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Preface

Energy Photovoltaics, Inc. (EPV) has been engaged in the research and development of thin-film
Cu(In,Ga)Se, (CIGS) photovoltaic technology since 1991. EPV has consistently pursued a
vacuum-based approach to CIGS production, using novel linear source technology and standard
soda-lime glass substrates. It has also chosen to develop processing methods with worker safety
in mind. These choices result in layers having controllable purity and low physical defects, and
production without significant hazards. Considerations such as these are important in helping to
minimize the processing costs of CIGS.

Technically, thin film PV technologies have advanced considerably in the last few years [R1].
However, for technologies to survive, they must aso perform well commercially [R2]. As a
result of such fiscal pressures, we have recently witnessed BP Solar shutting down two
sophisticated thin film lines, CdTe in Fairfield, CA, and aSi,Ge in Toano, VA. At the time of
writing, the leading commercially-available thin film technologies have demonstrated the
following record aperture area efficiencies and powers for large area modul es:

CIGS 12.5% 74.0W Wurth Solar

CIGSS 12.1% 44.3W Shell Solar

CdTe 10.1% 67.1W First Solar

aSi/uc-Si (w. back reflector) 10.0% 38.0W Kaneka

aSi triple (w. back reflector) 7.9% 35.7W United Solar

aSi dual (w. back reflector) 6.1% 33.3W RWE

aSi dua (wo. back reflector) 5.7% 42.3W Energy Photovoltaics

Even higher efficiencies have been demonstrated by some companies that currently do not use
the technology commercialy, e.g. 13.4% for a CIGS module by Showa Shell, and 11% for CdTe
modules by BP Solar and Matsushita. It may be noted that CIGSS continues to hold the
efficiency record.

If PV continues to grow at 30% per year for the next 30 years in order to take its place as a
significant energy source on the world stage, then modules have to be made in a more energy-
efficient manner. Under this growth scenario, for anew PV factory to generate a positive energy
return in less than 10 years, the specific energy for module production must be less than
18MJIW, [R2]. The published range of total energy requirements to produce wafer-based
modules is 20-100 MJW,. For CIGS, the figure is 1IMJW, (Shell Solar), and for a-Si the
figure is 12-15SMJW,, (EPV). Considerations such as these must ultimately be reflected in the
formulation of energy policies.



Preface, contd.

During its previous 3-year, cost-shared research subcontract with NREL that ended in November
2001, EPV successfully produced high quality 0.43m? Mo-coated glass substrates that, when cut
up, enabled NREL to produce 17.1% CIGS cells on such substrates [1]. EPV further
successfully utilized novel linear evaporative sources for supply of Cu, In, Ga and Se to form
CIGS on 0.43m? substrates, producing modules with Vo.'s up to 37V. A new approach to buffer
layer deposition was pioneered through synthesis of the compound Znin,Se; and its use as a
source material. In addition, the current generated in exploratory a-Si/a-Si/CIGS stacked devices
was increased from 6 to 13 mA/cm?®  Supporting these programs, EPV’s upgraded analytical
laboratories provided rapid in-house feedback concerning material and device properties.

The current three-phase, cost-shared subcontract with NREL (ZDJ-2-30630-21) is entitled
“Advanced CIGS Photovoltaic Technology.” The subcontract is part of the NREL Thin-Film
Photovoltaics Partnership Program (TFPPP), and EPV participates in both the Absorber and
Alternative Junctions segments of the National CIS Team Meetings. The objective of this
subcontract is to develop and assemble the various pieces of new technology that EPV considers
essential for cost-effective production of CIGS modules. The long-term objective of the TFPPP
is to demonstrate low-cost, reproducible modules of 15% aperture area efficiency. This annual
technical report describes the major results obtained during the first phase of the subcontract
(November 15, 2001 - November 14, 2002).
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1.0 Introduction

As part of the Thin Film Photovoltaics Partnership Program, Energy Photovoltaics, Inc. has
conducted research to help generate and support a technology base for production of CIGS PV
modules based on vacuum deposition onto glass. To prepare CIGS on large glass substrates
(currently 0.43m?, with a projected further scale up to 0.79m?), EPV has developed novel
technology to deliver materials from stationary line sources to moving substrates.

This strategy was chosen after observing that, despite there being severa methods of forming
device quality CIGS (e.g. vacuum deposition, atmospheric pressure selenization of metallic
precursors, rapid thermal processing, and electrodeposition), vacuum deposition has repeatedly
achieved the world record for the highest efficiency CIGS device. Thus, in 1998, a record thin-
film solar cell efficiency (18.8% for 0.44 cm?) was achieved by NREL using vacuum-deposited
CIGS [R3]. The deposition employs four point sources and flux integration for process control.
In November 2002, this record was broken again by NREL with the announcement of a 19.2%
device. In an attempt to overcome barriers to manufacturing CIGS by vacuum deposition, EPV
has developed vacuum equipment incorporating novel linear evaporation sources designed for
uniform coating of large substrates [2]. The use of elemental selenium avoids the need for
gaseous H,Se and makes for a safe manufacturing environment.

Project Objective: There are many objectives of this R&D program. One is to develop CIGS
and junction formation recipes capable of producing small area devices with efficiencies in the
range 14-16%. In this activity, the CIGS component of the cell will be prepared only by
methods capable of immediate implementation on EPV’s large scale processing equipment.
Objectives related to the large-scale equipment include improvement of the uniformity of
thickness and composition of layers produced by the linear sources, deposition control, and
fabrication of large area modules with efficiencies up to 10%. The method of junction formation
is of particular interest, and desirably should replace the traditional CBD CdS step. Two further
major operations in which advances are sought are high rate deposition of high quality doped
Zn0O, and patterning operations that exhibit low area and electrical losses. Other objectivesrelate
to module reliability testing, and improved materials utilization. These goals were chosen to
provide a foundation for manufacturing of CIGS modules using wholly or mostly vacuum
processing for layer deposition.

Approach: R&D and process development for CIGS is conducted in the Hercules 4-source
system (six 5cm x 10cm stationary substrates per run) and in the Zeus 4-source system (one 4300
cm? moving substrate per run).  In the latter system, which is load locked, source materials are
delivered downwards to the moving glass using custom-built source heads housing four
independent linear evaporative sources, the source axes being perpendicular to the direction of
glass travel. This approach alows a wide range of vacuum-based CIGS recipes to be
implemented. Copper can be supplied either by thermal evaporation or by planar-magnetron
sputtering in a separate in-line deposition system. The integration of Cu sputtering into the Zeus
system is planned.

For junction formation, EPV relies on CBD CdS on a day-to-day basis, while exploring
aternative methods in parallel. Other methods include buffer layers applied by evaporation of
Znln,Se, (or other materials) and buffer layers applied by spray deposition. For ZnO deposition,



two planar-magnetron sputtering systems are available and are fitted with ceramic ZnO targets.
In the small area system, RF sputtering is used, while in the in-line system, mid-frequency
bipolar sputtering is used. Module encapsulation is accomplished using glass-glass vacuum
lamination with EVA, with processing similar to that of the EPV-40 a-Si/a-Si module. For long-
term outdoor testing, a Campbell Scientific datalogger is available.

2.0 Small Area CIGS Processing
2.1 Process recipes

R&D scale CIGS deposition is conducted in the Hercules 4-source system. This system is fitted
with open boats for metal deposition and a baffled source for Se. It has been upgraded to
accommodate six 5cm x 10cm stationary substrates per run rather than the four substrates
previously accommodated. EPV has experimented with various recipes. Some of the more
successful are:

a CutGaat Ty, Inat Ty - T, CutGaat T3 (evaporation)

b. Cu+Gaat Ty, Inat T, - T,, Gaat T3 (evaporation)

Cc. Gaat Ty, Inat Ty, Cu& rampto Ty, In & Gaat T, (evaporation)
d. Gaat Ty, Inat Ty, sputter Cu, selenize, In & Gaat T, (hybrid)

2.2 Boat material investigation

We have used molybdenum open boats with an alumina barrier as the evaporation source for Cu,
In, and Gain the Hercules system for along time. However, the correlation between the Garatio
Gal(In+Ga) in the film as measured by ICP and the amount of Ga put in the boat for evaporation
exhibited unexpected fluctuations. After observing Ga creeping on the boat surface as well as
forming an alloy that remained in the boat, we investigated this issue carefully. We learned that
Ga wets and aloys with molybdenum and tungsten, even though an aumina barrier helps
minimize these effects. However, the aloying of Ga with tungsten is less severe than with
molybdenum. A tungsten version of the boat was purchased and installed for Ga evaporation.
There is now no evidence of Ga creeping either on the boat underside or on the alumina surface.
There is aso very little sign of Ga alloying with tungsten. The correlation mentioned above is
now much more consistent and predictable.

2.3 Composition modeling

The geometrical configuration of the material sources and the substrate in the Hercules system is
the following: the In boat is located in the center, while the Ga boat sits 2.5” left of center;
substrate distance from the sources is 18”. We of course expect both In and Ga to have a
gradient in the film. In order to get information about the composition distribution in the new
hybrid process, composition modeling was established. In our normal process, we measure
composition of the CIGS film after every run at four fixed locations by ICP. In Table I, we list
the Cu and Ga ratios measured at these four locations for run H138, as well as the values
calculated from our modeling. These results verify that our modeling works well. Therefore, we
have confidence to believe the full composition distribution calculated from the modeling. For



example, the modeling predicts a variation of Ga ratio from 0.25 at the left edge (4" from the
center) to 0.3 at the right edge (4” from the center) and Cu ratio from 0.73 in the center to 0.90 at
upper right corner inour 8” x 8" substrate space for run H138.

Tablel. Modeled versusmeasured Cu and Garatiosfor Hercules system

Sample ID Cu Ratio GaRatio

and location Measured Modeled Measured Modeled
H138-1A 0.902 0.89 0.252 0.26
H138-1B 0.829 0.82 0.251 0.25
H138-6A 0.778 0.79 0.297 0.28
H138-6B 0.849 0.87 0.296 0.29

2.4 Study of indium gallium selenide layer

CIGS is often formed starting with an (In,Ga),Ses; or 1nSe; first stage or precursor. The
deposition conditions for this layer determine its composition, specularity, and crysta
orientation, and these in turn can influence the subsequent CIGS growth and device performance.
At low SefIn flux ratios (or at high Tg) the indium selenide film is (006)-oriented, rough, and
InSe phases can appear (see Table Il below). At higher Se/In ratios, the indium selenide film is
(110)-oriented, specular, and is suitable for devices. Nothing is gained through use of even
higher Se rates since the In,Se; stoichiometry is self-regulating. Selenization of elemental
indium represents Se-deficient growth and results in the (006) orientation [R4].

Tablell. X-ray lines seen for 1n,Se; (JCPDSfile 40-1407) at small angles
Two theta | Assignment Strongest line seen for:
(degrees) In,Ses other
15.0489 (101)
17.0037 (102)

21.3414 (006) InSe*

24.9670 (110) High Se/In ratio (nor mal co-evapor ation)
27.5864 (006) Low Se/In ratio (and sequential)

28.2618 (13-1) Ga,Ses**

285856 | (113)
292737 | (201)
30.3638 | (202)
* JCPDS 71-0447; ** JCPDS 44-1012

A standard first stage layer was prepared in the Hercules system at 350°C on Mo-coated soda-
lime glass (run H145A-6B). It consisted of Ga co-evaporated with Se followed by In co-
evaporated with Se. The metal rates increased monotonically with time and then fell abruptly to
zero as the source was exhausted. The film represented that used in devices in which 75% of the
In and Gawere deposited in stage 1. Samples of this film were sent to NREL for analysis.



The XRD pattern for this film is shown below. The pattern matches In,Se; and not (In,Ga),Ses.
It also appears that the (006) peak is comparable to the (110) peak. This might indicate that the
Seflux is inadequate during the time of highest In rate.

5000 ; ; ; - : : : :
spectrum: Hercules first stage (t_HLGaL)_ZSe3 :
red:dots::JCPDS 87:1482:(In, 52, 5)Se€, :

4000 - qu<;a trian;gles: ;,]CPD;S 40-;1407 ] ﬁZSefS '
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c E
> :
3 :
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Two theta (degrees)
Fig. 1. XRD spectrum for Herculesfirst stage (In,Ga)Se

The film was aso examined by SEM (see figures 2 and 3 below). The surface appeared
specular. The cross-section, however, clearly showed the layer to be stratified, with a very fine
grain layer adjacent to the (2-pass) Mo, and a much larger grain layer on top. The fine grain
layer is presumably Ga,Se; and the top layer In,Se;. The absence of Gain this layer presumably
makes it more difficult to obtain Gain the bulk of the CIGS.

Cl43A-68 £00nm 40000%

Fig. 2. SEM micrograph of the surface of a Hercules (In,Ga)Se film



Cl45A-6B
800nm 35000X
Fig. 3. Cross-section of a Hercules (In,Ga)Se film (on two-pass Mo) revealing the film to be
stratified

Additional evidence that the stratification represents a compositional difference was obtained by
EPMA analysis of the layer. At 20keV the apparent Ga/(GatIn) atomic ratio was 9%, whereas at
10keV, which samples nearer the surface, the ratio was only 3.5% (In 40.3%, Ga 1.5%, Se
58.2%).

3.0 LargeArea CIGSProcessing
3.1 System capabilities, processing, and source height

Large area CIGS deposition is performed in the Zeus system using linear source evaporation
onto moving substrates. A schematic diagram of part of the system is shown below in Fig. 4.
[3]. Asshown in the figure, the glass is transported on rollers, and the equipment is capable of
heating the glass to the high temperatures necessary to produce device quality CIGS. The
system is equipped with four downward-facing linear evaporation sources that may be used for
Cu, In, Ga, and Se. The Zeus system has been shown capable of producing CIGS films with
reasonably uniform thickness and composition, but, nevertheless, it was concluded that
improvement of these parameters and of reproducibility would be necessary before module
production could be undertaken with acceptable yield.
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Fig. 4. Schematic of certain important elements of the Zeus deposition system
for largearea CIGS.

Following the recognition of these problems, we decided to explore a hybrid process designed to
improve the uniformity of large area CIGS deposition. We had noticed for some time that the
thickness uniformity of the evaporated Cu was lessideal than that of the In, Ga, or Se due mainly
to its higher evaporation temperature (about 1300°C). In addition, we often observed spots on
the film attributed to spitting from the Cu linear source. The hybrid process uses Cu sputtering
to replace Cu evaporation. (We recognize that the sputtering rate may drift as the target is
consumed, see for example [R5]). The process consists of the first stage In/Gal/Se evaporation (X
%), Cu sputtering, and the final stage In/Ga/Se evaporation (1-x %) immediately after Cu
selenization.

In parallel with these tests, we also raised the height of the In, Ga, and Se linear sources from the
original 4” to diminish the peak heat flux from the linear sources to the substrate, since the oven
temperature for In and Gais around 1000°C while the substrate temperature is lower than 600°C.

The thickness distribution averaged over 18 hybrid process runs (obtained after raising of the
sources), and measured along the linear source direction, is shown in Fig. 5. A modeling
calculation for an evaporation-only process is plotted in the same figure as a comparison. The
comparison clearly shows that uniformity is improved in our hybrid process. At the end of the
second quarter, we were able to achieve a cell efficiency of 9.3 % in the large area Zeus system
using the hybrid process. Contributing to the lower efficiency than observed in the Hercules
system isalower current density. The reason for thisis being sought.
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Fig. 5. Thicknessdistribution averaged over 18 hybrid processruns

We are aso working on installing a Cu sputtering source in the entry/exit chamber of the Zeus
system so that the entire IGS/Cu/IGS hybrid process can be finished without breaking vacuum.

3.2 Uniformity of thickness and composition for large area CIGS deposition

In our normal process for large area hybrid CIGS deposition in the Zeus, the thickness of both
the sputtered Cu and the finished hybrid CIGS film are measured routinely along the linear
source direction. The thickness uniformity achieved by sputtering Cu is excellent. A thickness
distribution of 32 sputtered Cu runs averaged along the linear source direction is shown in Fig. 6.
In our all-evaporation process, we normally have no way to know which sources are mostly
responsible for non-uniformity in thickness and composition (Cu ratio and Garatio) of the CIGS
film. However, we are now able to extract the information for each individual linear source in
our hybrid process from composition measurement.

From Cu and Ga mole ratio definition:
Curatio = Cu/(In+Ga) (A)
Garatio = Ga/(In+Ga) (B)

We can easily solve for Ga/Cu and In/Cu ratio from equations (A) and (B)

(GalCu) ratio = Garatio/ Curatio ©
(In/Cu) ratio = 1/(Cu ratio) — (Ga/Cu) ratio (D)



By calculating (Ga/Cu) ratio and (In/Cu) ratio, we can now determine individual Ga and In
distributions since Cu thickness is ailmost constant as seen in Fig. 6. For example, in Fig. 7,
CIGS film thickness distribution of Zeus Run Z1542, we see a slight thickness non-uniformity
near the plate edges, but we don’t know which linear source (In or Ga) is responsible for it. By
calculating (Ga/Cu) ratio (the 4™ column) and (In/Cu) ratio (the 5™ column) from Cu ratio (the
2" col.) and Ga ratio (the 3" col.) in Table IlI, it becomes transparent that the thickness non-
uniformity in Run 21504 results mainly from the In linear source.

Thickness Distribution Along Source Direction
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Fig. 6. Thicknessdistribution of sputtered Cu film along the sour ce dir ection
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Fig. 7. Thicknessdistribution of CIGSfilm along the source direction in run 21542



Tablelll. Composition in Run Z1542 along the sour ce direction

Position Cu ratio Ga ratio (Ga/Cu) (In/Cu)
(Inch) Cu/(In+Ga) Ga/(In+Ga) ratio ratio
3 0.92 0.31 0.33 0.75
7 0.87 0.28 0.32 0.83
11 0.84 0.27 0.32 0.86
15 0.95 0.30 0.32 0.74

We sometimes also evaluate stability of a linear source's effusion rate, plus constancy of
temperature and translation speed of a substrate, by measuring composition along the direction of
motion. In Fig. 8, such acomposition distribution is plotted for Run Z1532.

Composition Uniformity (Z1532)

along moving direction of the plate
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Fig. 8. Composition distribution in Run Z1532 along the direction of motion
3.3 Linear source uniformity (pressure modeling)
Two types of non-uniformity exist in our vapor delivery manifold:

e Edge effect due to geometry of linear source and substrate.
e Pressure effect due to gas flow along the manifold.

We have modeled and discussed the first type of geometrical non-uniformity on many occasions,
see for example [3,4]. In thisreport, we focus on the second type of pressure non-uniformity.

In our Zeus system, vapor flows along a pipe from edge to center. Through many tiny holes in
the pipe, vapor is delivered on a moving substrate. The pressure in the pipe, hence the vapor
flow through the holes, is higher at the edge than that at the center. This pressure non-uniformity
causes non-uniformity of effusion, which iswhat we are investigating.



We simplify the question as follows: There is only one open end in a pipe with eleven very tiny
equally sized and spaced holes. Gas is injected into the open end of the pipe, and it is then
delivered through these tiny holes. We would like to calculate the non-uniformity of the gas flow
out of these tiny holes. The open end of the pipe is in the position of the first hole, and the
closed end is that of the eleventh hole. The geometry of the pipe is such that | is the distance
between two holes, D is the inner diameter of the pipe, while the geometry of the holes is such
that d isthe holes’ diameter and t is the thickness of the pipe (see Fig. 9).

Fig. 9. Schematic and labeling for linear source

We call the gas pressure at the position of thefirst hole (at the inlet of pipe) P1, gas flow through
the first hole F1, and so on. We have P, > Pj.qy and F > F.qy with i=1,2,...,10. Total pressure
non-uniformity is then defined as:

A 11 = (Fr-Fu)/Fu

We call the gas conductance in a section of pipe between two holes C, and conductance of a hole
a. Firstly, we calculate
A 10.11 = (Fio-F11)/F11= [(Fio-F11)/a]/(Fra/a)
= (Fw/a- Fu/a)/ (Fu/ a) = (Pio-Pu)/(Fu/ o) (1)

The relationship among pressure, flow, and conductance is used in the last equation.
We aso have
(P1o-P11) = Fu/ C ()

since flow from hole 10 to hole 11 is equal to the outlet flow through hole 11.
Having combined (1) and (2), we reach an extremely simple equation

A1 =a/C

We can write down an equation similar to (1),

A 9.10= (Fo-F10)/F11 = [(Fo-F10) /a]/(F1a/a) = (Py-Pio)/(F11/a) €)
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However,
(Po-Pio) = (F11 + F10)/ C (4)

since the flow from hole 9 to hole 10 is equal to the sum of flows out of hole 11 and hole 10.
Having combined (3) and (4), we reach another simple equation if we make the approximation
F10 = F11 by neglecting the second order difference

NAgpp=2* (G/C) (5)
More generally we have
A i-(i+1) = (11-i) * (a/ C) i=1,2,..10 (6)

Finally, we have the total pressure non-uniformity in the pipe with eleven holes
A= Aigey=(1+2+3+...410) * (a/ C) =55* (a/ C) @)
i=1
Thetotal pressure non-uniformity of the pipe with N holes will be

_N(N-1)

JAREEY *(a/C) (8)

if (a/C) issmall.

It is crucia to find out what kind of flow regimes, such as viscous flow or Kundsen flow
(molecular flow), exist in the pipe and in the hole by comparing the vapor mean free path A with
the dimension of the manifold. As the first step, we have to find the vapor pressure in the
manifold. The ‘average’ pressure P in the pipe, after neglecting small non-uniform difference, is

P=F* (IN a) 9

where F is the total mass flow out of the N holes during deposition. It is about 0.0012
mole/minute at a deposition rate around 4 A/second in our large Zeus system. However, the
formula to calculate hole€'s conductance o might depend on pressure P itself. Two types of
formulae are applied at different flow regimes:

2

o= Kl%vd if A\ >>dandt in molecular regime (10a)
4 p—
o= & if \<<dandt in viscous regime (10b)
128, t

where 7 is the viscosity of vapor flow, v is the vapor thermal velocity, and P is the average
pressure in the hole between pipe and vacuum, and it is about one half of average pressure P in
the pipe. x is a correction factor less than 1 for a non-idea orifice with finite ratio of hole
thickness t (pipe thickness in our case) to hole diameter d. The larger the ratio (t/d) is, the
smaler k is(x =1latt/d=0).

Since we don’'t know the type of regime in advance, we calculate both situations to see which
one gives us a self-consistent solution.
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Having combined (10a), (10b) with (9), we have
= 8F
P —_

= 11a
Nzxvd? (11a)

= _ (64ptF )"

P = 11b
) "

Taking indium vapor at 1150 C as an example, we have

V =510 m/s
n = 0.00076 poise

Witht=d =159 mm, «=0.514, N = 11, and F = 0.0012 mole/min., and we obtain the average
pressure Pin the hole,

P =120 millitorr

P =303 millitorr

The expression for mean free path is

k(T +273)
= £ 12
J2zc?(P 1760) 12
Taking the collision diameter o of indium to be 4 A, we have the numerical values
A =1.68 mm under assumption A >>d and t (139)
A =0.65 mm under assumption A << d and t (13b)

Having compared the mean free path A with the holes' size 1.59 mm, we conclude that an
assumption of viscous flow through holes is a little better approximation than that of molecular
flow, athough neither is great. Hereafter, we make the viscous flow approximation in the hole
in our calculation. For the vapor flow in the pipe, the average pressure is about two times the
average pressure in the hole, and thus viscous flow is a very good approximation because A (0.33
mm) is much less than pipe dimension D 22.2 mm.

We can easily obtain the ratio of a hole’s conductance a to a section of pipe conductance C since
both follow the same formula (10b)

11y dyY

a/C)==|-|—= 14

@o=3(1/3) (14
and the total pressure non-uniformity of the pipe with N holes
N(LYd)

Ajpn=—|—|—= 15

x 4@([)] (15

where L is total length of pipe withL = (N-1)I. Ford=t=2159 mm, D =222 mm, L =
254mm, and N = 11, we finally have the pressure non-uniformity in our Zeus system

A 1-11— 1.2%
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Itisclear from (15) that the pressure uniformity can be further improved by

Increase of pipeinner diameter D.
Reduction of hole diameter d.
Increase of pipe thicknesst.
Reduction of hole’s number N.

~pOODNPRE

It should be noted that the trend of geometrical non-uniformity is opposite to that of pressure
non-uniformity. The former leads to deposition being thinner near the edges, while the latter, as
we mentioned earlier, yields deposition thicker near the edges. Therefore, the two factors tend to
cancel each other, so that the total non-uniformity is somehow improved although geometrical
non-uniformity is still a dominant factor (about 15%).

In our next generation system, the substrate plate width will increase to 25 inches from 17.5
inches. The pressure non-uniformity will increase roughly following the square of the width.
From (15) that yields the pressure non-uniformity to be

A 1-N— 2.4%
which is still much smaller than geometrical non-uniformity.
3.4 Impuritiesin CIGS: the case of Zn

From SIMS analyses of Hercules CIGS films (performed by Sally Asher at NREL) we had
noticed the apparent presence of various metallic impurities, including Al, Fe, Zn, and Ni, and
also C. It occurred to us to investigate whether some of these elements might be quantifiable
using our in-house ICP atomic emission spectrometer. Unfortunately, interference effects ruled
out detection of carbon. Next, attention was turned to zinc, since as a group Il element it might
act as an n-type dopant in CIGS. As the base CIGS is supposed to be p-type, doping with Zn
might very well compensate the material and result in lower V.. And as V' s over 600mV have
rarely been achieved at EPV, persistent Zn contamination could conceivably be a contributing
factor.

A review of emission lines revealed a good chance that zinc could be detected. We found that
In, Ga and Se do not interfere with Zn, while amost all of the atomic emission lines of Zn are
interfered by Cu. After carefully checking the Zn lines, we decided to take the Zn 213.856 nm
line as our analytical line because

1. It has high intensity (1020), which is needed for detecting a tiny amount of Zn in a
CIGSfilm.

2. It isin the third order spectrum from the monochromator, meaning it has a narrower
bandwidth, and high resolution to avoid or reduce interference.

There are two Cu lines 213.598 nm (intensity 120) and 213.853 nm (intensity 4.5) very close to

it. Since the amount of Cu in a CIGS layer is much greater than that of Zn, the Cu lines might
boost the Zn signal at 213.856 nm. In order to see how large this effect is, we designed the
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following experiment. We used a Sandard Zn solution (100 ppm for Cu, In, Ga, Se, and Zn) as
the test standard and used a Sandard 100 solution (100 ppm for Cu, In, Ga and Se) as an
unknown. Thetest resultislisted in Table IV below:

TablelV. ICP measurement of non-zinc-containing solution

Element As made (ppm) Asmeasured (ppm) | After correction
Cu 100 99.2

Ga 100 100.4

In 100 99.2

Se 100 99.7

Zn 0 0.24 0=0.24-0.24

As shown in the table, we have a reading of 0.24 ppm for Zn in a solution that does not contain
Zn. It presumably comes from Cu interference on Zn. The ratio 0.0024 (0.24 ppm Zn/100 ppm
Cu) givesthe error from interference. So we correct this error by setting

Corrected Zn amount = Measured Zn amount — Measured Cu amount* 0.0024 [16]

We aso conclude that interference from Zn on Cu in the standard is minor, because the
measured Cu number (99.2 ppm) is very close to the true number (100 ppm). This conclusion
allows us to use the new Sandard Zn solution to replace old Sandard 100 solution.
Furthermore, it is verified by measuring severa samples with the two different standard
solutions. The results are shown in Table V below.

TableV. ICP measurement of CIGS samplesusing two different standard solutions

Sample Cu/ (In+Ga) Ga/ (In+Ga)

Normal stand. Zn stand. Normal stand. Zn stand.
H108-1Al 0.72 0.73 0.28 0.27
H108-1BI 0.73 0.74 0.28 0.28
H108-6Al 0.64 0.65 0.25 0.26
H108-6BI 0.64 0.66 0.26 0.25

In two early samples (H107-1B and H107-6A) that were examined, a considerably larger amount
of Zn than the interference background from Cu was detected, while later samples from the
Hercules system showed only the background level. We will resume impurity testing for Znin
the next quarter.

4.0 Post-deposition Treatment (CIGS)
4.1 Initia studies

Usually we find that module and cell performance deteriorates if, after CIGS deposition, the CdS
deposition is delayed. Many ways to clean the CIGS surface were tried during the second
quarter. We cut aseries of 17 x 2" samples from alarge CIGS plate (made in the Zeus) along the
direction of glass travel to ensure the best possible uniformity. First, several different solutions
were chosen to screen for better detergents. The test result islisted in Table VI. Ineach 1” x 27
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sample, 32 cells were cut and defined. We call acell bad if its leakage current is larger than 1%
of short-circuit current.
TableVI. Reaults of cleaning CIGS

ID Detergent Cds Voc FF Jsc(QE) | Efficiency | # bad
Z1493A | No CBD 455.4 44.63 21.36 4.34 11
Z1493B | No CBD 449 40.37 2211 4.01 3
Z1493E | Aceticacid | CBD 441.4 45.12 24.43 4.87 2
Z1493F | Aceticacid | CBD 429.5 35.09 21.59 3.25 5
714931 | Water, soap | CBD 415.6 29.98 17.95 2.24 8
Z1493) | Water, soap | CBD CIGS peeled off al samplesin this group

Z1493M | FeCI3 CBD 539.2 40.94 18.64 411 1
Z1493N | FeCl3 CBD 530 44.81 17.68 4.20 0

Table VI clearly shows that use of FeCl3 to ‘clean’ the CIGS surface drastically increases Voc,
reduces the number of bad cells (i.e. partially eliminates cell shunting), but resultsin reduced Jx.

Second, additional solutions with different concentrations, temperature and treatment time were
tested. The results are shown in Table VII. Comparing with the control cell, we find that
solution Y yields the best results. All four parameters (Voc, FF, Jsc and bad cell #) are
improved. We subsequently repeated tests with treatment Y a couple of dozen times, and
overwhelming evidence convinces us of its effectiveness. Even more encouraging, we found in
most cases that cell performance not only recovers from the aging effect due to delayed CdS
deposition, but also that the performance is superior to its fresh CIGS peer.

TableVIl. Resultsof further CIGS treatment experiments

ID Solution Voc | FF Jsc(QE) | Efficiency | # bad M Temp. | Time

71492 | Control 4573 | 544 | 204 5.08 27(27)

Z1492B | Y 5215|543 | 26.7 7.57 2(36)

21492C | Y 5448 | 60.0 | 23.6 7.72 2(36)

Z1492E | HCI 436.0 | 47.3 | 18.7 3.86 1(36) 1% 26C 120 min.

Z1492H | HCI 4282 | 47.1 | 194 3.92 5(36) 1% 26C 120 min.

Z1492F | FeCI3 511.8 | 40.3 | 19.9 4.10 10(36) | 10% 26C 30 sec.
diluted

714921 | FeCl3 3935|476 | 17.3 3.25 10(36) | 10% 26C 60 sec.
diluted

Z1492G | Na2(SO4)2 | 520.8 | 41.2 | 20.8 4.45 6(36) 0.25M | 40C 60 sec.

Z1492K | Na2(SO4)2 | 4025 | 46.6 | 20.5 3.84 9(36) 0.25M | 40C 60 sec.

Finally, we use DOE (design of experiment) to optimize Y treatment conditions. Eight samples
were treated with a full factorial design of three process variables (temperature, concentration
and time, with two levels each. The design and the results are listed in Table VIII.

TableVIIIl. Optimization of treatment Y using design of experiment appr oach
ID Temperature | Concentration | Time | Voc FF Jsc Efficiency
Z1504A | High Low High 5058 |6161 |2519 |7.85
Z1504B | High High High 530.1 | 66.7 2459 | 8.69
Z1504C | High High Low 513.3 | 64.62 |25.02 |83
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Z1504D | Low High High 5343 |66.84 | 25.06 |8.95
Z1504F | Low Low High 5073 | 6419 2449 |79/
Z1504G | Low High Low 5171 | 6224 | 25.07 | 8.07
Z1504H | High Low Low 500 61.74 | 25.53 | 7.88
Z1504-1 | Low Low Low 497 60.25 |25.09 | 7.51

Statistical methods are used to analyze the data and to find correlations between cell performance
and process variables. A detailed statistical and graphic analysis was performed.

The main conclusions include:

e Voc shows strongly positive correlation (the higher level of process variable is, the better
performance) with concentration, and also shows a moderate positive correlation with
time, while it has no statistically significant correlation with temperature in the range of
experiment.

e FF shows strongly positive correlation with both time and concentration while it has no
statistically significant correlation with temperature in the range of experiment.

e Jsc shows no clear correlation with concentration, temperature or time.

The results indicated we needed to increase concentration and time further in the second round
DOE while keeping temperature unchanged. After severa DOE steps we reached a saturation
point beyond which cell performance did not show improvement upon increase of concentration
or time. We notice Voc and FF increase with CIGS treatment time, which might imply that the
effect of treatment is not only to clean the surface, but to change bulk properties as well.

4.2 Universality of results

In our last quarterly report, we reported our very promising finding of post-CIGS deposition
treatment. More comparison experiments were conducted in this quarter. We are focusing on
answering two main questions:

e |sthe cell performance improvement sample-independent?

e |sthe cell performance improvement CdS-deposition-independent?
To answer the first question, we took samples made in two different systems, namely Zeus and
Hercules, for the post CIGS treatment. The results are shownin Table IX.

TablelX. Post-treatment samplesfrom Z and H systems

ID Post- CIGS made Voc FF | Jsc(QE) | Efficiency
treatment in
Z1504-AA Yes Zeus 542.8 | 66.81 24.12 8.75
Z1504-BB Yes Zeus 546 68.68 24.49 9.18
Z1504-CC Yes Zeus 546.8 | 67.38 23.44 8.64
Z1504-DD Yes Zeus 551 67.07 24.41 9.02
Z1504-EE No Zeus 370.4 | 50.19 21.61 4.02
Z1504-KK No Zeus 405.8 | 53.44 22.73 4.93
H150-5AB4 Yes Hercules 546.6 | 69.70 28.77 10.96
H150-5BB6 No Hercules 513.3 | 49.73 27.32 6.97
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H150-3DD3 Yes Hercules 525.8 | 64.24 29.59 10.00
H139-4 B No Hercules 538.7 | 46.92 27.56 6.97

To answer the second question, we used two different CdS deposition recipes after the post-
CIGS treatment. The results are shown in Table X.

Table X. Post-treatment with two different CdSrecipes

ID Post- Cds Voc FF Jsc Efficiency
treatment
Z1504-3 No Recipe 1 397.8 | 33.19 | 23.67 3.13
Z1504-8 Yes Recipe 1 482 | 59.19 | 25.74 7.34
Z1504-10 Yes Recipe 1 481.7 | 58.17 | 26.22 7.35
Z1504-12 No Recipe 1 382.6 | 41.62 | 23.93 3.81
Z1504-4 Yes Recipe 2 507.5 | 60.58 | 26.25 8.07
Z1504-7 No Recipe 2 442.8 | 55.13 | 24.51 5.98
Z1504-9 Yes Recipe 2 520.4 | 62.55 | 25.74 8.38
Z1504-13 No Recipe 2 435.2 | 35.83 | 19.75 3.08

Both results clearly show that our post-CIGS treatment is successful and effective in all
experimental cases. It seemsto be a*“universal” improvement in EPV internal samples. We are
contacting other organizations such as NREL and Uppsala University in Sweden to obtain their
CIGS films, and are eagerly hoping to further verify its universality. At EPV, we have already
adopted this treatment as a standard process step.

4.3 Materias characterization before and after treatment

We have reported the effectiveness of our post-CIGS treatment in quarterly reportsin detail. A
dramatic increase of device V. and FF after post treatment is observed in almost al comparison
tests of EPV CIGS samples. To understand better the link between device performance and
materials properties of the absorber layer, we continued studying the material characterization in
house as well asin collaboration with some other institutions.

Some characterizations as well as main results are listed bel ow:

1. Surface properties
a) Surface reflectivity: Absorber layer reflectivity in visible range after treatment is
reduced.
b) SEM pictures show no noticeable difference between treated and non-treated.

2. Electrical properties
a) Lateral conductivity measured directly on CIGS film increases after treatment.
b) The slope of (A%/C?) vs. voltage of CIGS devices after treatment decreases, which
indicates increasing doping density.
c) Hall Effect measurement done at University of Florida by Prof. Li’s group shows
that lateral conductivity increase while mobility decreases after treatment. Their
results are listed in Table XI.
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Table XI. Hall effect resultsfor EPV CIGS samples

Sample Number H152-4A H152-4B
Resistivity (Q*cm) 284 189.1
Mobility (cm2/Vs) 164.4 20.8
Density (cm-3) 1.336*10™ 1.587*10"
Hall Coeff. (cm3/C.) 4.673*10" 3.934*10°
Sheet Number (cm-2) 2.672*10" 3.173*10"
Sheet Resistance (Q/square) 1.42*10° 9.457*10°
Type of Carriers Holes Holes
EPV Treatment Untreated Treated

Here are some comments regarding the electrical properties measurement. Both 2a) and 2¢)
show that lateral conductivity after treatment increases, and Hall effect further indicates
increase of conductivity is due to increase of carrier density rather than mobility. The
assertion is exactly what we found from 2b) C-V measurement, although ratio increase (a
factor of 4) appears smaller in C-V measurement than in Hall measurement (a factor of 10).
Increase of carrier density could explain increase of Voc as it would reduce depletion width;
this might cause FF to drop, contrary to what we observed.
operate in a direction perpendicular to the film, therefore the reduced lateral mobility

observed by the Hall effect might not be relevant to cell performance.

3. Composition

Rockett’s group.

and untreated H150-3C.)

5.0 Junction Formation

5.1 Investigation and optimization of CBD CdS process

CdS deposition plays a far more vital role in the performance of CIGS devices than what we

previously thought.
temperature, and process time, are the main variables in the process optimization.

Table XI1. Process comparison of CBD CdS

In addition, CIGS devices

a) Curatio and Garatio measured by ICP-AES show no bulk composition difference
before and after treatment.

b) Element depth profile measured with SIMS at University of Illinois by Prof.
(We could observe some difference between treated H150-3D

Four parameters, namely Cd and S source material, concentration,

Groups C C C Ratio | Ammonium Process Process
Thi(g"drea (C"fj) ((';’3 (S/Cd) hyd[h(/l);qde temperature time
For S Acetate | Sulfate
EPV* 0.017 | 0.0017 10 2.5 77C 14 min.
NREL 0.075 0.0015| 50 2.0 65 C 13 min.
IEC 0.15 0.0015| 100 2.0 40-70 C 5 min.

* prior to this optimization
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Having compared the CBD CdS process in NREL and IEC with EPV (see Table XII above), we
found the differences among the organizations to be quite significant.

To obtain the optimum recipe for our CIGS films produced in both Zeus and Hercules systems, a
set of designed experiments was set up. The test results and its conditions are listed in Table
XIII.

Table XII1. CBD CdS optimization

Sample Cd (S/Cd) Temp. Time Voc | FF Jsc(0) Eff. | Comments

ID source ratio range C (min.) (mV) (mA/cm2) | (%)

Z1532I Acetate 10 62-66 13.0 461 | 54.3 275 6.88

Z1532A | Acetate 10 63-65 30.0 423 | 52.3 31.2 7.11

Z1532B | Acetate 10 71-75 7.5 447 | 49.5 30.1 6.67

Z1532] Acetate 50 61-65 5.5 531 | 48.1 24.1 6.16

Z1532C | Acetate 50 61-65 4.5 565 | 44.9 23.9 6.08

Z1532D | Acetate 50 70-75 3.0 519 | 44.7 25.9 6.00

Z1532F Sulfate 50 55-64 13.4 536 | 47.6 22.9 5.84

Z1532K Sulfate 50 61-65 7.0 536 | 45.3 27.0 6.56

Z1532E Sulfate 50 65-68 5.0 518 | 47.5 25.8 6.33

Z1532G | Sulfate 100 55-60 6.0 526 | 54.3 25.9 7.39

Z1532L Sulfate 100 59-64 5.0 554 | 41.2 23.3 5.32 | Collection
problem

Z1532H | Sulfate 100 64-67 3.2 558 | 56.2 24.1 7.55

H145-| Acetate 10 62-66 13.0 452 | 57.6 31.6 8.23

H145-A | Acetate 10 63-65 30.0 435 | 50.2 27.4 5.98

H145-B Acetate 10 71-75 7.5 465 | 62.7 29.7 8.65

H145-J Acetate 50 61-65 5.5 459 | 59.3 30.4 8.26

H145-C | Acetate 50 61-65 4.5 522 | 65.3 29.3 9.97

H145-D | Acetate 50 70-75 3.0 489 | 69.0 28.4 9.61

H145-F Sulfate 50 55-64 13.4 467 | 57.4 28.8 7.73

H145-K Sulfate 50 61-65 7.0 480 | 51.9 29.0 7.23

H145-E Sulfate 50 65-68 5.0 519 | 64.5 30.1 10.07

H145-G | Sulfate 100 55-60 6.0 519 | 66.1 29.4 10.06

H145-L Sulfate 100 59-64 5.0 519 | 554 314 9.02 shunting

H145-H Sulfate 100 64-67 3.2 501 | 70.3 29.6 10.43

It is clear from the data of Table XIII that most of the highest performance devices result from
the following conditions:

e Using Cd sulfate as the Cd source.
e Withahigher S/Cd ratio near 100.

e At not too high process temperature: 55C-68C.

These parameters are effective for CIGS films made from both Zeus and Hercules (the basic
CIGS process are the same), which means that the best CBD CdS recipe in our case is system-
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independent. By the way, these conditions are actually very close to the conditions used in IEC.
Since then, we settled our new standard CBD CdS deposition to be close to these conditions.

5.2 Development of spray CdS

Table XIV shown below summarizes the results obtained from a study involving sprayed CdS
for junction formation.

Table XI1V. Early deviceresults obtained with sprayed CdS

Sample | Position | Voc FF Jsc Eff | Tem. | Surf. | Conc. | Surfact
ID from treat
QE

Z1487A 0.00| 90 No 0.01M
Z1487B C3 275.6 | 31.02 1697 | 145 90 Yes | 0.01M
Z1487C 0.00| 90 No 0.1M

Z1487D 0.00| 90 Yes 0.1M

Z1487E Al 443.8 | 41.28 2534 | 464 90 No 0.05M

Z1487F 0.00| 90 Yes | 0.05M
Z21487G Al 410.3 | 44.99 2444 | 451 90 No | 0.025M
Z1487H Al 504.2 | 51.15 2192 | 565 90 Yes | 0.025M

Z1495 | B5 3834 | 37.67 2169 | 313 | 90 No 0.01M | Alcohal
71496 J Al 403.1 | 37.74 20.72 | 315| 90 Yes | 0.01M | Alcohol
Z1487K c4 3825 | 3361 2158 | 277 90 No 0.01M | Alcohal
Z1487L C5 186.6 | 30.34 1858 | 1.05| 90 Yes | 0.01M | Alcohol

Development of an in-line CdS spray process would have several merits:

e Environmental friendliness dueto its very high Cd utilization.

e Reduced delay time between CIGS and CdS.

e High speed.

e Enablesall deposition processes in module production to be in-line.

We have done some further experiments to deposit spray CdS film. CdS films were deposited on
both plain glass and CIGS samples. Those on glass are used for measuring optical transmission
to compare the films' thickness with those from CBD CdS. The process variables are: chemicals
and their concentration, substrate temperature, spray pressure, and spray height. We found
substrate temperature is the most crucia variable. It controls the speed of chemical reactions and
thus the film properties. It only worksin a narrow window around 90°C — 130°C. We have been
able to deposit nice-looking, uniform films with thickness comparable to those from CBD.
Devices with spray CdS have been processed, and some show promising results. In Table XV, a
set of spray CdS devices and their performance are listed. The best efficiency is 5.65 %, which,
in this case, is better than that from CBD CdS.
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Table XV. Further deviceresultswith sprayed CdS

Sample Position Voc FF Jsc | Efficiency | Temp Surface Conc.
ID QE treatment

Z1487A Al 3845 | 43.11| 24.13 4.00 90 No 0.01M
Z1487B C3 275.6 | 31.02 | 16.97 1.45 20 Yes 0.01M
Z1487C Al 383.3 | 34.06 | 19.51 2.55 20 No 0.1M

Z1487D Al 4889 | 27.14 | 13.28 1.76 20 Yes 0.1M

Z1487E Al 443.8 | 41.28 | 25.34 4.64 20 No 0.05M
Z1487F C5 393.8 | 35.29 25 347 90 Yes 0.05M
Z1487G Al 410.3 | 4499 | 24.44 451 90 No 0.025M
Z1487H Al 504.2 | 51.15| 21.92 5.65 90 Yes 0.025M
21487 | B5 3834 | 37.67 | 21.69 3.13 90 No 0.01M
21487 J Al 403.1 | 37.74 | 20.72 3.15 90 Yes 0.01M
Z1487K c4 382.5| 33.61 | 21.58 277 20 No 0.01M
Z1487L C5 186.6 | 30.34 | 18.58 1.05 20 Yes 0.01M

Sorayed CdS ZnS, and In,S; Films

We continued our work on spray deposition with the thin films ZnS and 1n,S;. Based on the
apparent advantages of the spray pyrolysis technique, such films, either used aone or in
conjunction with each other, are expected to be part of afuture in-line CIGS production process.

We have deposited ZnS and In,S; thin film on plain glass as well as on CIGS. We are
optimizing the deposition parameters, namely, spray solution concentration and composition, and
deposition temperature (in the range of 90C-130C). This low deposition temperature is the most
encouraging factor for in-line production. We are also optimizing the spray inert gas pressure,
and the distance between the nozzle and substrate. Thus far we have been able to deposit very
uniform and quite transparent films for al of these films. Some preliminary work on devices has
been done, and efficiencies of about 4% were reached.

5.3 Dry processing: zinc indium selenide and other novel buffer layers

We continue to aggressively pursue Znln,Se, (Z1S) as a buffer material [5]. Some of thiswork is
described in our paper presented at the 29" IEEE PVSC [6] (copy reprinted after Section 8.0,
Phase | Summary). This paper describes a 10.1% ZIS cell on EPV CIGS (503mV, 29.7mA/cm?,
FF 67.4%), with 1n,S; being found to be decidedly inferior, and ZnSe being found to be a useful
buffer material but still inferior to ZIS.

At the time of writing this PV SC paper, ZIS achieved almost 90% of the performance of CBD
CdS. Subsequently, however, one of the post-deposition treatments of CIGS described in
Section 4 was found to clearly improve cells with CBD CdS but not cells with ZIS, thereby
allowing CBD CdS to pull ahead again. Thus within the ZIS program, 11.6% and 12.1% control
cells were made with surface-treated CIGS/CBD CdS (554mV, 30.1mA/cm?, FF 69.7% and
528mV, 34.5mA/cm?, FF 66.3%).

We continued to explore alternative junction formation methods focusing mostly on ZIS, with

paralel work on CBD CdS as a reference.  Some of the summary tables for experiments
conducted in the third quarter are reproduced in Table XVI below.
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TableXVI. Summary tablesfor inter-comparison of various buffer layers, including ZIS
Series A: CIGStreatment prior to ZIS

BEST DEVICES AVERAGE VALUES |Av. Voc

Voc| Jsc | FF | | Voc | Jsc | FF | n |allcells

163-A-D3- - H135-4/n w/ZIS+ ZnSe 429| 28 | 46.3|5.55(405.9| 28 | 41.3 | 4.69 | 410.25
163-B-B1 - H135-4/wd/ZI S+ ZnSe 469 30.8 | 57.1 |8.24| 468.6|30.8| 55.7 | 8.02| 465
165-B3 - H135-4/treat/ZI S+ ZnSe 450|29.4 | 58 |7.68(435.3]/29.4| 50.6 | 6.48 | 425.81
166-D1 - H135-4/wd/ZnSe 465| 28.7 | 60.3 [8.04 | 455.5|28.7| 59.8 | 7.82 | 458.87

Series B: CIGStreatment prior to CdS

BEST DEVICES AVERAGE VALUES  |av. Voc

Voc| Jsc | FF | | Voc | Jsc | FF | 5, [allcells

CdS-1-A2 - H139-4/no treat/CdS 391| 27.8|49.5|5.38|380.7|27.8| 49 |519]359.18
CdS-2-D3 - H139-4/treat/CdS 493| 33.2 | 63.9 |10.43 493.3| 33.2| 63.1 |10.32] 473

Series C: CBD CdS optimization
BEST DEVICES AVERAGE VALUES |Av. Voc

Voc| Jsc | FF | 5 | Voc | Jsc | FF | 5, [allcells

A1-Al - H139-4/treat/CdS-75-S/Cd=10,nZnO | 486| 35.3 | 63.3 |10.85 478.8 | 35.3 | 59.6 |10.07| 485.18
A2-C1 - H139-4/treat/CdS-75-§Cd=75,nZnO | 534 | 30.7 | 66.7 |10.92{ 541.2 | 30.7 | 64.3 |10.66| 498.93
A3-B1 - H139-4/treat/CdS-75-S/Cd=75,i+nZn0O | 528 | 34.5 | 66.3 |12.06 529 |34.5| 63.6 |11.60| 531.68

Series D: CIGStreatment prior to ZIS& CdS

BEST DEVICES AVERAGE VALUES |av. Voc

Voc| Jsc | FF | | Voc | Jsc | FF | , [allcells

171-A-A2 - H141-4/treat/ZI S+ SZnSe 281 279|31.3|246(261.4|27.9] 30 |2.19]230.22
171-B-A2 - H144-4/wd/ZI S+ SZnSe 396| 28 | 41.7|4.611376.2| 28 | 37.7 | 3.96 | 324.93
CdS144-Al - H144-4/treat/CdS-75-SCd=75 451]31.5| 60 |8.52| 452 |31.5| 59.2 | 8.42 | 439.35

Series E:Buffer combinations

BEST DEVICES AVERAGE VALUES |av. Voc

Voc| Jsc | FF | » | Voc | Jsc | FF | 5 |allcells

072902-1A-C2 H144-2/wd/ZI SZnSe 416| 28.6 | 235 [2.79]|417.7|28.6| 22.8 | 2.72| 386
072902-2A-A4 H144-2/wd/ZI Sltreat/ZnSe 496 32.5| 60.8 |9.79]| 496.2 | 32.5| 58.6 | 9.45 | 473.12
072902-3A-A2 H144-2/wd/ZI S(15)/CdS 473| 31 |59.1|8.66|462.8| 31 | 58.6 | 8.39 | 413.56
072902-4A-D3 H144-2/treat/CdS 497| 27.5| 65.2 |8.93| 501.2 | 27.5| 62.3 | 8.60 | 476.78
072902-5A-C3 H144-2wd/ZI S(15)/CdS 477|325 | 65.5 [10.14 473.8 | 32.5| 62.6 | 9.63 | 438.93
072902-6A-C1 H144-2/wd/ZI (25)/CdS 448 31.2 | 62.2 |8.68| 444.3|31.2| 60.3 | 8.34 | 423.31
072902-7A-B1 H144-2/treat/Z| SZnSe 414 29.5 | 60.3 | 7.37|411.8|29.5| 59.8 | 7.26 | 388.93

Series F: ZIS and buffer-free device

BEST DEVICES AVERAGE VALUES |Av. Voc
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Voc| Jsc | FF | » | Voc | Jsc | FF | 5 |allcells
080902-1-A4 - H146-3/hw(85C)/ZI S ZnSe 409| 28.6 | 44.4 |5.19(375.1|28.6| 38.3 | 4.10| 293
080902-2-D4 - H144-4/treat/ZI S+ §ZnSe 430| 30.5 | 53.3 |7.01{422.6|30.5| 52 |6.71|416.68
080902-3-A4 - H144-4/treat/HC ZnO 444| 31 | 56 |7.71| 426 | 31 | 435 | 5.74| 416

Series G: ZISand CdS

BEST DEVICES AVERAGE VALUES  |av. Voc

Voc| Jsc | FF | » | Voc | Jsc | FF | 5 |allcells
090502-1-B6 - H146-4/wd/ZISZnSe 363| 30.9 | 49.7 |5.58]361.1|30.9| 474 | 528 361
090502-2-A1 - H146-4/hwi/ZI S ZnSe 386 | 31.6 | 54.7 |6.67]| 355.7| 31.6| 49.5 | 557 | 355
090502-4-A4 - H146-4/treat/CdS 477| 31.4 | 68.1 [10.19 486.9| 31.4| 60.6 | 9.25| 486
090502-6-A4 - H146-4/evap CdS 224|228 |31.8|162| 232 |22.8| 305 | 1.61| 232

In series A, two types of CIGS treatment are shown to improve ZIS cell efficiency. Series B
confirms the major benefit of a special CIGS treatment prior to CBD CdS. In series C, some
parameters are explored for CBD CdS. A 12.0% cell was obtained with the use of an i-ZnO
layer; normally this layer is deleterious for non-CdS devices.

In series D, ZIS is compared to CBD CdS. As commented on previously, the special treatment
for CIGS prior to CBD CdS has improved that type of device, but did not do so for ZIS.
Furthermore, we have recently discovered that CIGS formed using the hybrid approach often
impairs the efficiency of ZIS devices, thereby rendering such devices uncompetitive relative to
deviceswith CBD CdS. Thisis currently proving to be afrustrating problem. In principle, there
are aspects of the hybrid process other than sputtered Cu that could be responsible.

In series E, various buffer combinations and treatment sequences were explored. Three
approaches yielded efficiencies in the 9-10% range, viz. CBD CdS, treatment of ZIS after
deposition, and ZIS followed by CBD CdS. These and other results illustrate the surprising
complexity of junction formation and effects of layer sequencing. One new hypothesisis that the
nature of the material in contact with the ZnO isimportant.

The first two entries of series F report results that are reversed relative to the bulk of our findings
concerning the benefit of the special treatment as applied to ZIS devices. The third entry shows
a CIGS/ZnO device in which 7.7% efficiency was obtained without any buffer layer (see aso
[7]). Further work along these lines will be undertaken.

Series G compares ZIS (6.7%), CBD CdS (10.2%), and evaporated CdS (1.6%) buffer layers. In
order to properly rank the performance of different buffer layers, we may attempt to improve the
evaporated CdS process.

5.4 Effect of i-ZnO

To test whether the i-ZnO layer is really needed, we conducted an experiment to re-evaluate the
merit of i-ZnO. Eight samples cut from the same CIGS run were divided into two groups with
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four samples in each. One group consisted of the usual i-ZnO/n*-ZnO layer structure as a
reference, while other group consisted of the n*-ZnO layer only (without i-ZnO). The four
samples of each group received different thicknesses of CBD CdS to see if thicker CdS might
eliminate the need for i-ZnO, as some researchers have claimed. Listed in Table XVII are the
experimental conditions and the resulting PV parameters.

Table XVII. Comparison of cell performance with and without i-ZnO
ID CdSs Voc (mV) FF Jsc (mA/cm?2) Efficiency
Time | n-ZnO | BothZnO | n-ZnO | BothZnO | n-ZnO | BothZnO | n-ZnO | BothZnO
Z1539- | 15
1&2 min. | 528.6 | 562.5 64.6 65.5 | 28.15 28.01 | 9.61% | 10.32%
Z1539- | 20
3&4 min. | 530.5 | 537.6 | 64.25 62.25
Z1539- | 25
6& 7 min. | 527.5 | 557.8 | 63.36 63.37 | 28.46 28.31 | 9.51% | 10.00%
Z1539- | 30
8& 9 min. | 524.7 | 5419 | 62.27 64.62 | 28.43 28.22 | 9.29% | 9.88%
Avg. 527.8 | 550.0 | 63.62 63.94 | 28.35 28.18 | 9.47% | 10.07%
T-test 2% 38 % 1% <1%

The following conclusions can be drawn from the data shown in Table XVII (PV parameters are
measured after 166 hrs. light soaking at one sun intensity):

1. Vocinthei-ZnO/n*-ZnO layer group (our normal process) on average is about 5% higher
than that in the n"-ZnO only group (without i-Zn0O). A statistical t-test shows the
difference between the two groupsis significant with confidence level of 98 %.

2. Difference of FF between the two groups is less than 1%. A t-test further shows the
difference is not significant. However, the difference of Jsc is significant with
confidence level of 99 % although the difference itself is less than 1 %. A little higher
Jscin n*-ZnO only group is consistent with reduced optical absorption.

3. We don't see the trend, as suggested by some researchers, that the difference between
these two groupsis reduced by increase of CdS thicknessin our experimental regime.

4. The 5% difference in efficiency between the two groups almost totally comes from the
difference of Voc. The difference of efficiency is very significant (larger than 99 %
confidence level) from the t-test value, as shown in Table XVII.

It should be mentioned here that all of our samples exhibit a light soaking effect. The transient
behavior of PV parametersis shown later in Figs. 14a-c.

6.0 Device Propertiesand Performance

6.1 High efficiency devices using hybrid processin Hercules (small area) deposition system
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After introducing the hybrid process in the Zeus system, we switched after a while to a similar
hybrid process in the R&D Hercules system with a view to accelerating process optimization.
We chose the following variables as parameters for optimization:

X: percentage of In and Gain the first stage evaporation (50%, 75%, 90 %)

T: temperature of Cu selenization (400°C, 500°C, 530°C)

t: duration of Cu selenization (10 min., 30 min., 42 min.)

Curatio: adjusted viathe thickness of sputtered Cu (1700A, 1900A, 2150A)
Gaprofile: adjusted by changing the starting evaporation time of Gaand In

Ts. substrate temperature during the third stage In and Ga evaporation (500°C, 530°C).

We were encouraged that a best cell efficiency of over 13% was achieved after only a couple of
months optimization. It ties the EPV best cell record achieved with an evaporation-only
process. The parameters of the three best cells are listed in Table XVIII. 1V and QE curves for
H139-5 B1 are shown in Figures 10 and 11.

Table XVIII. Deviceresults obtained using hybrid processin Hercules system

ID Voc FF Jsc(QE) Efficiency
H139-5B1 0.567V 0.723 31.9 mA/cm? 13.1%
H139-3 A4 0.524V 0.733 33.9 mA/cm? 13.3%
H139-5C1 0.553V 0.698 31.9 mA/cm? 12.3%

IV Curve
H139-5 B1
Voc = 0.567 V .
| FF=0.7234 .
Jsc = 31.87 mA/lcm? (QE) "
n=13.07% .
2 *
é *
V (V)

Fig. 10. 1-V curvefor 13.1% CIGS cell produced using hybrid process
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Fig. 11. Quantum efficiency for the cell of fig. 10.

A further optimization effort for the CIGS absorber layer was made with a view to improving
device performance. We systematically changed the percentage of In and Ga in the first stage
evaporation, with three levels (50%, 75%, 90 %) being tested. The best cells in each level are
listed in Table XIX. The champion cell so far is from Level 75% (75% of In and Ga are
evaporated in the 1% stage before sputtering of Cu, and 25% of In and Ga are evaporated in the
final stage after Cu).

Table XIX. Thebest cellswith different per centages of In and Gain thefirst stage

Cel ID % In/Ga | Voc(mV) FF Jsc(mA/cm?) | Efficiency (%)
in 1% stage
H146-5B A1l 75 % 569.1 73.55 32.32 13.53
H147-5A A2 75 % 580.0 72.40 31.87 13.38
H139-3 A4 75 % 523.6 73.34 34.60 13.29
H139-5 B1 75 % 566.8 72.33 31.87 13.07
H146-2B2 B2 75 % 559.1 73.16 31.19 12.76
H146-2B1 A5 75 % 565.0 74.02 30.18 12.62
H147-3D D7 75 % 557.4 70.54 30.54 12.01
H139-4A3 B1 75 % 534.0 64.41 34.47 11.86
H135-5 CdS 50 % 553.9 69.69 30.15 11.64
H135-3 B5 50 % 516.1 66.41 30.96 10.61
H142-5 B1 90 % 494.2 66.43 29.95 9.83
H142-2 C5 90 % 490.6 62.32 29.11 8.90

IV and QE for H146-5B are shown in Figures 12 and 13.
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Fig. 13. Quantum efficiency for cell of fig. 12.

It is worth pointing out that all the cells made in EPV are without AR coating and without a
collection grid on the ZnO (our collection distance is about double that of NREL’s). We believe
the efficiency for these cells in a standard device configuration with AR coating and grid would
be in the range of 14%-15%.

Some Ga profiling techniques were used in making the cells listed above. We deliberately

started the Ga evaporation earlier than that of the In in the 1% stage to generate a ‘ back-surface
field’ and to increase film adhesion, while we delayed Ga evaporation in the final stage to boost
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Voc by increase of film bandgap in the junction region. The temperature profile during the Cu
selenization step was also fine-tuned to maximize its effect.

In view of the lower V. in our cells compared to NREL’s, we tested the idea of shifting more Ga
from the 1% stage to the final stage to grow larger grains at the back and to further increase the
bandgap near the surface. We have achieved a 'V« as high as over 650 mV in some devices, and
we hope optimization is on the way to bring FF back to the 70% range.

In the processing of all these high performance cells, we implemented some improved non-CIGS
procedures, including post-deposition treatment, improved CBD CdS, and light soaking, which
are explained in Sections 4, 5.1, and 6.2.

6.2 Light soaking effects

Recently, we found that our devices now usually show significant improvement in performance
after 72 hrs. light-soaking under a multi-line source at 1 sun intensity. Thus far, we have not
pinned down which of the new process steps (CIGS film, post-treatment, or CdS recipe) is
responsible. One set of data for comparisonislisted in Table XX.

Table XX. Device performance change after light soaking

Before After Ratio
Sample ID Parameter light soaking light soaking after/before

H149-2B D1 Voc 490.4 533.8 1.09
FF 57.18 60.84 1.06

QE 28.21 28.97 1.03

QE-1 32.84 31.9 0.97

Eff 7.91 9.41 1.19

H149-2D D3 Voc 485.5 540.2 111
FF 59.56 65.21 1.09

QE 28.12 28.06 1.00

QE-1 32.02 30.72 0.96

Eff 8.13 9.88 1.22

H149-3A Al Voc 612.6 622.7 1.02
FF 47.47 57.06 1.20

QE 23.93 24.13 1.01

QE-1 30.85 28.89 0.94

Eff 6.96 8.57 1.23

H149-3B C3 Voc 588 603.3 1.03
FF 48.07 57.26 1.19

QE 23.76 24.41 1.03

QE-1 29.96 29.1 0.97

Eff 6.72 8.43 1.26

H149-3D A3 Voc 537.7 596.4 111
FF 57.12 61.87 1.08

QE 26.55 27.14 1.02

QE-1 31.52 30.74 0.98

Eff 8.15 10.01 1.23

H149-5A A4 Voc 560.8 578.4 1.03
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FF 59.03 65.9 112
QE 25.89 26.62 1.03
QE-1 29.43 28.68 0.97
Eff 8.57 10.15 1.18
H149-5B D2 Voc 561.7 588.8 1.05
FF 60.58 67.02 1.11
QE 26.54 26.49 1.00
QE-1 29.59 27.79 0.94
Eff 9.03 10.45 1.16

As the data shows, the average efficiency increase is about 20 % after light soaking. Among the
improvements, over 10 % is from increase of FF and alittle less than 10 % isfrom ajump of V,
while short-circuit current density J¢. shows aimost no change or a slight decrease in some cases.
A dlight optical loss was observed after light soaking from the fact that J at reverse bias (-1V)
decreases; however, the drop of Ji; at zero bias is partially compensated by an increase in
collection efficiency. Most of the improvement persists over a few weeks, but long-term effects
need to be monitored.

Plotted in Figs. 14a-c are the PV parameters as a function of light soak time for four typical
samples out of eight from the groups of samples with and without i-ZnO and with different CdS

thicknesses (two for each).
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Fig. 14a. FF change with light soaking
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Fig. 14c. Jsc change with light soaking

The four samples exhibit similar trends, regardless of CdS thickness or the presence of i-ZnO.
FF increases drastically with light soaking and keeps creeping up even after 100 hours, while Vo
decreases a little in most cases. It is very interesting to see short-circuit current density Js. also
increase significantly under light soaking. Improvement of electrical collection is believed to be
the main reason for increase of Js.

7.0 Patterning and Modules

7.1 Lateral conductivity of CIGS film

One of the problems causing the most headaches in making CIGS modules (a similar problem
can occur with aSi modules) is to prevent leakage current between two segments (cells). Many
module processes can cause leakage, such as Mo scribe not being clean, sharp Mo debris piled
up on Mo aong the scribe line, incomplete ZnO separation, scribe line overlap, and so on. Yet
some modules that we made, after eliminating all of these causes mentioned above, still show a
much larger leakage current than expected. Finaly we realized that the CIGS materia itself,
deposited within the gap between two Mo segments, could short segments too. Frequently, in
searching for the highest cell performance, researchers push the Cu ratio too close to unity. This
might be fine at the cell level, but it can cause serious module problems if the lateral resistivity
of the CIGS film is below 100 Qcm. (CIGS sample resistivity for different groups is measured
and reported in “Hall Effect and Resistivity” by University of Florida and distributed to absorber
subteam).

Here is an example of the calculation of the resistance R of the CIGS film in the gap between
two Mo segments:
R = pL/(td)

where p isthe lateral resistivity of the CIGS film (we take it to be 50 Qcm in this calculation), L
isthe Mo laser scribe line width (say 50 um), t is the thickness of CIGS film (say 2 um), and d is
the module width (say 10 cm). A simple calculation gives R = 125 Q. Assume the voltage
between two adjacent segmentsis 500 mV in operation. Then, the leakage current between these
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two segments due to CIGS resistance (representing a shunt path) is 500 mV/125 Q =4 mA. The
operating current in such a module is about 142.5 mA (= 30 mA/cm2*10 cm* 0.475 cm Mo
width). Thus the leakage current is about 3% of the operating current, and represents a
noticeable shunt. (This result is independent of module width.) This example suggests that we
should keep the Cu ratio well below unity to keep CIGS lateral resistivity above 100 Qcm.

This leakage current could be even larger if the Cu layer in the CIGS in the gap between Mo
segments is not sufficiently diffused and reacted with In, Ga and Se. Several directions to
eliminate or reduce the CIGS shunting path are listed here:

e Increase the first IGS thickness by increasing total film thickness and/or increase its
percentage x of total thickness.

e Reduce Mo thickness.

e Optimize the temperature and time for Cu selenization before depositing the second part
of the IGS.

7.2 Issue of i-ZnO for production

In our norma module processing described in Section 7.6, deposition of i-ZnO by sputtering
(step 9) is the least time-effective one. It only takes two minutes to sputter deposit a couple of
hundred Angstrom thick i-ZnO film, however, it costs a couple of hours overhead to pump down
the sputtering system. Unlike the case of device processing, where no vacuum break is required
between the i-ZnO and n-ZnO, in module processing we have to break vacuum between the i-
ZnO and n-ZnO because the CIGS scribing (step 10) must be performed after the i-ZnO layer
and before the n-ZnO layer.

Rather than eliminating it, we hope to find a non-vacuum process to replace the sputtered i-Zn0O,
since devices with two ZnO layers consistently perform better than those without the i-ZnO
layer. One thought is to replace i-ZnO with the high bandgap material ZnS, which could be
processed either by CBD or by spray. In our first test, we applied a sprayed ZnS layer right after
CBD CdS, and then sputtered an n-ZnO film to finish the window layers. However, the
performance of our first try was disappointing. Both Vo and FF in the test exhibited lower
values than those in n-ZnO only and two-ZnO layers structures. More experiments are planned.

7.3 Laser scribing

With a view to reducing the dead area, and to making a more conductive interconnect contact,
laser scribing was evaluated once again. A Spectra-Physics X30S-532Q laser with wavelength
532 nmis used to scribe both CIGS and ZnO.

We set the goals for CIGS scribing to be:

The laser scribe width should be less than 100 pm.

The laser should strip off al the CIGS so that the Mo layer is exposed.
The laser should not totally strip off the Mo layer.

The Mo -n-ZnO interconnection should have low contact resistance.

pODNPE
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So far we have been able to access the whole scribe spectrum from a very shallow cutting of the
CIGS to stripping off all of the Mo layer by process optimization, including laser power, laser
repetition rate, laser focus and speed of X-Y table. The scribe width is in the desired range.
However, we have not been able to integrate the CIGS laser scribe with submodule processing
due to lack of an alignment fixture. A test structure was designed recently for speeding up
process optimization, and its usefulness will be tested soon.

Our goalsfor the ZnO laser scribe are:

1. Total separation of ZnO
2. No deterioration of device performance.

Many small isolated devices were used to test ZnO scribing conditions. We changed laser
process parameters starting with very shallow cutting, and searched for conditions in which
resistance R between two separated areas defined by the ZnO scribe line is larger than 10 kQ.
Next, we compared device performance change before and after scribe by paying specia
attention to change of shunting resistance, Vo, and FF. Some test conditions and results are
listed in Table XXI.

Table XXI. Test of ZnO laser scribe

Test | Voc-A | Voc-B FF-A | FF-B Rsc-A | Rsc-B Voc FF Rsc
1 353.3 357.5 | 36.47 | 37.3 3.55 4.37 -1.2% | -2.3% | -23.1%
1 353.1 359.2 | 36.09 | 37.8 3.38 4.05 -1.7% | -4.6% | -19.8%
2 361.1 358.3 | 35.52 | 37.8 4.08 451 0.8% | -6.4% | -10.5%
2 364.4 364 37.49 | 39.3 3.99 4.66 0.1% | -4.8% | -16.8%
3 364 358.9 | 41.25| 43 5.61 7.69 1.4% | -4.2% | -37.1%
3 301.2 296.2 | 33.69 34 2.47 2.73 1.7% | -0.9% | -10.5%
4 362.4 351.6 | 41.69 | 45.2 5.45 6.81 3.0% | -8.3% | 25.0%-
4 400.7 396.3 | 34.52 | 37.3 3.1 3.76 1.1% | -8.1% | -21.3%
5 361.3 353.8 | 40.57 | 43.4 4.85 6.69 21% | -6.9% | -37.9%
5 371.5 386 40.03 | 32.4 4.55 25 -3.9% | 19.1% | 45.1%
6 364.8 378 36.75 | 35.9 3.32 3.86 -3.6% 2.2% | -16.3%
6 371.4 369.8 | 36.96 | 37.7 3.77 3.96 0.4% -1.9% | -5.0%
7 334.8 328.9 | 44.82 | 455 6.02 7.07 1.8% | -1.6% | -17.4%
7 348.4 352.1 | 42.58 | 42.9 6.92 7.69 -1.1% | -0.7% | -11.1%
8 349.2 350.6 | 43.36 | 45 5.69 6.03 -0.4% | -3.7% | -6.0%
8 363.7 362.8 | 36.97 | 37.6 4.07 4.32 0.2% | -1.7% | -6.1%
9 352.5 352.4 | 41.49 | 42.3 5.87 6.12 0.0% | -2.0% | -4.3%
9 371 368.4 | 36.62 37 414 3.96 0.7% | -0.9% | 4.3%
10 362.6 418.5 | 28.95| 27.3 1.81 1.88 -15.4% | 5.6% | -3.9%
10 390.6 404.3 | 30.17 | 30.1 2.29 2.12 -3.5% | 0.1% 7.4%

The results clearly show that with test conditions 8, 9, and 10, device performance deteriorates
less severely than with other conditions, which give us a starting point for the next round of
optimization.
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7.4 Alternative interconnect methods

In the standard CIGS module process, a scribe line to remove the CIGS film, either by
mechanical or by laser means, is needed prior to deposition of the conductive window film
(ZnO) to serve as an interconnection path between adjacent cells. However, mechanical scribing
risks scratching the substrate glass, increasing the risk of breakage during module lamination,
while laser scribing might generate rough edges, and these can cause shunting paths. An
alternative way to make the interconnection is being explored.

7.5 Segment width calculations

By taking into account the two major module losses, I°R loss due to resistance of CTO and
interconnection, and current loss due to dead area, we developed a model for optimization of cell
width. A graph for effective power, which is defined as the ratio of the module output power
with these two major losses to the output power without these losses, versus cell width is plotted
in Fig. 15. Because we had a relatively wide dead area of about 0.8 mm width caused by our
manua mechanical scribing for CIGS and ZnO, atotal cell width of 6.6 mm was chosen for the
immediate mini-module process. With ZnO sheet resistance about 10 Q/square, the effective
power for such a cell width is seen from Fig. 15 to be about 1-2% lower than that for an
optimized width of 5.3 mm, but the fewer lines makes the manual operation easier.
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Figure 15. Optimization of segment width
7.6 Submodule process and fabrication of mini-modules using hybrid CIGS process
Our current submodule process consists of the following steps:

1. Prepare glass (cut, seam, wash, and store)
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2. Sputter Cr and Mo

3. Laser Mo and check isolation

4, FirstIn, Ga, and Se

5. Sputter Cu

6. Selenize Cu, and second In, Ga, Se
7. Post-CIGS treatment

8. CBD CdS

9. Sputter i-ZnO

10. Mechanical scribing of CIGS

11. Sputter n*-ZnO

12. Mechanical scribe of ZnO/CIGS and check
13. Light soak

14. Measure |-V

15. Diagnostics

We restarted our module process again after a reasonably good hybrid CIGS recipe was
established in the R & D Hercules system. Because of the relatively short distance of 18 inches
between substrate and indium (gallium) sources in the Hercules system, less than perfect CIGS
uniformity is observed for large substrates. Therefore, we decided to start by fabricating mini-
modules with adimension of 2" x 4”.

So far, the efficiency of our best submodule (H156-2) is 9 % (active area efficiency 10.2 %).
The submodule has 13 cells and an aperture area of 38.7 cm?. Its|V curveis plotted in Fig. 16.
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Fig. 16. 1-V curvefor 9.0% submodule H156-2 (13 segments, 38.7 cm? apertur e ar ea)

Listed for comparison in Table XXII are PV parameters from our recent best performance cell
and submodule.



Table XXII. Comparison of device and submodule performance

ID Voo cel FF Jz Efficiency
(mV) (%) (mA/cm?) (%)
Best device H146-5 569.1 73.55 32.32 13.5
Best submodule H156-2 527.0 58.84 28.89 9.0
Difference % -7.4% -20 % -11 % -36.3 %

A low dark leakage current of about 0.01 mA at -5V in submodule H156-2 was obtained, which
isonly 0.01 % of I, (the current at the maximum power point). Therefore, we don’t expect that
module shunt resistance causes any Vo drop. So the 7.4 % drop in Vo shown in Table XXII
probably stems from the different CIGS run rather than the module process. Cell width
modeling (Fig. 15) suggests that the effective power loss should be about 24% from the device
level in our case. Contributing to this, Ji: will drop 12% due to dead area, which is very close to
the 11 % figure shown in Table XXII, while FF should lose 12 % due to series resistance, which
is significantly less than the observed figure of 20% shown in Table XXII. This indicates that
CIGS quality or uniformity for run H156, larger interconnect resistance, or unexpectedly higher
ZnO sheet resistance must be examined for their possible roles in our submodule performance.
Previously reported diagnostic techniques will be employed in these analyses [8].

In another submodule processed lately, H157-4, an average Vo of 571 mV per cell was

achieved, even though a large leakage current in three out of thirteen cells was found. For
comparison, V. measured from devices cut from this submodule was 591 mV.
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8.0 Phase | Summary

EPV, Inc.
Thin-Film CIGS Photovoltaic Technology
Subcontract No. ZDJ-2-30630-21

e A hybrid CIGS process (involving Cu deposition by sputtering) was explored, with the goal of
improving uniformity of CIGS thickness and composition. The remaining elements, In, Ga, and
Se, continue to be delivered by evaporation, and in the case of large area coating, using linear
Sources.

e Animproved thickness distribution on large area plates was realized for CIGS produced by the
hybrid process.

e Theoretical modeling of vapor distribution by manifolds was conducted, as a contribution to
studying linear source deposition uniformity.

e A method for quantifying the concentration of Zn as an impurity in CIGS was developed using
ICP OES.

e An extensive survey of post-deposition treatments of CIGS was made. A very useful,
although wet, treatment was identified that seems always to improve the performance of devices
processed using CBD CdS.

e Optimization of EPV’s procedure for CBD CdS was conducted. Improved device
performance was realized after a change from Cd acetate to Cd sulfate, and an increase in the
S/Cd ratio.

e Using the hybrid CIGS process, post-deposition treatment, and the improved CBD CdS recipe,
cells up to 13.5% efficiency (569 mV, 32.3 mA/cm?, FF 73.5%) were produced (no AR coating).
These devices were found to improve upon light soaking.

e Using EPV CIGS prepared by evaporation of all elements, a 10.1% cell was produced using an
evaporated zinc indium selenide (ZIS) buffer layer, and 8.6% using evaporated In,S;.

¢ |t wasfound that CIGS produced by the hybrid process often does not respond well to the ZIS
buffer layer.

e Spray deposition was used to prepare good-looking films of CdS, ZnS, and In,S;. Devices
using spray CdS reached 5.6% efficiency.

e Some promising results were obtained from a renewed study of laser scribing of CIGS and
ZnO.

e A mini-module with laser-scribed Mo, but mechanically-scribed CIGS and ZnO, was
produced having an aperture area efficiency of 9.0%.
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CIGS DEVICES WITH ZIS, In;S3, AND CdS BUFFER LAYERS
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ABSTRACT

The device performances of Cu(ln,Ga)Se;, solar cells
are compared as a function of various buffer layers
applied by thermal evaporation that are considered as
candidates to replace the conventional CdS buffer layer
applied by chemical bath deposition. The buffer layers
include ZnlInySes (ZIS), In2S3, and ZnSe. Devices with
CdS and ZIS buffers are also studied by EBIC and
cathodoluminescence.

INTRODUCTION

The highest efficiency CIGS solar cells possess the
structure glass/Mo/CIGS/CdS/i-ZnO/n-ZnO:Al and are
conventionally fabricated using a CdS buffer layer
prepared by chemical bath deposition. The latter process
is not manufacturing-friendly because of the liquid waste
and the use of cadmium. These two issues represent
significant hindrances for CIGS PV manufacturing. As
part of an on-going effort to solve these problems, EPV is
investigating alternative buffer layers prepared by vacuum
evaporation. We have previously reported the use of
Znln,Sey (ZIS) as a buffer material [1]. This material was
selected for investigation since In and Se are already
present in CIGS, Zn is an n-type dopant, and promising
efficiencies had been reported using Znin,Se4 as a buffer
layer [2]. This earlier work employed three-source co-
evaporation of Zn, In, and Se. Our approach has been to
synthesize ZnlIn,Ses as a bulk material and use it as a
single evaporation source [1]. Advantages of this method
include simplification of the deposition hardware and of
process control. In this paper, we compare the
performance of CdS, ZIS, and In,S3 as buffer materials. In
addition, we briefly explore ZnSe and CdSe.

EVAPORATION OF ZIS

The evaporation behavior of ZnIin,Se4 was investigated
by monitoring the film deposition rate as a function of
source temperature during the complete evaporation of a
fresh charge of Znin,Ses. A small emission peak was
observed at a source temperature of about 290°C,
followed by the principal emission peak at about 850-
860°C, with no other peaks at higher temperatures (see
Fig. 1). EDS analysis of material captured during the
initial emission revealed it to be selenium. We do not yet
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know for certain whether this initial Se is helpful, harmful,
or neutral with regard to cell performance.
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Fig. 1. ZIS deposition rate as a function of evaporation
time and source temperature.

DEVICE PERFORMANCE

Using samples of CIGS/Mo/glass cut from pieces
deposited in EPV CIGS run H106, we prepared reference
devices using CBD CdS, and companion devices with ZIS
and In,S3 buffer layers. In these runs the buffer material
was evaporated from a graphite crucible, the form of the
material being granules for ZIS and powder for In;Ss.
Devices were completed by sputtering of a transparent
conducting oxide consisting of ZnO:Al. Our previous work
indicated that the optimum substrate temperature for ZIS
deposition was in the neighborhood of 200°C, and a series
of four ZIS runs of identical thickness were made to try to
pin down more precisely the optimum temperature. The
ZnO was sputtered onto these four substrates
simultaneously. The results of this study are summarized
in Table 1.

Table 1. Dependence of ZIS/ICIGS cell parameters on
substrate temperature for ZIS deposition

Ts | AV. Voc | Av. FF | Jgc from Av. Best eff.

“°C) | (mv) (%) QE eff. (%)
(mA/cm?) | (%)

175 | 486.2 63.5 28.9 8.88 9.1

185 | 490.5 63.9 29.0 8.89 9.2

197 | 491.9 65.0 29.7 9.42 10.1

210 | 493.9 64.3 28.4 9.05 9.4




A best cell efficiency of 10.1% was achieved at a ZIS
deposition temperature of 197°C, and high cell yields were
obtained in all four experiments.

For In,S3 buffers, two temperatures (185°C and 200°C)
and two thicknesses were explored, with the best cell
efficiencies for each condition ranging from 7.3% to 8.6%.
The best cell results for all three types of buffer layer are
summarized in Table 2.

Table 2. Best cell results with CdS, ZIS, and In,S3 buffer
layers deposited on CIGS from run H106.

Buffer Deposition | Vg Jsc FF Eff. Eff

(Ts°C) mv) from (%) (%) rel.

QE to

mA/cm CdSs

Cds CBD 77° 536 33.5 67.1 12. | 100
0

ZIS Evap 197° 503 29.7 67.4 10. 84
1

Inp;Sz | Evap 185° | 497 26.8 64.5 8.6 72

Figure 2 shows the I-V curves for these cells, and Figure 3
their QE spectra. It may be noted that in this series of
experiments the efficiencies of ZIS and In,S; reached 84%
and 72% of the efficiency obtained with CBD CdS.
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Fig. 2. 1-V curves for the best cells with CdS, ZIS, and

In,S3 buffer layers
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Fig. 3. Quantum efficiency curves for the above cells.
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As can be seen from Fig. 3, good short wavelength
response can be obtained with a ZIS buffer as quite thin
ZIS layers are sufficient to obtain their function.
Nevertheless, the peak QEs obtained with the evaporated
buffer layer process represented in figure 3 are lower than
that obtained with CdS.

Subsequent to these experiments, a modified
deposition procedure was discovered that appeared to
eliminate the reduction of peak QE. Table 3 shows the
performance of cells utilizing this modified procedure.
(Unfortunately, the CIGS employed in these studies was
prepared differently and was of inferior quality relative to
the previous study.) Also, a wider variety of materials was
surveyed, including ZIS, ZnSe [4], and CdSe. Our
experience has been that, although it serves as a
functional buffer material, ZnSe generally yields devices
somewhat inferior to those using ZIS (see Table 3).

Table 3. Performance of various buffers deposited with
modified recipes on CIGS from runs H133 and H128.

Buffer | Deposition | Vo Jsc FF Eff. Eff
(Ts°C) (mV) from (%) | best | rel.

QE (%) to

mA/cm? Cds

cds' | cBD 77° 547 32.0 [59.3]10.4 [ 100
zIS' | Evap 197° | 508 304 [628] 9.7 93
CdSe’ | Evap 197° | 467 222 |509]| 5.3 51
ZIS* | Evap 197° | 464 31.7 [67.4] 99 -
ZnSe’ | Evap 197° | 465 295 [659] 9.0 -

'CIGS from run H133; CIGS from run H128

It is noteworthy that, using the modified procedure, the
performance of ZIS relative to CBD CdS has now reached
93% (9.7% efficiency versus 10.4%). We find that while
the Vo obtained with ZIS is often 6-7% lower than that
obtained with CBD CdS, the ZIS cells frequently exhibit a
somewhat higher fill factor. Another shortfall of ZIS that is
often, but not always, observed, is a more pronounced
long-wavelength fall off. This is evident, for example, in
the QE curves in figures 3 and 4. This observation
suggests that the chemical bath treatment often results in
a longer minority carrier diffusion length.
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Fig. 4. Quantum efficiency curves for three cells from

Table 3.



EBIC AND CL

We have further investigated ZnO/ZnInSe/Cu(In,Ga)
Se; solar cells produced at EPV using high-resolution
electron-beam-induced current (EBIC) and cathodo-
luminescence (CL). These cells were compared to CIGS
solar cells with CdS buffer layers produced at NREL.
EBIC measurements were carried out in a field-emission
scanning electron microscope (FESEM JEOL 6320F) at 1
keV of electron-beam energy. Cross-sectional EBIC
observations performed at such low electron-beam energy
provided lateral resolutions of 50 nm. The CL
measurements were performed in a conventional SEM
(JEOL 5800) equipped with an OXFORD system2. A
schematic of the measurements is shown in Figure 5.
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Fig. 5. Schematic of the EBIC and cathodoluminescence
measurements.

Energy transferred from the highly energetic primary
electrons results in the generation of a highly localized
source of carriers, with a range of penetration Re. The
excess carriers diffuse, and those carriers that are
collected under the field provided by the CIGS/CdS or
CIGS/zZIS heterojunction vyield a current that is
subsequently amplified. Those that recombine radiatively
lead to the cathodoluminescence.

Figure 6 shows in detail the ZnO/CdS/CIGS/Mo
structure. The measured induced current shown in Fig. 6
is representative of high-efficiency, CIGS solar cells
produced at NREL. EBIC imaging at high resolution
confirms that the CIGS/CdS interface behaves as an ideal
heterojunction. The maximum of induced current is

accordingly well defined at the interface.

Fig. 6. Secondary-electron and EBIC images from the
ZnO/CdS/CIGS solar cell. Ep =1 keV and (electron-beam
current) I, = 100 pA.

Figure 7 shows the secondary-electron and EBIC
images for the cell with ZIS as buffer layer. EBIC
observations suggest that there is a non-ideal junction at
the ZIS/CIGS because the depletion region is extended
deeper in the film.
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Fig. 7. Secondary-electron and EBIC images from the
ZnO/ZIS/CIGS solar cell. Ep =1 keV and Ip = 100 pA.

Figure 8 shows the EBIC as a function of the distance
to the CdS or ZIS buffer layers. Because of the extremely
low electron-beam energies used here, the distribution of
the induced current nearly corresponds to the distribution
of the charge-collection efficiency, ¢. For the EPV device,
we found that the maximum of ¢ is located deep within the
absorber, approximately 1500 nm from the ZIS/CIGS
interface. In addition, the pronounced decay of the
current closer to the interface suggests a high surface
recombination velocity, estimated at 10° - 10° cm s™.
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Fig. 8. Averaged EBIC as a function of the distance to the
buffer/CIGS interface.

CL spectroscopy was employed for investigating the
effects of buffer layer deposition on electronic states at
both the CdS/CIGS and ZIS/CIGS interfaces. At 5 keV of
beam energy, the excitation is almost confined to these
interfaces.

Figure 9 shows the evolution of the spectra from the
surface of the CIGS films under development of the CdS
buffer layer, which is represented by the deposition time.
The broad emission at the early stage of deposition (t = 3
min) might be associated with donor-to-acceptor (DAP)
transitions from Vcy-se divacancies to V¢, as the surface
of the absorber is copper depleted. If Cd is incorporated
into the Vcyu, we should observe a shift to higher photon
energies by the consumption of copper vacancies, as
observed. The shoulder at lower photon energies seen
when the CdS completely covers the surface of the
absorber might be related to a recombination inherent to
energy levels related to Cd impurities. Whether Cd is
incorporated into CIGS or not should be corroborated by
other techniques, but CL spectroscopy shows that CdS
deposition definitely modifies the electronic states at the
surface of the absorber.
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Fig. 9. Evolution of the CL spectra from the surface of the
CIGS films under development of the CdS buffer layer
(represented by the deposition time).

Figure 10 shows the spectra recorded from the
ZISICIGS devices. The spectra from the bulk of the film
were excited with electron-beam energies above 20 keV.
The shift to higher photon energies observed when
increasing the electron-beam current suggests a DAP
transition as observed for CdS/CIGS cells. The spectra
closer to the ZIS/CIGS interface are similar to those from
the bulk at high excitation, although the emission is wider,
suggesting a higher concentration of nonradiative
recombination centers near the interface. ZIS deposition
does not produce novel radiative transitions.
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Fig. 10. CL spectra recorded from the bulk and the
surface of the ZIS/CIGS device.

DISCUSSION

The difficulty of replacing CBD CdS is that it is not just a
layer, but that the layer and process together confer many
separate and distinct benefits. These are thought to
include:

a) cleaning of the CIGS surface;

b) conformal coverage;

C) protection against sputter damage;

d) in-diffusion of Cd (possibly by Cu-Cd ion exchange);

e) CIGS defect passivation (surface & grain boundaries);
f) provision of a high resistivity buffer layer to improve Vc;
g) provision of a conduction band edge 0.2-0.3eV higher
than that of CIGS to avoid recombination under forward
bias [5], and an appropriate conduction band edge step at
the ZnO interface.

The modified processing described in the device
performance section was designed to address some of
these issues. If all of the above benefits can be duplicated
using dry processing, then we are confident that ZIS can
be engineered to match the efficiency of CBD CdS.

Another important concern is stability. We have quite
clearly observed that some devices using ZIS buffers are
stable over time, while others degrade. At present, we
believe this is largely a function of the CIGS. Also
remaining to be done is SIMS profiling to examine the
distribution of Zn and Cu in the CIGS after ZIS deposition.

CONCLUSIONS

Znin,Ses was found to sublime at a source
temperature of 850°C. Using a previous deposition recipe
for ZIS, CIGS solar cells were fabricated having an
efficiency of 10.1%. Relative to the efficiency of cells with
CBD CdS, ZIS and In,S3 buffers achieved performance
levels of 84% and 72%, respectively. A modified process
for ZIS allowed us to increase its relative performance to
93% of CBD CdS. High-resolution EBIC studies of a ZIS
device suggested that peak collection occurred for
generation 1.5um deep into the CIGS, while CL
spectroscopy was consistent with a high surface
recombination velocity. CL also showed that CdS
deposition definitely modifies the electronic states at the
surface of the absorber.
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