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ABSTRACT 
Photovoltaic (PV) research activities at the Solar Energy Re­
search Institute (SERI) provide the foundation for new PV tech­
nologies having lower cost, higher performance, and better re-

. liability than today's photovoltaics. Prfvately owned PV. 
companies are already developing some of these technologies 
and. identifying new commercial applications. This paper 
focuses on recent pr:ogress and. future directions in PV resear,:h 
managed by SERI for the U.S. Department of Energy (DOE). 
The primary emphases of the research are on thin-film single­
junction .and multijunction devices. However, work also con­
tinues on advanced crystalline silicon sheet materials. Im­
provements in materials and processing, solar cell design, and. 
cell fabricatioll techniques have Jed to continuing im-

. provements Jn_ cell efficiencies in nearly all material areas.
Rec:ent research has :identified the criticality of source­

- material purity and device-processing conditions for different
PV materials.· Attention to total device design and processing 
has increased our understanding ·of metallic contacts, trans­
parent conductors, and intermediate layers. Sophisticated 
models have been developed to quickly assess device con­
cepts. . Enhanced measurement and characterization tech­
niques, along with increased interactions among PV scientists, 
are adding to the strong foundation of photovoltaics. Future 
directions in PV research are given in the recent Five Year Re­
.search Plan prepared by DOE. The plan is predicated on 
partnerships among the federal government, private companies, 
universities, and electric utilities. As part of a ·qmse!Jsus 
review of the plan, this multifaceted PV community identified 
the specific technical goals and pertinent R&D needed for suc­
cess. These technical goals and future research are described 
in detail. · 

INTRODUCTION 
Photovoltaics is an attractive technology for utility-scale elec­
tricity generation. PV provides a diversified mix of electric­
ity-supply options. Large-scale PV systems are modular and 
thus require only short, well-defined lead times for deployment 
(recent experiences of U.S. utilities have shown that PV sys­
tems come on-line on schedule and within budget). PV also 
provides another high.:.technology product to help increase U.S. 
industrial competitiveness. 
Providing industry with a knowledge base for further devel­
opment is the cornerstone of DOE's National Photovoltaic.t­
Program: Five Year Research Plan, 1987-1991 (1). The plan is 

,ther 

predicated upon partnerships among the federal government, 
private industries, universities, and electric utilities that pur­
sue the most pertinent PV research and development (R&D) and 
effectively transfer the results of these efforts within the 
community. The target of the plan is an ambitious, yet attain­
able goal: to improve the efficiency and reliability of PV sys­
tems while reducing their cost to the point where they provide 
electrical energy at .a levelized cost of 6¢/kWh (constant 1986 
dollars). This goal·wiU place photovoltaic electricity in a com-

.. petitive position with elt:etricity generated by o sources. 
.,..To achieve it, the researcti activities of the plan are directed 

toward the long-term technical goals shown in Table 1. These 
goals hiclude module efficiencies and cost targets that will 
meet the 6¢/kWh electricity cost goal. 
There are still many opportunities to improve the performance 
and reduce the cost of PV. Thin-film single-junction and multi­
junction devices are practical approaches to achieving the 
plcm's goals, as are advanced crystalline silicon sheet materials, 
which are produced at a high throughput and yield high cell 
efficiencies. For thes_e new-generation technologies to achieve 
performance and cost goals, significant resources and research 
talent, and well-coordinated multidisciplinary research teams, 
are required. 

The federal government ·has assigned SERI the responsibility 
for the Advanced Research and Development (AR&D) Project 

Table 1. Federal/Industry Long-Term (Year 2000) Tech­
nical Goats. Based on a levelized (co.Jstant 1986 
dollars) electricity cost�target of 6¢/kWh. 

Flat-Plate Concentrator 
Systems Systems 

Module Efficiency (25°C) 1596-2096 25%-30% 
Module Cost $45-$80/m2 $60-$100/m2 
Balance-of-System Costs 

-- area-related $50-$1 00/m 2a $125/m2 
-- power-related $150/m2 $150/m2 

System Life Expectqncy 30 years 30 years 

aBalance-of-system costs vary depending on the type of 
flat-plate sysLem (fixed, one-axis, or two-axis tracking). 



s=�•�* TP-211-.3:354

2

tn photovoltaics for DOE's Photovoltaic Energy Technology
Divisionf The project's primary research emphasis is on estab­

, lishing and developing such promising new approaches to photo­
. voltaic: • cells as thin-film single-junction and multijunction
concepts.· SERI's PV activities include the management of sub­
contracted R&D, the development of state-of-the-art mea­
surement and device fabrication capabilities, work in basic and
applied research by in-house laboratories, and the transfer of
R&D results to industry. Research activities are undertaken
with promising PV materials, including thin films of hydro­
genated amorphous· silicon alloys (a-Si:H), polycrystalline thin
films of copper indium diselenide (CulnSe1) and cadmium tel­
luride (CdTe), thin films of gallium arsenide (GaAs) and Ill-Y
alloys, and crysta!Jine silicon sheet materials. The research
includes studies of single-junction and multijunction devices
made from these materials and other alloys. Approximately 80
highly qualified scientists, engineers, technicians, managers,
analysts and other professionals at SERI conduct this research,
along with more than 60 subcontracted research groups in

. universities, industry, and nonprofit laboratories. 

. · Table 2 presents the budget distribution for SERI's PV AR&D 
.Project for FY 1988 and prior years. The table shows the bud­
get distribution by material area for subcontracted programs 
and in-house research costs. The relative emphasis on material 
areas, in the in-house programs is similar to that in the sub­
contracted areas. The table shows that .more than 55 % of the 
funds available for research were subcontracted to industry and 
university laboratories. (Note that SERf's research in crystal­
line silicon materials is part of the Crystalline Silicon Research 
Project, managed for DOE by Sandia National Laboratories.) In 
the subcontracted . area, two ·important supporting research 
programs are the New Ideas for Photovoltaic Conversion Pro-
gram and the University Participation Program. The objective 

· 

of the New Ideas research is to identify new materials and de­
vice configurations and to conduct· preliminary R&D in the 
most promising new areas. The University Participation Pro-
gram provides a mechanism 

· 

for establishing and maintaining · 

the infrastructure of dedicated personnel and facilities needed 
to conduct fundamental research at universities. The intent of· 
this program is to pursue promising ideas and to educate future 

. 

Table 2. SERI Ph0tovo1taic ARc!cD Project Budget History 

FY 78-85 FY 86 FY 87 FY 88 
Task Area ($M) ($M) ($M) ($M) 

In-House 
Research 42.5 8.7 9.1 8.6 
Capital Equipment 12.2 0.9 0.8 0.2 
Subcontracta

Amorphous Silicon 
Thin Films 

36.1 7.2 9.2 6.7 

Polycrystalline 
Thin Films 

29.1 2.9 2.9 2.2 

High-Efficiency 
Concepts (III-V) 

22.2 2.4 J.O 1.2 

Crystalline Silicon 20.7 0.4 0.4 0.6 
New Ideas 16.ob 1.0 0.5 0.1 
University Program 1.0 1.2 l .J 1.4 

Total Subcontracts 125.1 15 .1 17.J 12.2

Total Program 179.8. 24.7 27.2 21.0 
aAmounts include approximately 15% for program manage-

rnent, fees, etc. ·
bIncludes $9.0 million for photoelectrochemical cell research. 

.

engineers and scientists, unencumbered by milestone, restric-'· 
tions and excessive reporting requirements. · 

This paper describes trends in c;:urre�t research by reporting the·· . 
recent accomplishments of SERI subcontractors. and m-house 
researchers. These accomplishments are grouped by th� ma�e-

. 
rials research areas of Table 2; the New Ideas and Umvers1ty 
Programs across 
the mate
Activities." 

; as well as in'-house R&D activities that cut 
ial areas, are described under the section on "Support 

TECHNICAL ACCOMPLISHMENTS 

Amorphous Silicon Thin Films 
The Amorphous Silicon Research Project 

. . 

(ASRP) 
. · 

Office was .es-
· 

. 
tablished within SERf's PV Program Branch in 1983 as DOE's 
management center for amorphous silicon research. The ASRP · 

was given the· responsibility for implementing national energy 
policy in amorphous silicon by coordinating all DOE-funded 
R&D in this area. The objectives of this research are to 
improve and understand the optoelectronic properties of amor:­
phous-silicon-based alloy materials and to improve the con­
version ·efficiency and stability of single-junction and multi­
junction solar cells and submodules. This research is directed 
toward the achievement ofthe National PV Program's FY 1990 
goals, which are 1096 efficiency for single-junction and lJ% 
efficiency for multi junction a-Si submodules at least 1000 em 2 
in area. 
The ASRP plan involves two principal activities - multi­
disciplinary activities and fundamental research activities. 
Multidisciplinary activities involve government/industry cost­
shared programs made up of broad-based research teams 
located at the individual company's facilities performing 
directed research ranging from the preparation and evaluation 
of starting materials to the demonstration of proof-of-concept 
cells: and submodules. Fundamental research activities in­
volving basic and supporting research are done by universities 
and research laboratories, including in-house research at 
SERf. Fundamental research includes studies on light-induced 
effects; material deposition rates; alternative deposition 
methods; amorphous-$ilicon-based alloy materials; material and 
plasma characterization; and modeling, testing, and reliabil­
ity. Thin-film module testing and reliability research for the 
ASRP is. carried out by SERI's PV Measurements and Perfor­
mance Branch. 
The first government/industry program began in 1984 and 
ended in early 1987. Four subcontract awards, totaling about 
$18.6 million, were cost-shared about 3096 by industry. A 
major accomplishment was Solarex Corporation's achievement 
of the program's primary technical goal, an 896. efficient, 
1000-cm2 (total area) submodule measured at SERI under 
standard conditions (defined below). Other significant tech­
nological advances . included Chronar's SERf-verified, single­
junction, monolithic, 596 efficient (2790-cm2 total area) a-Si 
submodule; 3M Company's a-Si submodules on a highly flexible, 
pla�tic roll substrate; and Spire Corporation's innovative 
method for fabricating high-quality, low-bandgap, hydro­
genated amorphous-silicon-based alloy materials for use in 
multijunction cells. 
Laboratory-size cell efficiencies have also improved signif­
icantly as a result of the first initiative. SERI measured 
several a-Si:H cells from Solarex that had 11.5%-11.8% con­
version efficiencies, which is the state of the art for 1-cm 2 
single-junction cells. Three specific technical advancements 
can explain this increase in efficiencies: (I} the development of 
high-quality, textured Sn02:F having a low electrical sheet 
resistance and high optical transmission; (2) the development of 
a multilayer back-reflecting contact consisting of ITO/Ag 
layers; and (J) the development of graded p/i interface struc­
tures using transitional doping or compositional grading in the 
amorphous Si,C:H p-layer. These textured Sn02:F front con­
tacts and reflecting back contacts have resulted in increases in 
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Figure 1: 1-V c haracter ist ics o f  So la rex's 10 .3 96 e ffic ient a- Si, 
C/a-S i,Ge mu lt ijunct ion ce ll. 

1.5 -----------------, � 

Total area = 2779 cmz 

.. Voc = 24.46 V 
l ,c = 1121 mA .. 
Fill factor = 58'111
Efficiency = 5.8'111 

� 

. Voltage (V) 

 Figure 2: . r:.v. c ha�ac ter ist ics o f  C hrona r•s · 5 ;1196 e·ff ic i�n.t ( 2779-cm z tota ra rea) s ing le- junc tion p- i-n modu le. . 

· 
. . ·
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· 
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Significant advances have also been made in the fundamental 
research activities of the ASRP. At the International Con­
ference on Stability of Amorphous Silicon Alloy Materials and 
Devices ( 2), several new models were proposed to qualitatively 
and quantitatively explain the be.,avior of a-Si thin films under 
illumination. The two basic models can stHI be grouped into 
bond-breaking or defect-conversion models. The bond-breaking 
model, supported by Xerox researchers and generally accepted 
by others, proposes microscopic origins of the observations that 
rely on intrinsic� weak silicon-silicon bonds in the amorphous 
network and highly mobile hydrogen atoms. The activation 
energy required to break a weak silicon-silicon bond to create 
dangling bonds is less than 1.0 eV and depends on the local con­
figurations and nearby . impurities or hydrogen atoms. Recent 
results from Xerox implicate hydrogen diffusion as the initiator 
or rate-limiting step in all metastable effects observed in 
a-Si:H films (3). Recombination of electrons and holes before 
external collection is generally accepted as the initiator in the 
light-induced creation of defects. 
In the area of alternative deposition techniques for a-Si, 
several groups are investigating chemical vapor deposition 
(CVD) methods, such as photochemical vapor deposition (photo­
CVD), thermal CVD, and laser-induced CVD, to either improve 
photostability or device performance or to potentially reduce 
manufacturing costs� SERI's researchers have developed an 
innovative technique for maintaining window transparency dur­
ing photo-CVD. The technique is also a convenient method for 
incorporating fluorine into the a-Si film. At present, the most 
promising method is photo-CVD using mercury-sensitized 
gases. Recently, an aU photo-CVD a:..Si:H solar cell fabricated 
at the Institute of Energy Conversion (IE;C); University of 
Delaware, was measured by SERI to be 1096 efficient. The 
University of Delaware is the first American university to 
achieve- this historic milestone in· a-Si, by any deposition 
method. 
The main thrust of SERI's in-house ·research in a-Si - is to 
acquire a better understanding. of the physics and chemistry of 
amorphous-silicon-based alloy materials and devices to improve . 
their photovoltaic performance characteristics. Studies of the 
microstructure of a-Si alloy films are le<Jding to an understand­
ing of the role of microvoids in determining the electronic .. ,
properties and stability behavior of the films (see Figure 4). It 
was concluded that lowering the microvoid density and better 
hydrogen incorporation will produce good PV-quality films. 
Using this understanding of microvoids, a universal parameter 
was developed for describing the photoconductivity of a-Si al­
loys. Recently, researchers developed two l;)riginal approaches 
for minimizing or eliminating microvoids: (1) periodic etching 
with XeF 2 during deposition, and ( 2) hydrogen implantation of 
heat-treated a-Si films. In the important area of the light­
induced effect in a-Si, SERI researchers have determined that 
there is no correlation between film stress and the light­
induced effect. This discovery is contrary to what some other., 
researchers have reported previously. Recently, H. Branz of 
SERI proposed a comprehensive defect-conversion model to 
explain metastable effects in doped films that may be applic­
able to undoped films. 
In the area oftransparent conducting oxide films, new starting 
materials were found that are less costly, less toxic, and safer 
to handle than tetramethyltin. Harvard researchers showed 
that dimethyldichlorotin (a solid at room temperature with a 
low vapor pressure) is a promising starting material. Solarex 
demonstrated that tin tetrachloride (a liquid at room temper-
ature) can also be used. Using these substitute tin sources has 
produced transparent conducting films on glass substrates with 
similar electrical and optical properties and should lower the 
cost of thin-film devices. 
The prospects for a-Si appear promising: with the continued 
commitment of the partners, the government/industry program 
goals should be met, and there should be continuing advances in 
the fundamental research areas. At the same time, industry's 
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Figure 4: Effect · of microstructures (microvoids) on the photo­
conductivity of two a-Si alloy materials. Data for .other a-Si 
alloy materials follow the same universal curve. · · 

attention is turning to increasing production volumes and 
module sizes to further reduce manufacturing costs. User 
interest in this technology is also increasing • .. Several joint 
demonstration projects between U.S. manufacturers and utility
companies have begun during the past 1-1/2 years; the largest 
is a grid-connected electric power generating system, installed 
by Alabama Power Company, made up of modules fabricated by 
Chronar Corporation; it is operating at a peak power of 
-75 kW. 

PoiycrntaUine Thin Films 
The obJective of this research is to develop cells and sub­
modules that meet DOE's long-term goals by achieving high 

 efficiencies (1596-2096), low cost (under $45/m2), and long-term 
reliability (30 years). 
The approach relies on developing solar cells based· on highly 
light-absorbing compound semiconductors such as CulnSe

· 

2 and 
CdTe and their alloys. These semiconductors are fabricated as 
thin-film cells (1-3 11m thick), which lowers material and 
processing costs. Polycrystalline ·thin-film CulnSe2 and CdTe 
cells have each achieved. SERf-verified efficiencies over 1096. 
Reported active-area efficiencies of small CulnSe2 cells are in 
the 1196-1396 range at four laboratories (SERI, ARCO Solar, 
Boeing, and IEC). � 9.696 efficiency for a Boeing CulnSe2.devtce (91.0-cm2 acttve area), shown in Figure 5, consisting of 
four interconnected cells, has been verified at SERI, as has a 
9.296 efficient, 844-cm2 CulnSe2 submodule made by ARCO
(see Figure 6). A SERf-verified, 10.696 efficient, 1.1l-cm2 
CdTe solar cell fabricated by Southern Methodist University is 
shown in Figure 7. CulnSe2 cells have demonstrated their 
stability under 9000 hours of controlled illumination. Inno­
vative .cell designs are now addressing past difficulties in con-
tacting CdTe. · . 

Polycrystalline cells still require �urther development to 
. achieve the 1596-20% conversion efficiency goals. To this end, 

tw .1 strategies are being used: (I ) continued development of 
single-junction cells and innovative research on two-junction 
cells, and ( 2) the development of scalable, low-cost deposition 
techniques for CulnSe2 and CdTe thin films. 

Improvements in single-junction technologies have been steady 
and reliable, with several areas showing progress. To increase 
the bandgap, and thus the cell efficiency, Boeing investigated 
CulnGaSe2 solar cells and a new, three-layer antireflection 
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(AR) coa ting. With a Ga con ten t o t  abou t 2 .596 ( 1,14 eV) , an ef ­
f icien cy of 10.2J596 c ( l.0 7-cm 2) wa s ver if ied by SER f. Boe ing a lso 
en ttan ced the of its CulnSe2 and Cu lnGaSe2 de vice s  more
than 16 96 w ith a new MgF 2/ A l2 03/Ta2 05 AR coa ting (n = 
1 .38/ 1.62/2. 0.5) , lEC a lso de ve loped a un ique te chn ique for 
e tch ing Cu lnSe2 f ilm s  to fabr ica te spe cu lar f ilm s . · • · The to ta l 
ref le ctan ce of the se f ilm s  wa s in crea sed from .5 96. to 1.5 96 af te r . 
the remo va l  of -0 • .5 llm of the Cu lnSe2 f ilm through th is 

proce ss.  <ARCO So lar is a lso exper imen ting w ith its C ulnSe2 de vice s  by
sub stitu ting ga llium for up to 1 .596 of the .ind iu rn in the junc tion 
reg ion and then grad ing the ga llium con ten t down to pure 
CulnSe2 to a vo id any sign if ican t redu ction · in the red 
re spon se. ARCO re cen tly rep or ted a ch ie ving a 1 2  

th .
• .596 (a ctive ­

area) eff ic ien cy w i the se ce lls . 
The · se cond approa ch ,  the de ve lopmen t of two -jun ction 
CulnSe2-ba sed ce lls, is ne ce ssar y for the more amb itiou s long ­
term eff icien cy goa ls, sin ce comb in ing two · we ll-ma tched 
sing le-jun ction ce lls shou ld lead to be tter than 2 096 ef ­
f icien cy. The ma ter ia ls be ing in ve stiga ted for the top ce lls 
in clude CdTe and ZnTe a lloyed w ith Mn , Mg , Zn , and Hg. In a 
ma jor con tr ib ution to th is goa l, re sear cher s a t  ·IEC and Ame te k  
ha ve bo th been su cce ssfu l in . de ve lop ing a tran sparen t ohm ic 
ba ck con ta ct for a CdTe solar ce ll. Th is ha s been the f ir st 

 . pra ctica l  step to u sing CdTe or · one of its a lloy s  a s  
· 
the top ce ll 

in a four- te rm ina l stru cture. 
Ano ther two-jun ction approa ch be ing pur sued by ARC O  So lar , 
de scr ibed in the pre viou s se ction , in vo lve s the comb ina tion of 
an a-S i top ce ll and a CulnSe2 bo ttom ce ll in a four- term ina l 
de vice stru cture. lEC is a lso in ve stiga ting the a -S i/CulnSe2 
ce ll, bu t w ith a tw o-term ina l stru cture , and ha s repor ted fab ­
r ica ting a 6 96  eff icien t a-S i on Cu lnSe2 de vice u sing th is con ­
f igura tion. In bo th 'the se conf igura tion s, the mu ltijunc tlon ce ll 
offer s the po ten tia l  of h igher eff icien cie s, bu t it is e stima te d 
tha t  the a-S i de vice remo ve s-up to .5096 of the rad ia tion in the 
wa ve leng th reg ion to wh ich an eff ic ien t CulnSe2 de vice 
re spond s. A s  par t of its bo ttom -ce ll re sear ch ,  ARCO ha s 
repor ted fabr ica ting a 3.6 -cm z (a ctive area) CulnSe2 J 
(Cd ,Zn)S/Zn O so lar ce ll ha ving 1 2  • .596 eff icien cy. Th is is the 
h ighe st eff icien cy re por ted to da te for a de vice of th is con ­
f igura tion. And , in larger a rea submo du le s, ARCO ha s sub ­
m itted a-S i and CulnSe2 submodu le s, ea ch 900 cm z in to ta l 
area , tha t were mea sured by SER f w ith AM1 .5 eff icien cie s o f  

, 8 2 96  and 9.2 96  (844 -cm2 aper
• 

: ture area) , re spe ctive ly ( see 
F agur es 6 and 8). In a me chan ica lly sta cked , four- term ina l 
mu ltijun ction conf igura tio n� the se submodu le s  demon stra ted 
to ta l eff icien cy of 1 0.4 96 and 

a 
a power ou tpu t of 8. 78 W unde r 

standard AM1 .5 cond ition $. The 50- ce ll Cu lnSe2 submodu le ha d 
a repor ted power 

• 

ou tpu t of 7.8 W, w ith a shor t-cir cu it curren t 
U >= .518  sc mA , V ·c = 21 .4 3 V ,  and FF = 0 .59. Th is is the be st 
performan ce to 8a te of a sing le-jun ction 

• 

CulnSe2 th in-f ilm
submodu le. 
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De veloping scalable , low -co st fabri ca tion me thod s for poly ­
cr ystalline thin film s i s  al so impor tan t in pro viding indu stry 

. wi th a founda tion for f uture large -a rea , high- throughpu t com ­
mer cial proce sse s. Re sear ch on a tterna ti ve me thod s fo r fab ­
ri ca ting CulnSe2 cell s in clude s a me thod by In terna tional Solar 
Ele ctri c Te chnology ( !SET) for ele ctrodepo si tion/ seleniza tion , 
re sear ch by the Uni ver si ty of Illinoi s on bo th a rea Cti ve spu t­
tering me th Qd and a hybrid spu tte ring/ e vapora tion me thod , 

and con tinued re sear ch by Boeing (de scribed earlier) , IEC ,  and 
SERI on the e vapora tion me thod. A one- step ele ctrodepo si tion 
proce ss for CulnSe2 wa s al so re cen tly in ven ted by SERI 
re sear cher s • . .

!SET ha s carried ·· ou t new experimen ts to sol ve the sti cking 
problem s en coun tered in i ts ele ctrodepo si tion of CulnSe2 
film s. Using 3- to 4-mil- thi ck Mo ·foil a s  a sub stra te , re ­
sear cher s ha ve depo si ted a thin (200 1) proprie tary film before

depo si tion of the Cu/ ln layer s in their pro ce ss. Thi s ha s 
pr odu ced 2.5- llm- thi ck ,  60 -cm z  film s tha t  ha ve demon stra ted a 
signifi ca nt impro vemen t in film sti cking quali ty. Thi s pro ­
prie tary layer i s  now being te sted on Mo- coa ted gla ss sub ­
stra te s  tha t !SET u se s  in typi cal de vi ce s. 
A major pr ogram de velopmen t in the Poly cry stalline Thin Film 
Proje ct in FY 1 98 7  wa s the r ecompe ti tion of sub con tra cted 
re sear ch .  Thi s recompe ti tion a ttra cted new indu strial par ti ci-
pan ts in the CdTe sola r- cell area and re sul ted in co st- shared 

· 

re sear ch program s.· ·Se veral organiza tion s are now in vol ved in 
de veloping scalable ,· low -co st fabri ca tion me thod s for CdTe. 
Sou thern Me thodi st Uni ver si ty (SM U) i s  ·in ve stiga ting clo se ­
spa ced sublima tion me thod s, IEC i s  carrying ou t re sear ch in 
e vapora tion , a nd Ame te k  and ISE T  a re in vol ved in the ele ctro ­
de posi tion of the se ma terial s. ·  A new su bcon tra ctor , Pho ton 
Energy, ha s i ts own proprie tary proce ss for CdTe. No vel 
re sea tch .in the me tal-organi c chemi cal vapor depo si tion 
(MO CVD ) of Cd Te and i ts alloy s i s  being done a t  Georgia Tech 
Re sear ch Insti tu te and the Je t Propul sion Labora tory ( JP L) .
Work i s  al so con tinuing a t  all of the se fa cili tie s on op timizing 
the parame ter s for achie ving high-quali ty film s for de vi ce 
fabri ca tion . 
One of the new ·group s, Ame tek Applied Ma terial s Labora tory , 
ha s made a signifi can t con tribu tion to the ad van cemen t of 
thin-film CdTe · te chnology . Through i ts elec trodepo si tion 

proce ss, Ame te k  re cen tly fabri ca ted a world -re cord , SER f­
verified ( see Figure 9) , 1 1 .0 96 effi cien t 1 -cm z  thin-film CdTe 
n-i-p solar cell on a tin-oxide- coa ted gla ss sub stra te. In 
Ame te k' s  n-CdS/i-CdTe/p-ZnTe con figura tion , the n-CdS i s  
depo si ted by spray pyroly si s,· the i -CdTe by ele ctrodepo si tion , 
and the p-ZnTe by e vapora tion . .Ini tial stabili ty te sts of the 
new Ame tek de sign ha ve been very prom i sing; no degrada tion 
wa s repor ted af ter 3000 hour s of te sting a t  100 mW/ cm 2 illum ­
ina tion . Si nce the CdTe/ con ta ct degrada tion problem wa s 
pre viou sly a ma jor unre sol ved i ssue fa cing the te chnology , 
the se re sul ts are of grea t signifi ca nce to the field. An a cti ve ­

area effi cien cy of 9.3 96  ha s been repor ted for A me te �' s  large ­
area (5 1- em z) , monoli thi cally serie s-in ter conne cted 1 0- cell 
submod ule; the to tal-area effi cien cy wa s repor ted a s  6.1 96. 
Fu rther impro vemen ts in the sub inodu1e de sign are expe cted to 
redu ce area lo sse s  to le ss than 15 96. Ame te k  ha s al so repo rted 
fabri ca ting a 9.2 96  effi cien t, 1-cm z n-i -p cell wi th a tran spar ­
en t ITO ba ck con ta ct, whi ch wa s men tioned earlier. 
JPL ha s repor ted a 9.4 96  effi cien t CdTe cell fabri ca ted by 
MOCVD in collabora tion wi th Ame te k  u sing Ame te k's n -i-p 
stru cture , gla ss/Sn 02/CdS/CdTe/ ZnTe/Ni. The CdTe la yer wa s 
1.6 11m , -40 96 thinner than Ame te k's, ye t the curren t wa s -22 
mA/ cm 2; i .e. , i t  wa s n at redu ced . Thi s  is the h ighe st repor tPd 
effi cien cy for a CdTe cell made by M OC VD. 
SM U ha s u sed pul verized CdTe a s  the sou rce ma terial fo r i ts 
clo se -spa ced sublima tion pro ce ss, wh ich ha s re sul ted in a gla ss/ 
Sn 02/CdS/CdTe/HgTe/ Ag-epoxy SER I- veri fied 10.6 96 effi cien t 
de vi ce ( see Figu re 7). F rom the da rk 1-V in forwa rd b ia s, re ­
sear cher s ha ve mea sured the con ta ct re si stan ce of their new 
l!gTe/CdTe con ta ct to be le ss than I n-cm z, the .lo we st value 
repo rted to da te. 
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Fig ure 9: 1-V chara cteri s.ti cs of Ame te k' s  1 1 .0 96
. 
effi cien t, 

1 -cm z n-i-p CdTe solar cell. 

Ano ther new SER I sub con tra ctor , Pho ton Energy , ha s produ ced 
large-area CdTe/CdS submodule s by a proprie tary low -co st, 
we t-chemi cal me thod . Small-area (0.3- crnZ) CdTe cell s  cu t 
from the ir larger module s ha ve been repor ted a t  10.6 96 ef ­
fi cien cy and ha ve had a near-re cord vol tage for CdTe (o ver 800 
mV) and a sta te -of- the-ar t fill fa ctor of 70 96. The be st Pho ton 
Energy submodule ( see Figure 10) produ ced 4.n W ,  wi th a 
SERI- verified effi cie ncy of 6 .1 96  ( 773 -cm 2 aper ture area) . Thi s 
i s.,the highe st effi cien cy for a CdTe de vi ce of thi s  size in the 
world . 
The primary empha si s of SERI's in-hou se re sear ch in pol y­
cry stalline thin film s i s  on the fabri ca tion of promi sing ternary 
thin-film solar cell ma terial s and de vi ce s  to ( l )  under stand the 
defe ct chemi stry and charge tran spor t in the se ma terial s tha t
con trol their pho to vol tai c proper tie s; (2) under stand the role of 
th e oxida tion proce ss in thin film s of CulnSe2 and CdS/ 
CulnSe2; (3) modify the se ma terial s to op timize d evi ce per ­
fo rman ce; and (4 ) inve stiga te rela ted , bu t hi ther to unexplored , 
no vel pho to vol tai c terna ry ma terial s. A s  a re sul t of fund ­
amen tal studie s on CulnSe 2 film s, SERI scien ti sts fabri ca ted 
CdS/CulnSe2 de vi ce s  performing a t  10 .3 96  effi cien cy .  Through 
surfa ce modifi ca tion of the CulnSe2 1 SERI re sear cher s ha ve 
al so demon stra ted a V ·of 640 mV for spe cially de signed CdS/ 
CulnSe2 de vi ce s. Art4ftough thi s  vol tage degrade s, in ve sti ­
ga tion s of the se surfa ce modifi ca tion s could pro vide a venue s to 
fu tu re ,  more stable , vol tage impro vemen ts. 
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cien t (77 3- cm z  aper tu re a rea) CdTe submodule. 



In cre asing pr iva te se ctor in ve stmen ts in po lycr ysta lline thin 
fi lm s, de mon stra ted in the re cen t in tere st in SER I pro cure-

. men ts and re su lting co st-shared sub con tra cts, indi ca te a brigh t 
Iu ture for the se te chno logie s. Con tinuing effor ts to sca le up 
the depo sition pro ce sse s  and to in crea se the fundamen ta l  .. 
under stand ing of CulnSe2 and CdTe ma teria ls and de vi ce s  are 

: li ke ly to re su lt in grea ter . emergen ce of the se ma teria ls a s
commer cia l P V  produ cts in the near fu ture. 

: . High=Efficie 19 o ncepts C · .
Re sear ch in th 1s area co ver s two ma in approa che s: ( 1)  thin-f ilm 
GaA s  and (2) mu lti jun ction con cen tra tor ce lls. The ob je ctive 

: of · th in-f Um GaA s . re sear ch is. to under stand te chn ique s for 
.large -area , sing le -cr ysta l, th in-fi lm g row th for indu stria l
de ve lopmen t of 20 96 effi cien t, f la t-p la te modu le s. The ob je c­
tive s of . con cen tra tor . ce ll re sear ch are to under stand and 
co ntro l. the . comp lex ' cr ysta l-grow th proce sse s  needed for 
depo sition o f  high-qua lity ternar y and qua ternar y a llo ys of III- V 
co mpound semi condu ctor s. The se a llo ys are curren tly the be st 
candida te s  for grea ter than 30 96 eff icien t con cen tra tor ce lls. 
The re sear ch a lso offer s the h igh-pa yoff po ten tia l of ex ceed ing 
35 96 effi cien cy in the longer term. Whi le the te chni ca l  
a� van ce s  needed to a chie ve the two near- term · goa ls are qui te
d 1ffe �en t, the empha si s in ea ch area on impro ving the under ­
standmg and con tro l of depo sition pro ce sse s  benefi ts bo th 

area s. 
Se vera l impor tan t a chie vemen ts b y  SER I sub con tra ctor s and in­
hou se re sear cher s in F Y  1 98 7  are no tewor th y. The Kopin 
Corpora tion , a spin-off compan y from S ER I- suppor ted re sear ch 
a t  M IT Lin co ln Labora tor y, formed a sing le -cr ysta l, thin-fi lm 
Ga As CLE FT ( clea vage of la tera l epi tax y f ilm s  for tran sfer) . 
la yer separa ted from an en tire 5 -cm-d iame ter wafer. Th is is 

rough ly an order of magn itude larger area than wa s a chie ved a t
Lin c:_o ln Labora tor y, where the rea ctor 'size lim ited grow th .
area s to se vera l square ce ntime ter s, and i t  demon stra te s  the 
fea sib ility of sca le-up for th is proce ss. Re cen tly, S ER I
mea su red a C LEFT -grown , . two -jun ction AI GaA s/ GaA s so lar 
ce ll fabri ca ted b y  Kop in .  The effi cien cy of the l-cm 2 de vice ,  .
shown in F igure 1 1 , wa s 22 .4 %. The ce ll wa s approx ima te ly. 
8 lim th ick w ith a . sing le- la yer AR coa ting. It wa s one of a 
group of se ven ce lls (produ ced in two separa te run s) tha t Kopin �ad mea sured .to be more than 20 96 effi cien t. The ma jor
Im por tan ce of the se re su lts re sts in the uniformi ty of the pe r­
forman ce of the ce lls.
Sp ire �or pora tion re por ted a 0.2 5- cm 2 , sing le- jun ction GaA s
ce ll With a re cord (AM1 .5) effi cien cy of 23. 796 ( see Fig-
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F ig ure 11: 1- V chara cter isti cs of Kopin 's 22 .4 96  effi cien t, 
1-cm 2 GaA s  C LEFT de vi ce. 

ure 12). Thi s one- sun eff icien cy is the highe st mea sured to 
da te b y  S ER I  on a sing le- jun ction de vi ce. Re sear cher s a t  Kopin 
ha ve a lso de ve loped a 23. 796 GaA s so lar ce ll. Spire a lso 
repor ted a 4 -cm z, two- term ina l GaA s/ Ge mu lti jun ction de vi ce 
w ith 24.4 96 eff icien cy. Re sear cher s a t  Sp ire a ttr ibu te the se 
su cce sse s to impro ve men ts in cr ysta l-grow th con tro l and . 
de vi ce proce ssing. 
Varian A sso cia te s  ha s had su cce ss in de ve loping a mono li th ic·
mu lti jun ction ce ll of A IGaA s/ GalnA s. Fi ve ke y, SERI- verified · 

re su lts are ( 1) a 10 96 eff icien t, 3 -cm2 GalnA s ( 1. 15-e V) sing le .;.,� 
.

jun ction ce ll under graded la yer s wi th a 1. 75-e V A lGaA s  ce ll; ·' 
(2) a 16.8 96 effi cien t, 4-cm z A lGaA s ( 1 . 75-e V) so lar ce ll; (3) a 
14 �996 eff icien t, 4 -cm 2 AI GaA s ( 1 .93-e V) so lar ·ce ll; (4) a ·
22. 796, 4- cm 2 GaA s sing le- jun ction he terofa ce ce ll; and ( 5) a
23.6 96 eff icien t (4. 1 - cm z) three- termina l A lGaA s/ GaA s mu lti­
jun ction ce ll.of 1 . 93-e V AlGaA s on GaA s under an AM1 . 5  spe c­
tru m  ( see Figure 13). U sing SERI da ta ,  Va rian a lso· rede signed 
i ts GaA s  ce ll to redu ce the shee t  re si stan ce of the emi tter 
la yer. The ce ll wa s n-on-p wi th a grid de signed origina lly for 
lOOX AM O con cen tra tion . It had a repor ted pea k (AM 1 .5) 

eff icien cy of -28 96  a t  400 sun s. 
SER i's own re sear ch ha s a lso progre ssed on the inno va tive ,
la tti ce-ma tched Ga lnP/ GaA s mu lti jun ction stru cture shown in 
Figure 14. Re cen t studie s ha ve cen tered on mea suremen ts of 
ab sorp tion and ref le ction coeffi cien ts of GalnP and the band -, 
gap a s  a fun ction of grow th parame ter s. The ref le ction coef ­

· 

fi cien t wa s somewha t higher in the b lue region and the 
ab sorp tion coeffi cien t lower than tho se of sim ilar 111- V  
comp cund s. The grow th parame ter s ha ve an effe ct on the 
degree of ordering of the Ga and In a tom s through effe cts on 
ada tom surfa ce mob ility. Re sear cher s ha ve re cen tly a ch ie ved 
1 0.5 96 eff icien cy in a GalnP/ GaA s mu ltijun ction ce ll. And 
S ERI re se ar cher s h ave grown GaP la yer s on S i  sub stra te s  w ith 
far lower defec t den sitie s  than tho se repor ted in the liter-

_,ature. Con tro l of the in terfa cia l  con tam ina tion , re su lting in 
be tter nu clea tion and coa le seen ce of the f ir st-de po si ted GaP ,  
ha s led to the se re su lts. Th is re sear ch i s  a imed a t  de ve loping 
GaA sP/S i mu lti jun ction ce lls. . 
In a coo pera tive effor t be tween S ERI re sear cher s and Spire 
Corpora tion , a GaA sP so lar ce ll (0.2 5- cm 2) wa s fabr ica ted 
( &rown on a GaA s  sub stra te) wi th a 17. 796 effi cien cy ( see 
F 1gure 15). S ER I' s  pre viou s chara cteriza tion and ana lysi s of 
defe cts in th ,. Spire -grown GaA sP la yer s, and sub sequen t 
re commenda tion s for an im pro ved cr ysta l stru cture to redu ce 
di slo ca tion den si tie s  in the la tti ce-mi sma tched stru cture ha ve 
led to thi s  re cord-high-effi cien cy de vi ce. ' 

. 

·  

F

30r-
--------------------------------------�-

e 
� c( 
.§.
� ·;;; 
c: 
Q) 
'0 
E 5 
2! 
� 0 u 

-5 

-10 

Active area = 0.25 cm1 
Voc = 1.021 V 
J,. = 27.75 mA/cm> 
Fill factor = 83.7% 
Efficiency = 23.7% 

0.4 0.6 0.8 1.0 1.2 

Voltage (V) 

l 
c .. 

( A
ig
M
ur

l
e
5)

12
f
:
f . �- V  chara cter isti cs of Sp ire Corpora tion 's 23. 796 

• e 1c1en t, 0.25 -cm 2 sing le- jun ction GaA s ce ll. . 
7

TP-211-3354



�·�--s=
-

30�----------------------------�

Active area = 4.07 cm2 
Voc = 1.020 V 
J,c = 27.6 mAicm2 
Fill factor = 83.9o/o 
Efficiency = 23.6o/o 

Voltage (V) 
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In another collaborative effort between Spire and SERI, the 
effects of hydrogen passivation of Spire's GaAs-on-Si �lar 
cells are being studied using SERI's Kaufman. ion-beam ;sys� 
tern. The SERI results exceed previous results in ·passivating 
these devices. An increase in V c: of nearly 60- mV has been 
observed with a low-energy (-308-eV) beam for :to min. The
study is continuing to evaluate. the effects of various param-

. eters in the hydrogen treatment on device characteristics. In 
Spire's research on GaAs-on-Si, there has been a significant 
reduction in defect densities (to 2x 107 cm-2) as determined by 
SERI. This has Jed to an increase in solar cell efficiencies to 
15.296 (SERI-verified), compared with 11.296 last year and 8.796 
two years ago. 

Crystalline Silicon 
The long-term objective of research in crystalline silicon 
materials is to identify new technologies for growing high­
quality silicon sheets at high growth rates. This research is 
also expected to provide near-term knowledge to. the crystal­
line silicon industry for application to processing 
improvements. 
SERI's subcontracted research in FY 1987 supported seven 
university groups. Three projects, with Cornell University, 
Arizona State University, and the State University of New 
York-Albany, investigated the initial and post-cell-processing 
properties of various types of silicon materials. Particular 
e_mphasis was placed on understanding the roles of oxygen, 
carbon, hydrogen, and fast-diffusing elements, and a second 
area of investigation was directed at cell processing steps that 
can maintain or enhance the minority-carrier lifetime of the 
silicon in completed cell structures. The development of 
traditional heat-treatment and transient processing steps that 
form shallow doping profiles and denuded zones was investi­
gated at North ·carolina State University. Research at the 
University of Kentucky and MIT aimed. at identifying crystal­
growth regimes that can simultaneously provide high-area pro­
duction rates for silicon sheet and low (zero) dislocation 
densities. This approach involved modeling the crystal growth 
and thermal stresses in existing and advanced ribbon config­
urations. SERI also supported research at the University of 
Illinois to characterize the physical parameters of silicon near 
its melting point and to measure residual stress in the rib­
bons - data needed to make iterative improvements in the 
crystal-growth models. In FY 1988 a new university research 
program is being initiated through a joint Sandia/ SERI 
solicitation under Sandia's Crystalline Silicon Research Project. 
SERI's in-house research centers on the growth of high-purity 
silicon crystals by float-zoning. Recently, the minority-carrier 
lifetime of 52-mm-diameter, dislocation-free silicon crystals 
was increased to 21 ms for 200-n-cm material. A number of 
high-purity, gallium-doped crystals have been grown with 
resistivities ranging from· 200 to 0.2 n-cm. The observed 
minority lifetimes for these crystals were were 21 ms for 
200-n-cm, 16 ms for 13-n-cm, 7 ms for 2-n-cm, and 0.4 ms for 
0.5-n-cm material. The 0.2-n-cm crystal could not be 
measured because of its high conductivity. The crystals are 
now being readied for commercial wafering and polishing 
before distribution to Si cell researchers for cooperative device 
work (e.g., to the Georgia Institute of Technology, Spire, 
Stanford University, and the University of New Seuth Wales). 
Other in-house resP.arch in SERI's PV Measurements and Per­
formance Branch included the first atomic-level imaging of 
grain bc-•Jndaries in polycrystalline silicon. This provided the 
first verification of silicon-hydrogen bonding during the pas­
sivation process and silicon-shallow-acceptor bonding during or 
after electronic neutralization. 

Support Activities 
Several SERI PV AR&:D Project activities cut across the 
material areas described in the previous sections. Sub­
contracted research in this area includes the New Ideas and 
University Participation Programs. Both these programs, 



although innovative and fundamental in nature, have con­
sistently contributed to goal-oriented materials research 
activities in other areas of the SERI PV Project. A recent as­
sessment report (4) concludes that the success ratios of sub­
contracts under the New Ideas program from 1979 through 1986
was very high (.5096:.7.596) as measured by the criteria of new 
products, patents, processes, or follow-up research support. 
SERI's in-house research in theoretical solid-state physics 

' focuses on the ·theory of semiconductors, to better understand 
the electronic and structural properties underlying the inter­
action of semiconductor systems with sunlight. This has led to 

· innovative concepts and the selection of novel materials and 
configurations for . further R&D. Accomplishments include 
development of the theory of the electronic structure of new 
compounds (e.g., LiZnP, LiZnN) suggesting new, potentially PV­
applicable .semiconductors, some of which have been grown at . 
SERI. Other theoretical work predicted previously unknown or­
dered phases of lll-V alloys with potentially very attractive .PV 
properties; this work is also leading to a better understandmg 
of Ga,.ln 1_,.P solar cells being developed at SERf. 
The Crystal Growth Group in SERI's S.olid State Research 
Branch has produced crystals of the ·new semiconductors 
LiZnAs and LiZnP and conducted extensive attempts to pro­
duce CuZnAs, LiCdP, MgGeAs2, and MgSnP2 (the latter may 
not be physically stable compounds). The growth of these new, 
theoretically predicted PV compounds allows initial investi­
gations of such basic properties as bandgap, absorption coef­
ficient, and lattice constant - the promising materials may be 
investigated later in thin;..film form. 
SERf's PV Measurements and Performance Branch combines 
extensive diagnostic and characterization facilities with SERI's 
outdoor test facility to characterize cells and modules. Branch 
activities are divided into five cooperative units: advanced 
module testing and performance; cell performance and electro­
optical measurements; device modeling and fabrication; 
materials characterization; · and surface and interface 
analysis. Over the past year, more than 4000 materials and 
devices were evaluated and tested in the branch's labor-. 
atories. These activities, which range from fundamental chem­
ical · and compositional determinations of cell interfaces to 
long-term outdoor module testing and evaluation, are the 
results of cooperative interactions with subcontractors, SERI 
researchers, and the PV industry. During the past year, this 
SERI program has worked with more than 130 organizations 
worldwide, representing universities, industry, and government 
laboratories. The branch provides measurement, testing, char­
acterization, and device fabrication/modeling support to many 
PV R&D groups. 
Cell efficiency measurements, and verification of the effi­
ciency records given throughout this paper, are a specific 
SERI/DOE program responsibility. SERI researchers are 
responsible for the establishment of standard cell and module 
measurement techniques for determining efficiency and other' 
critical component parameters for photovoltaic cells. All the . 
SERI-measured parameters reported in this paper conform to 
these strict characterization procedures. . The accepted 
standard conditions for reporting efficiencies are as follows: 
for one-sun (flat-plate) applications, 1000-W /m 2 irradiance, 
25°C temperature and AM 1.5 global illumination (ASTM E-892), 
and for concentrator applications, 28°C temperatur.e and 
AM 1.5 direct illumination (ASTM E-891). Current efforts in­
volve collaborations with the PV community to resolve the 
complex issues related to the measurement of efficiencies of 
multi junction solar cells. 
SERf's Resource Assessment and Instrumentation Branch pro­
vides data, instrumentation, and measurement and analysis 
techniques to c;haracterize variations in solar radiation re­
sources. Analyses are performed jointly with researchers from 
SERI, industry, universities, and other groups. The result is a 
better understanding of the sensitivity of current and proposed 

PV devices to variations in solar radiation resources caused by 
different climates. Two recent accomplishments incl!Jde ( 1) a 
rnuch-improved ( 1 596 uncertainty versus 3596 uncertainty) 
direct-beam insolation model that is being implemented by 
Sandia for better designs of PV systems; and (2) cooperative 
efforts within the PV research community that combine SERI's 
spectral irradiance models with researchers' device models to 
examine the sensitivity of the devices to variations in spectral 
irradiance. · 

CONCLUSIONS 

Improvements in materials and processing, cell design, and cell 
fabrication techniques for a new generation of PV technologies 
continue to result in efficiency gains, a bottom-line parameter 
for the conversion of sunlight into electricity. Steady and 
dra�atic advances are expected to continue · during this 
decade. As the. physics, chemistry, and device engineering of . 
thin-film single-junction and multijunction solar cells and 
advanced silicon sheet materials become better understood and 
controlled, industry's ability to fabricate low-cost, high.; 
performance, and reliable photovoltaic electricity devices with 
long lifetimes will emerge. The continued federal/industry 
partnership should accelerate the attainment ·of the long-term 
goals in Table 1. The result will be the opportunity for the U.S. 
to use PV as a secure, inexhaustible supply of utility-scale 
electricity. 
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