrogen. Fukui measured a 
decrease in the ESR spin density from 4 x 1014 cm-3 to 2 x 1014 cm-3 as a result of SiNx coating of 
the solar cell from three different sources. 

For microelectronic applications such as gate dielectrics, SiNx films are required to have high 
resistivities and breakdown voltages. In a-SiNx:H films these electrical properties are inversely 
correlated to the hydrogen content of the films [15].  PECVD films with low hydrogen content 
can be obtained only at high substrate temperatures of ≥ 300°C.  Electron cyclotron resonance 
PECVD (ECR-PECVD) [16] can yield low-hydrogen-content films at low temperatures and was 
originally developed for this application. In ECR-PECVD, a highly ionized plasma (~ 1016 m-3) 
can be produced as a result of high electron temperatures because of the combined effect of the 
microwave radiation (2.45 GHz) and the magnetic field.  In such nitrogen plasma, there is a high 
degree of dissociation of N2 molecules, which allows gas phase reactions with SiH4 molecules 
and results in a material with lower hydrogen content than is obtained with NH3. Recently, 
Soppe et al. investigated the application of ECR-PECVD deposited SiNx films to surface 
passivation of silicon cells [17], showing that SiNx films deposited from SiH4 and NH3 
precursors onto FZ-Si result in a surface recombination velocity as low as 50 cm/s for a 
deposition temperature of 475°C. Recombination increases to 500 cm/s for a deposition 
temperature of 300°C, which is due presumably to the increase in the hydrogen content of the 
film from 12.8 at% at 475°C to ≈ 5 at%.  This is consistent with what is observed in the case of 
PECVD SiNx.  The authors also demonstrated bulk passivation of microcrystalline Si solar cells 
by comparing device characteristics of annealed SiNx-coated solar cells to the as-coated solar 
cells.  Annealed solar cells showed a 1% average absolute higher efficiency than the as-deposited 
ones, indicating bulk passivation caused by hydrogen in-diffusion from the SiNx. 

Industrial Plasma Enhanced CVD SiNx:H Systems 
An ECR-PECVD in-line system manufactured by Roth & Rau is the current industry benchmark. 
The Roth & Rau SiNA is a high-throughput, five-chamber continuous in-line system in which 
cells are transported on carriers.  More detail about the system and its performance is given in 
reference [18].  Deposition is of the remote plasma type in which the linear level source operates 
at 2.45 GHz frequency.  Water-cooled permanent magnets confine the NH3 plasma and increase 
the ionization rate.  SiH4 is introduced at the substrate.  For a film thickness of 80 nm, a cell tray 
can be loaded every 90 s into a system utilizing four linear sources in series.  Standard operating 
temperature is 350°C, but it can be as high as 450°C.  

Shimadzu (Japan) supplies a direct PECVD System. Shimadzu literature describes the reactor as 
a quasi-continuous, in-line system with four vacuum chambers isolated by gate valves. Substrate 
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trays preheated in an external oven are further heated in the load-lock chamber from the top and 
bottom via lamp heaters. From the load-lock chamber, the trays move into two process chambers 
in which SiNx films are deposited on stationary trays heated by resistive heaters. Standard 
deposition temperature is 450°C, but can be as high as 550°C.  Deposition is obtained by 
supplying microwave (90–460 kHz) power to an electrode facing the tray in the presence of a 
SiH4, NH3, and N2 mixture. From the process chamber, the tray moves into the unloading 
chamber and is removed from the system. Effective deposition rate is quoted to be 200 Å/min, 
which gives, for an 800-Å film, an effective process time of 4 min. Other commercial reactors 
based on multi-tube batch systems have lower productivity. 

Sputtered SiNx:H Deposition and Properties 
Commercial viability for large-area, high-throughput manufacturing attracts interest in the 
sputtering process. Manufacturing of Si PV modules, thin-film transistor (TFT) arrays for large-
area liquid crystal displays (LCDs), 2D imagers, scanners, and detectors all require low-cost 
deposition of SiNx films. The advantages of sputtering versus PECVD include low-temperature 
processing, use of nontoxic gas, high deposition rate, low downtime due to direct deposition, and 
high homogeneity/uniformity on very large surfaces. Several researchers have studied, in detail, 
the reactive sputtering for silicon nitride films [19,20] for microelectronic applications such as 
oxidation masks, gate dielectrics, inter level insulators, and final passivation layers (see for 
example [21]), showing that the silicon-nitride film properties can be greatly varied with the 
preparation conditions.  

Although reactive magnetron sputtering can be used to deposit silicon-nitride films for Si solar 
cells and in microelectronics, it has a number of limitations (such as arcing, disappearing anode 
and low deposition rate) that prevent its acceptance for large-scale manufacturing [22].  These 
problems can be addressed by the use of dual magnetron sputtering (DMS), in which an AC 
power having a frequency larger than 10 kHz is connected to the two targets so that they are 
driven alternatively positive and negative with respect to one another [23].  This arrangement 
permits each target to act as an anode for the other. If the reversal frequency is high enough, only 
a very thin layer of insulator will be formed on the target acting as an anode, and this very thin 
layer can be sputtered away.  Note that when the target acts as an anode it collects electrons; 
these not only provide the return current for the sputtering process, but also discharge any supply 
accumulated positive charges on insulating islands on the target, thus reducing cathode arcing. 
TwinMag is such a DMS system that uses 40 kHz AC power [24].  The TwinMag sputtering 
system has high potential for fast and stable reactive deposition of SiNx:H. The system used by 
Preu et al. to study AR and passivation effect of SiNx films on Si solar cells is said to be capable 
of operating continuously for 310 hours at a dynamic deposition rate of 35 nm m/min [25].  This 
means that the layer thickness will be 35 nm if the substrate passes one TwinMag with a speed of 
1m/min.  Linear sources up to 3.75 m have been developed to coat 3.2-m-wide substrates with a 
thickness uniformity of ± 1.5%. The study demonstrated that SiNx films reduced Seff to < 1000 
cm/s from 106 cm/s. Also, based on the measured open-circuit voltages, the deposition process 
did not introduce any damage to the emitter and/or the space charge region.  The gain in the 
short-circuit current resulting from the AR effect was as high as 39%.  It should be pointed out 
that even though the authors prepared hydrogenated SiNx films by introducing H2 into the 
sputtering gas, they did not determine the bulk passivation effect of such films on 
multicrystalline Si solar cells.  Information on industrial sputtering systems such as a dual-
magnetron sputtering system developed by Balzers Process Systems (BPS) [25] is limited.  
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Performance and Cost of SiNx:H Deposition Tools 
In the preceding sections, we have seen that PECVD and sputtered SiNx layers can be fabricated 
with a large range of properties suitable for solar cell application. However, although 
hydrogenated SiNx films were prepared by introducing H2 into the reactive sputtering gas, no 
data are available on the effect of such films on bulk passivation multicrystalline Si solar cells. 

Although the question of the applicability of sputtering to nitridation awaits experimental 
verification, our model for hydrogen diffusion during a SiNx:H plus RTP deposition process 
predicts that sputter deposition is amenable to optimization for bulk passivation. We expect that 
the optimum near-surface conditions for shallow diffusion of H in the deposition step, and H 
“storage” near the wafer surface, can be obtained by careful tailoring of the PIT profile by 
controlled damage of a near-surface layer during sputtering. 

The second key question about sputtering regards tool cost. In analyzing production tools, it is 
useful to employ the concept of cost of ownership (CoO), defined as “the full cost of embedding, 
operating, and decommissioning in a factory environment a process system needed to 
accommodate the required volume of product material” (SEMI Standard E-35: Cost of 
Ownership for Semiconductor Manufacturing Equipment). The algorithm for CoO (Equation 1) 
includes the fixed costs FC, the running costs RC, the yield cost YC, the equipment life L, 
throughput T, yield Y, and utilization U: 

CoO=[FC+RC+YC]/(L.T.Y.U) Equation 1 

The CoO of PECVD silicon nitride deposited by the Roth & Rau machine has been calculated to 
be 0.04 €/Wp [18]. This value is lower than earlier estimates of [26], reflecting the progress in 
industrial PECVD technology. 

The estimated CoO for sputtered silicon-nitride films has been estimated to be 0.043 €/Wp, 
comparable to the cost of PECVD films.  However, a calculation from [25] of the area 
throughput of a sputtering system with two TwinMag sources in series suggests that a useful area 
of about 3.2 m2 per min can be coated with SiNx:H.  Assuming 15%-efficient cells, we estimate a 
capacity of about 50 MW per year per 2,000-hour shift for such a machine. Such a high 
throughput can reduce the fixed costs (FC), which are a significant component of CoO. 
Conveniently, the process uses no SiH4 or NH3 gases. If the cost of silicon targets can be 
controlled, we expect that the ‘learning curve’ of industrial SiNx:H sputtering will lead to CoO 
decreases for sputtering technology similar to those achieved in industrial PECVD nitride. 

Conclusions and Recommendations 
The review of the scientific literature and our current physical model presented earlier in this 
report suggest that the key solar cell bulk passivation properties of SiNx films are, to a first order, 
independent of the processes used to deposit SiNx films.  In view of this fact, in choosing a 
particular process for the development of a commercial-scale SiNx deposition system the primary 
criteria should be the suitability of that process to large-scale, high throughput manufacturing 
environment. PECVD SiNx:H is the current technology of choice. Dual magnetron reactive 
sputtering from intrinsic silicon targets is a potential competitor.  Continuous in-line sputtering is 
a well-developed technique to deposit thin films over large areas at high throughput.  Sputtering 
from silicon targets in the presence of N2 and H2 avoids the use of dangerous gases such as SiH4 
and NH3 which require care in handling, as well as complicated systems to safely dispose of 
them, especially when the utilization rates are as low as in the plasma-assisted deposition 
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systems.  Dual magnetron reactive sputtering of insulators from elemental targets is the preferred 
sputter deposition technique of insulators because of its high deposition rate and stable operation 
over extended times. 

The further development of both technologies requires increased knowledge of (1) the kinetics of 
H diffusion from the SiNx film, and (2) the amount of hydrogen required to bulk passivate a 
typical multicrystalline silicon wafer, and (3) verification of bulk passivation by sputtered silicon 
nitride.  Optimum operating parameters of a dual magnetron system need to be determined on a 
laboratory-scale, in-line system.  
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INTRODUCTION 
 
Reflectance spectroscopy is very well-suited for measuring physical parameters of 
semiconductor wafers, and of surface structures (continuous or patterned) deposited on them as 
thin films. We have developed a reflectometer (PV-Reflectometer) that can measure physical 
parameters of wafers, wafer surfaces, and other materials deposited during solar cell fabrication.  
Concomitantly, PV Reflectometer can also be applied for monitoring various cell fabrication 
processes.  Specifically, this system can monitor the following processes steps: 
•  Wafer sawing 
•  Texture etching 
•  AR coating  
•  Front metal patterning (area and height of front metallization) 
•  Back metallization (reflectance of back metallization). 
 
The PV Reflectometer can measure the reflectance spectrum of an entire wafer or cell in a very 
short time (typically < 100 ms).  This spectrum is deconvolved to separate parameters that relate 
to various parts of the test wafer.  Recently, we have built a commercial prototype reflectometer 
that is being loaned to PV Industry for evaluation and to provide feedback for fine-tuning to 
specific applications of each industry partner.  The PV Reflectometer has been licensed by GT 
Solar, Inc., Nashua, NH, for commercial production (now called GT Reflectometer).  Basic 
principles and the system configuration of the GT Reflectometer are described in earlier papers 
[1 –3].  Here we will only briefly describe the system, and focus primarily on discussion of 
results of our investigations to assess repeatability and error analysis.  We undertook this work to 
establish measurement accuracies of the system and relate them to expected ranges of variations 
in monitoring various processes. 
 
PRINCIPLES/SYSTEM CONFIGURATION 
 
The approach used in the GT Reflectometer is unique—it uses multiple, wide-angle light sources 
to illuminate the large-area sample, whereupon the light scattered normal to the sample is 
collected for analysis.  This new approach makes the system quite simple, low-cost, and rapid, 
and it permits use of high-power sources to enable measurement of “optically averaged” 
parameter values for large-area solar cells and wafers.  However, because only the light reflected 
in a direction normal to the sample must be collected, this approach demands that all the 
extraneous light be excluded.  Such extraneous light includes non-normal components of the light 
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reflected from the test wafer, as well as the scattered light from parts of the instrument such as the 
wafer holder and mounting brackets.  To accomplish this, the GT Reflectometer uses highly 
absorbing surfaces and a system of light-trapping baffles, resulting in an extremely high S/N ratio 
(of about 200).  This allows the entire measurement and analysis to be made in less than 100 ms.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1 is a schematic of the GT Reflectometer.  It consists of a highly absorbing spherical 
dome, about 12-18 inches in diameter, with openings at the top and at the bottom.  The bottom 
opening terminates in an optical baffle that houses a platform to support the test wafer.  The 
dome has four sets of diverging lights located on the upper side that illuminate the test wafer.  
Separate controllers balance the intensities of the lights.  The entire system is designed to 
eliminate all possible scattering of the light except by the test wafer.  The top side of the dome 
has a lens and an aperture assembly that couples the light reflected from the sample into a diode 
array spectrometer through an optical fiber.  The spectrometer control, data taking/handling, 
calibration, and system control are done by a computer that generates the reflectance (R) versus 
wavelength (λ) plot for the test sample.  The system operates in a broad spectral range that 
allows reflections from the front and back sides of the cell to be monitored.  The setup shown in 
Figure 1 includes only the illumination source for measurement of the diffuse reflectance for 
rough or textured wafers/cells.  A slightly different illumination source is used for planar cells. 
 
 

 

Dome 

Light-trapping 
baffle 

Optical fiber 

Detector

Imaging optics 

Figure 1.  A schematic of the GT Reflectometer showing major parts of the system. 
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RECENT IMPROVEMENTS 
 
Recent developmental work involves some newer applications, system improvements to reduce 
the size, and detailed studies to evaluate measurement accuracy and sensitivities.  Because a GT 
Reflectometer was designed to be a true production monitoring system, capable of very high 
throughput, we are performing detailed analyses to access the repeatability and reproducibility of 
the system.  Here we will discuss repeatability tests that we have performed, and the 
corresponding changes incorporated in the system for production compatibility.  These studies 
were carried out to identify and mitigate various mechanisms responsible for variations in the 
system performance.  Some of the mechanisms we have evaluated follow. 
 
1.  Stability of the light sources/power sources:   
 
Stability of the illumination is an important parameter in the accuracy of the optical 
measurements.  This is particularly true for the GT Reflectometer because it uses eight lamps 
that can be connected in several configurations to produce diffuse or specular light sources.  
These lamps were tested individually for the output and determined to have sufficient stability, 
with a short-term variation of less than 0.1%.  In the past, the lights were powered by AC sources 
consisting of autotransformers.  Figure 3 shows 10 normalized spectra from a reference sample 
taken 1 min apart.  It is seen that the variation is larger for shorter wavelengths, and that the 
maximum variation in the spectra is about 3%.  It is useful to compare variation at a wavelength 
corresponding to the maximum intensity.  This max-power wavelength (MPW) variation, 

 

Figure 2.  A photograph of a laboratory reflectometer (left) and an exploded 
schematic showing major optical parts (right). 
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identified by the arrow in the figure, is seen to be 0.8%.  Use of a DC power supply greatly 
reduces the variation in the spectra.  Figure 4 shows variation in 10 spectra taken 1 min apart 
using a TiO2-painted reference sample.  The variation at the MPW is only 0.1%.  This is a very 
low variation for any spectrometer or reflectometer. 
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Figure 3.  Ten reflectance spectra taken 1 min apart using AC power from low-cost 
autotransformers.  Reference sample: Sprayed TiO2. 

Figure 4.  Ten reflectance spectra taken one minute apart using DC power supplies.  
Reference sample: Sprayed TiO2 
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2. Stability of the reference: We have also evaluated three different reference samples.  They 
consisted of a thick white paper, a Teflon sheet, and a TiO2-rich paint.  All reference samples had 
a matte finish.  Figure 5 shows 10 spectra taken 1 min apart using a Teflon reference.  The MPW 
variation is 0.3%.  Figure 6 shows 10 normalized spectra taken with a white paper reference, 
which show MPW variation of 0.4%.  These figures should be compared with Figure 4, which 
shows similar spectra for the new TiO2-painted reference (with MPW variation of 0.1%).  It is 
thus clear that our special paint (and its processing) produces a high-quality reference.   
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Figure 5.  Ten normalized spectra taken with Teflon reference (DC power). 

Figure 6.  Ten normalized spectra taken with white paper reference (DC power).
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3.  Positioning of the test device within the reflectometer: GT Reflectometer is designed to have 
a relaxed sensitivity to positioning of the test.  This feature helps in maintaining a high-
throughput capability so that the wafers can be brought into the measurement chamber at a high 
speed.  We have studied the sensitivity to lateral and vertical positioning of the wafer.   
 
4.  Duration of the test-wafer in the reflectometer: Figure 7 shows ten normalized spectra taken 
over a 1-hour period with the lights on for the entire test period.  The resulting MPW variation is 
0.3%. 
 
5.  System noise: The ultimate system noise is associated with the detector/amplifier 
combination.  Because the light intensity is quite low in a short wavelength region, this noise is 
highest, in a range of 0.4-0.5 µm.  Beyond 0.5 µm wavelength, the noise is considerably less 
than 0.1% 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
SUMMARY 
 
We have carried out a performance/noise analysis of the GT Reflectometer.  The results are 
summarized in Table 1.  The dominant sources of noise were determined to be the lamp power 
supply and reference standard.  A stabilized DC power supply and a new reference standard 

Figure 7.  Variation in the spectra textured Si Wafer taken over a one-hour (DC power). 
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(using spray on TiO2-rich paint) have been incorporated in the new GT Reflectometer.  These 
changes have improved the measurement accuracy to 0.1%. 
 
Table 1. Summary of the Test Results 
 

Test Results (MPWV) 
Stability of the light 
sources/power sources 
 

Lamp stability :very high 
Power supply: 
AC ---- (0.8%- -short term) 
DC ---- (0.1%--short term , o.3 long term) 
 

Stability of the reference  
Sample (with DC power) 

White paper  -- 0.4% 
Teflon           -- 0.3% 
TiO2             -- 0.1% 
 

Positioning of the test device 
within the refelectometer 
(note: these measurement 
correspond to AC power 
supply) 

Sensitivity to lateral location:  
< 2.5 within 5 mm 
 
Height sensitivity 
<2.5 % within 10mm 
 

Duration of the test wafer in 
the reflectometer 

Long term -- 0.3% 
Short term -- 0.1% 
 

System noise 
 

The ultimate system noise is associated with the 
detector/amplifier combination. A typical S/N system is 
about 200 
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