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Executive Technical Progress Summary 
Objectives and Goals 

The overall objective of this threeyear program is to advance roll-to-roil, triplejunction photovoltaic (PV) 
manufacturing technologies, to reduce the module production costs, to mcrease the stabilized module 
performance, and to expand commercial production capacity utilizing such roll-to-roll technology. 

The specific threeyear goal is to develop advanced largescale manLd3cturing technology incorporating 
ECD’s earlier research advances with the capability of producing modules with stable 10.2% efficiency at a 
cost of approximately $1 .OO per peak watt. 

Major efforts during this subcontract include: Task I: Optimization of the high pedormance back-reflector 
system; Task Ik Optixnization of the Si-Ge Narrow Bandgap Solar Cell; Task I l l  Optimization of the Stable 
Efficiency of Photovoltaic Modules; Task Iv: Demonstration of Serpentine Web Continuous Roll-to-Roll 
Deposition Technology; Task V Material Cost Reductions; and Task VI: Improving the Module Assembly 
Process. 

Approaches 

We have performed manufacturing technology development work utilizing two advanced continuous roll-to- 
roll amorphous silicon (a-Si) alloy solar cell manLd3cturing machines, both were engineered and 
manufactured by ECD at ECD’s expense. 

1. A 2 MW Production Line 

This 2 MW production plant consists of a continuous roll-to-roll substrate washing machine, a 
continuous roll-to-roll back-reflector deposition machine, a continuous roll-to-roll amorphous silicon 
alloy deposition machine and a continuous roll-to-roll transparent conductor deposition machine. 

The production line produces triplejunction two bandgap a-Si alloy solar cells consisting of an a- 
SUa-SUa-SiGe structure on a 5 mil. thick, 14 in. wide, 2500 ft.’ long stainless steel roll at a speed of 
1 ft./mh This production line represents the world’s first commercial production line of high 
efficiency a-Si alloy solar cells utilizing a multi-junction spectrum-splitting cell design and high 
performance back-reflector. 

2. A 200 kW Pilot Line 

This multipurpose.continuous roll-to-roll a-Si alloy solar cell deposition machine consists of n-i-p 
chambers to deposit a-Si n-i-p solar cells, a sputtering chamber to deposit textured Ag/ZnO back- 
reflector and TCO top conductor, and a serpentine deposition chamber to develop new high 
throughput serpentine deposition processes. 

Major Accomplishments 

+ Successful incorporation of a high-performance Ag/ZnO back-reflector system into our continuous roll- 
to-roll commercial production operation. 
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Incorporation of high quality a-SiGe narrow bandgap solar cells into a commercial continuous roll-to- 
toll manufacturing process. 

Demonstration that the continuous roll-to-roll production of high efficiency mplejunction two bandgap 
solar cells is consistent and uniform throughout a 2500 ft. run with high yield The average initial 
subcell efficiency and yield were 10.21% and 99.7%, respectively. (7.35 an2, 2/93) 

Achievement of 11. 1- % initial subcell efficiency of triplejunction two bandgap a-Si alloy solar cells 
manufactured in continuous roll-to-roll production. (test cell 0.25 cm2, 2/93) 

Production of the world’s first 4 ft.’ PV modules utilizing triple-junction two bandgap solar cells 
manufactured in a commercial, continuous roll-to-roll production line. These 4 ft’ modules had 9.5% 
initial efficiencies and 8% stable aperturearea module efficiencies. (4/93) 

Demonstration of the long-term stability of ECD’s 4 ft.2 production module. The stable module 
efficiency after 2,380 hours of sunlight soaking at 50°C is 7.9%. Light soak testing of ECD modules 
performed at NREL under one sun at 50°C showed 15% degradation after 600 hours. ECD modules 
have passed heat and humidity/fieeze cycles of NREL recommended module reliability testing procedure. 

Process optimization to reduce the layer thickness and to improve gas utilization resulted in a 77% 
material cost reduction for germane and a 58% reduction for disilane have been achieved. 

Design, construction (at ECD’s expense) and completion of initial optimization of a 200 kW multi- 
purpose continuous roll-to-roll a-Si alloy solar cell deposition machine having upgraded machine and 
construction specifications; 

Design and construction, at ECD’s expense, of a serpentine deposition chamber which has demonstrated 
a compact, low-cost deposition machine design with improved throughput and gas utilization fictor. 

Demonstration of triplejunction soIar cells with 9.5% initial efficiency with top a-Si cells deposited in 
the serpentine deposition chamber. (10/94) 

Development of a new back-reflector evaluation technique using PDS to effectively analyze the optical 
losses of textured back-reflector and develop an improved textured Ag/ZnO back-reflector system 
demonstrating 26% gain in J, over previous textured Al back-reflector systems. 

Development of a new grid/busbar design utilizing thin wire grids which improved the efficiency by 
approximately 3 - 4% and reduced the grid/busbar cost by approximately 50%. 

Development of a concept design for an automated high volume (100 Mw/yr) PV manufacturing plant 
for producing a low-cost largearea PV module with an expected material cost reduction of 71%. The 
module manufacturing cost is estimated to be $1.00 per peak watt. 
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Introduction 
During the past fifteen years, ECD has made important progress in the development of materials, device 
designs, and manufacturing processes required for the continued advancement of practical photovoltaic 
technology’-D. Among these accomplishments, ECD has pioneered and continues further development of two 
key proprietary technologies, with significant potential for achieving the cost goals necessary for widespread 
growth of the photovoltaic market: (1) a low c m  roll-to-roll continuous substrate t h i n - h  solar cell 
manufacturing process; (2) a high efficiency, monolithic, multiplejunction, spectrum-splitting thin-film 
amorphous silicon alloy device structure. 

Commercial production of multiplejunction a-Si alloy modules has been underway at ECD and its joint 
venture company for a number of years using ECD’s proprietary roll-to-roll process and numerous 
advantages of this technology have been demonstrated. These include relatively low semiconductor material 
cost, relatively low process cost, a lightweight, rugged and flexible substrate that results in lowered installed 
costs of PV systems, and environmentally safe materials. Nevertheless, the manufacturing cost per watt of 
PV modules fiom our current plant remains high. 

In order to achieve high stable efficiency and low manufacturing cost, ECD has, at ECD’s expense, 
engineered and constructed a 2 MW production line and a 200 kW pilot he, incorporating earlier ECD 
research advances in device efficiency through the use of multi-junction spectrum-splitting and high 
performance back-reflector cell design. Under this subcontract six tasks were d i r d  towards achieving this 
goal. They are: Task I: Optimization of back-reflector systexq Task lo[: Optimjzation of the Si-Ge narrow 
bandgap solar cells; Task IIE Optimization of the stable efficiency of photovoltaic modules; Task N: 
Demonstration of serpentine web continuous roll-to-roll deposition technology; Task V Material cost 
reductions; and Task VI: Improving the module assembly process. 

ECD’s Continuous Roll-to-Roll Amorphous Silicon 
Photovoltaic Manufacturing Technology 

Features and Advantages of ECD’s PV Manufacturing 

Spectrum Splitting, Triple-Junction Cell Design 

The key feature of our continuous roll-to-roll production is the use of triple-junction multiple bandgap solar 
cells with high quality, bandgap profiled a-Si alloy as the bottom intrinsic layer. The cell structure is shown 
in Figure 1. 

ECD has demonstrated 13.7% initial activearea conversion efficiency in smalI a-Si alloy solar cell devices 
with a-Si/a-Si/a-SiGe triplejunction design. The manufacturing line has been designed and engineered to 
produce solar cells incorporating this advanced cell design for obtaining high stable efficiency modules. 
ECD has demonstrated the production of triplejunction 4 k2 modules with stable 8% efficiency under this 
PVMaT Program, as is shown in Figure 2. 
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Low Cost, Large Scale Continuous Roll-To-Roll Operation 

In the roll-teroll deposition of a-Si alloy solar cek, nine layers of a-Si aiioys are deposited onto a 
2500 ft. substrate in a single pass. This stable steady-state process has proven reliable, and provides 
uniform cells. The operating cost, which includes maintenance and labor, is low. Figure 3 shows the 
excellent uniformity of solar cell efficiency, both along the web and across the web, of a production run. 

- 

Flexible Thin Stainless Steel Substrate 

The substrate is a 5 mil. thick, 14 h. wide, 2500 fi. long stainless steel roll. It offers many advantages 
compared to glass substrates: Stainless steel does not shatter during operation and handling. This thin 
stainless steel substrate can be heated and cooled quickly during deposition, i.e., no waiting time is needed 
for temperature stabilization. During deposition, the substrate transport mechanism is simple and reliable, 
and component wear is low. This keeps maintenance costs low. Also, the substrate is lighbveight and 
flexible. 

Lightweight Polymer Encapsulated PV Module 

EVA/T&l is used for module encapsulation. Modules are lightweight and sbatter-proof. 

ECD’s Continuous Roll-to-Roll Manufacturing tine 

In the 2 M W  PV man&cturing line, we deposit triplejunction, two bandgap a-Si alloy solar cells in a 
continuous roll-to-roll process on a 5 mil. thick, 14 in. wide and 2500 ft. long web of stainless steel at a 
speed of 1 ft/min. Figure 4 is a picture of ECD’s 2 MW PV manufacturing line. 

The front end of the manufacturing line consists of four continuous roll-to-roll machines: 

Substrate Washing Machine 

Prior to the film deposition, the stainless steel is loaded into a roll-to-roll substrate washing machine that 
transports the stainless steel web through a detergent cleaning station, multiple deionized water rinsing baths, 
and an infrared oven drying stage, to produce a clean, dry, particlefree substrate suitable for amorphous 
silicon deposition. 

Back-Reflector Machine 

After washing and drymg, the roll is loaded into a roll-teroll back-reflector machine that deposits a reflective 
metal layer and a metal oxide layer on the cleaned, stainless steel web. Both the metal and the metal oxide 
layer are vacuum deposited by DC magnetron sputtering onto the heated substrate. 

The metal adheres to the stainless steel and textures the surface to provide a diffuse, highly reflective layer. 
This enhances absorption of the infrared portion of the solar spectrum by providing an increased optical path 
length for reflected light in the thin film solar cell structure and by increasing reflectivity over that of the 
stainless steel. The metal and oxide layers provide ohmic contact to the solar cell as well as improved 
infixed response. 
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Amorphous Silicon Alloy Deposition Machine 

After the back-reflector deposition, the roll is loaded into the amorphous silicon alloy roll-to-roll deposition 
machine that produces, in a single pass, sequentially deposited thin films of doped and undoped amorphous 
silicon alloy matmiat Mixtures of feedstock gases are decomposed at a pressure of approximately 1 Torr in 
a series of RF CVD plasma chambers to continuously deposit layers of amorphous silicon alloy material 
onto the coated stainless steel substrate hated to approximately 250°C to 300°C. The multi-section 
amorphous silicon alloy deposition machine consists of a pay-off chamber Section, nine process chamber 
sections for the tripledevice structure and a takeup section. The process gas mixtures in each section are 
dynamically isolated from adjacent sections by proprietary "gas gates." The "gas gates" utilize laminar gas 
flow through umstant geometrical cross section conduits in a direction opposite to the diffision gradient of 
the dopant gas concentrations. In this way, migration of dopants between chambers is essentially eliminated 
and gas mixtures in adjacent chambeas are efkctively isolated even though IK) actual physical impedhent is 
present. Substrate transport is accomplished with controlled tension and magnetic rollers for accurate 
positioning of the substrate m the various process chambers. The web is steered m the takeup c h a m k  to 
insure that the substrate is properly wound Substrate passage through the process chambers is such that 
deposition takes place on the underside, which minimk film defkts due to particulate accum~on. The 
production equipment has nine RF-plasma deposition chambers to produce a-Si/a-Si/a-SiGe triple-junction 
two bandgap solar cells. Figure 5 is a picture of ECD's continuws roll-twoll a-Si alloy deposition 
machine. 

Transparent Conductor Deposition Machine 

The solar bll roll is t h l  tra&ked to the transparezrt conducting oxide (TCO) roll-mmll deposition 
machine, which vacuumdeposits a transparent, electrically c o n e e  layer on top 'of the solar cell 
structure. Metal is reactively evaporated m an oxygen atmosphere. The substrate is heated to approximately 
200°C during this deposition process. The TCO layer has two fuacticms. First, it provides an electrical top 
C o n t a c t b e t w e e n t h e C u r r e Q t ~  ~ O ~ l a ~ a n d t h e c u f i e n t c o l l e c t i o a g r i d .  second,its 
thickness is selected so that it acts as an anti-reflective coatiug to pass more incident light 
~hese four ~ ~ n t i n u ~ u ~  roll-to-roll machines are- automated We are able to *the actual 
deposition conditions of each process fix every module we build Complete recoTds for the deposition 
COILditiOOS are stored in& COMputer. 

The PV module assembly process consists of the following procedures: 

1. Slabbing 

A finished roll of TCO coated a-Si solar cell material is cut by a slab cutter into 16" long, 
14" wide "slabs". 

Forty-to one hundred samples (4" x 14") are sheared and processed into test solar cells for 
QC qualification of each 2,500 foot roll. 

3. Scribing 
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In order to isolate the strip cells electrically, we s c r i i  the TCO layer using a semi- 
automatic screen printing process. The TCO etching paste is screen printed in a selected 
pattern and the etch process is activated by heating. After the etch is completed, remnants of 
the etching paste are moved by rinsing in an agitated aqueous cleaning bath 

4. Short Passivation 

Defects in the solar cell that could give rise to electrical shorts on the coated web are 
electrically isolated by electro€ytidy COLNezting the transpareat conductor into an insulator 
at the defect sites through a proprietary process. This short passivation operation involves 
treating the web with electrolyte solution and subjecting the cell to reverse electrical bias. 
After short passivation, the residual electrolyte is rinsed off with deionized water, and the 
webischiedwithhotair. 

5. Screen Print Grid Pattern 

To aid current collection, a s h e r  grid pattern is screen printed on the cell. This is followed 
by an RCuring step. 

6. Finalksembly 

Cell Cutting: The slabs are sheared mto strips, and qualified far their pe&mame. 

Cell Intercoaaect: Cells are iaterconnected to make the cell block assembly. 
Suitable fktures are provided to ease the assembly process. 

Laminating: The finished cell block is lamimed m avaCuum laminator between two 
polymer sheets. The polymer sheets are c h  to provide a clear front cover and a 
pigmerrtedback covez. T&l and EVA are used fkthefimtcover. 

Module F- The laminated cell block is trimmed to size and a m o n  box is 
atEacbed o t b e r ~ a n d ~ d e Q i l s a r e a d & ! d f i a S p e c ~ C ~ .  

Testing and P a c m  The IIMA& is finally tested m a solar simulator that 
measures theI-VcUrve ofthe ~ m o c t u l e s  lmder simnlated AM 1.5 czditkm, 
providing a printout of the I-V c- * ‘cs. Modules are tkn packaged, ready 
fkshipmerrt. 

ECD’s New Continuous Roll-bfloll Multi-purpose aSi Deposition Machine 

We have designed and umstructed, at ECD’s expense, a new, improved 200 kW cQntiLIuous roll-to-roll 
multi-purpose deposition machine that incorporates improvements ~~cessary to hrthex advance the 
Perf’ormanCeufPVmodules. Apimofthemachine is shown mFigure6. 

The machine has a left-hand drive assembly, an n-deposition chamber, a serpentine vertical ideposition 
chamber,ahocizoatal i-depositim chamber, a pdeposion chambe, a spu#ering chamber, and a right-hand 
drive assembly. Steering and web tensions are controlled in both %rward and reverse directions of web 
travet This provides bidirectional deposition of materkd 
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The machine is capable of producing n-i-p solar cells m a single pass a d  triple-junction cells m three passes. 
The i chamber has a specially designed proprieQry gas distribution manifold and multiple cathodes, and is 
capable of continuously depositing profiled a-SiGe alloy material in roll-to-roll operation. 

This design combines, m me machin% spu#ering fbr the back-reflector and top ConChlctDT with RF plasma 
CVD for the a-Si solar cell. 
We utilized this machine to further improve the perfbrmance of PV modules produced m a continuous roll- 
WroU process. ’ 

Continuous Roll-to-Roll Serpentine Deposition Technology 

TofintheradvancePVmanufacanmg - techQolo?y toward achieving higher proctuction throughpa higher 
stable module efficiency and lower manufacftning cost, we have designed and cmstmcted, at ECD’s 
expense, a deposition chamber using a cOntinuOuS roll-&roll seqedne web cm@ratim In this 
serpentine deposition chamber, the web travels verticay. while deposition takes place on both sides of a 

thtoughp~ verticalfy mounted, perforatedm power cathode. As a coasequerace, we can achievemaxrrmzed 
fix a high volume pro&ctim p h t ,  reduced machine cost, improved gas utilization, reduced power 
consunqrtion,dimprovedrrurtrrinlstability. 

. .  
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Task I: Optim'uration of Back-Reflector System 

Incorporating textumd A m 0  back-reffector into continuous mll-to-mll production line 

In our earlier manufacturing process, a textured Al alloy was used as a back-reflector. The high efficiency, 
small-atea device (on which we have demonsttated 13.7% initial acthearea efficiency, the world-record 
efficiency for a-Si alloy solar cell) utilized tsrtured Ag/ZnO back-reflector that had a substantially higher 
reflectance and diffusivity than the Al alloy back-reflector, resufting m an enhamanent of J, in our 
laboratmy cells.' However, initiil attempts to transfea this high performance back-reflector technology to a 
manufacturing process had not been successful due to low yields. 

Material and ptocess optimizations were carried out using a 2 MW d u o u s  roll-*roll back-reflector 
production machine. The machine is equipped with eight DC magnetron sputtering cathodes. An upward 
spu#ering codigumtion is used so that particulates do not accumulate on the web surhce. Typically, two 
metal targets and six ZnO targets are loaded in the machine. The back-reflectors (Ag and ZnO) were 
deposited seqw&dy at a speed of 1 ft/min on a stainless steel roll that has a dimemion of about 2500 fL 
long, 14 in wide, 5 milthick 

Causes for the low yield using the doublelayered back-reflector system have been investigated by 
s t n m u d q h o ~ c ~  anafyses of the sites that caused shorts. We have detamined that the 
shorts are caused by defects m the lam structure due to mechanical damage and foreign materials 
incorporated m the deposited laye€ durillgptocessing. 

We i n v d  several new designs fix the produdion m a c h  to improve the back-reflector by reducing 
themechaaical damage such as dimples a d  scratch. Anewbearing design has been incorporated that can 
transport the web m vacuum at hi& temperatures (3OOOC) without catamhating the deposition. The 
improved bearing design prevented roller seizure and eliminated the loss m yield due to scratches caused by 
Med rollers. We have idmtified that most dimples on the stainless steel substrate are caused by the 

by the roller that applies tension tothe web and causes dimples on the web. Awiper is installed in the take- 
up chamber behe  the tensian app€ying roller that eE&ively nxmves the p a r h b e s  h the back-side of 
dleweb. 

particulates accurrmlated anthe back side ofthe web. The particulates are collected m the take-up chamber 

With the above improvements, we have efkztively r e c t u c e d  the creation of shorts and shunts, and obtained 
highpmducticmyieldfixthel@perfbrmanceAg/ZnOback-renectorsystem. F o r a 2 5 0 0 f t p 1 a d u ~ h  
run, we have achieved an average subcell yield of 99.7%. 

Deposition C O n d i t i O Z l S m  iilrth adjustedfkeach rSryeroftfLeAgb0 -to Optimize the back- 
reflector p€dbmaItce. Deposition txzupxam thickness ofthe Ag and zno layers, as well as the rate of 
sputterin& were findto aflizt fihn quality. Wehave stndiedthe dependence ofsolar cell current on the Ag 
layer thickness. The cutrent improves with Ag thickness, presumabv due to enhanced internal reflection 
from a rougher morphology. However, we begiu to see a drop m subcell yield for thicker Ag layers. We 
adjusted the deposition condition to achieve improvements m the following four areas: 

1 .  higfrerdectanceofAglaye€ 
2 .  be#eatextureofAglayer 
3 . 
4. higheryield 

less absorption m the ZnO layer 
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Figure 7 is a quantum efficiency curve of a triple-junction a-Si alloy solar cell on an earlier Ag/ZnO back- 
reflector. The quantum efficiency in the long wave length region ( 7 h  - 80Onm) reflects the performance 
of back-reflector. After process optimization, we have improved the back-reflector Quality as is shown in 
Figure 8. The quantum &ciency curve on the improved back-&ectm shows less evident interference 
fringes due to diffuse reflection, resulting in higher bottom cell current. For the same a-SiGe bottom cell, the 
improved Ag/ZnO back-reflector gives 7.43 mA/cm2 in the bottom cell, compared to 6.78 d m 2  for the 
initial Ag/ZnO back-reflector. 

In summary, the high performance Ag/zno back-reflector system has, for the lirst time, been successfuUy 
Mcorporated in a continlloils roll-tmoll production h e  We have achieved a 99.7% average subcell yield 
for the 2500 ft. long production run. 

Development of Back-Reflector Evaluation Techniques 

Althougfi the Ag/ZnO back-reflector produced in ECD’s prochrction machine has demonstrated high current 
In solar cells, there is room fix furthea improvement. We idmtified some optical loss m the curreat back- 
r~ectorandnotethatthedegteeo€~,whichisnecessaryforlight~~~canbefurthehoptimized. 
Therearestiuilm%Emx fringes m the Quantum Efficieucy (QE) curve ufthe cell, which indicate that the 
degree of texture is not optimum. 

To furtfier imprave solar cell current, we developed d o n  techniques to accurately measure the 
perfbrmaw;eofbadc-re&~~~ systems d w e  CoQCEuded a feseafch program to develop h i g l l w  
bzk-refl- using R&D batch deposition T I I Z ~ .  

In& to evahatethepdxmameoftheback-reflector7 wedevelqxdatechniqueto measurethe optical 
losses ofreflective layers on stainless steel substrates. We also used angular dependence of reflection, and 
Scanning Electccm Mtcroscope (SEM) to study the tsrtme, The QE response for standad solar cek 
depositedontheback-reflector is usedasthefjnalcrit&af6rback-reflectmptxhmanceevaluation. 

In current back-reaectOr research, we use PDS to detect the low absarption signal ofhighly reflective 
surhces such as Ag. The majority of light is spedarly reflected, or, m the case of textwed d i c e s ,  
scatkdanddoes mt coatritr\rteto the signalthat PDS nmsms. lhdixe, withappropriate calibration, 
PDS is a powerfut tool m measuring the light absorption loss m highly reflective and highly tsrtured 
smfaces. 

The PDS signal for difkeat wavelea@& is calihted with a Perkin-Ek 330 Spectrophotcmeter us& 
plainspecularseainlesssteel. Table1 liststhePDSsignalandreflec&ncemeasuredwithaPerkin-Elmex 
Spectmphotometeq as well as the method we use to obtain the calihticm fiictm (C), which is the ratio of 
PDS absorption (APQ) to PDS signal (V&). Whea we measure other samples with PDS, we obtain the 
absorptioi loss by multiplying V, with the caliition factor pbdsNp4 , which should be tbe same for all 
back-renector samples on stainless steel substrate. Table 2 lists the data from the absorption measurement 
of specular Ag sample (l3R13) and the refkrence sample (OBR83) using PDS and using the caliiration factor 
we obtained above. We have h d  that the optical loss at 827 mn using the Sristing back-reflector (OBR83) 
is 7.0%. 
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We routinely check the system reproducibility of the PDS setup by measuring the reference sample OBR83. 
The measurement on this sample has ahvays been reproducible within a fkw percent. The absolute PDS 
signal calibration depends, to some extent, on the surface ConditioIlS of the sample to be measurd We are 
m the process of gaining h r t k  understanding and obtaining more reliable and accurate caiiition. 

PDS can be used to measure the light loss of different solar cell layers without complete cell structure. In 
Table 3, we list the PDS measurement of SS, SS/Ag, SS/AgIZnO, SS/Ag/ZnO/n". 

Developrnenf of New Back-Reflector 

After identifying the optical losses and the lack of ideal texture m our existing back-reflectory we directed our 
ef3b-t to developing a new back-dector. The research was fixused on 1) higher reflectance, and 
2) better texture for more enhanced light trapping. 

Different back-reflector systems have been systematicalty explored. We developed a new back-reflector Ag 

current (Jph) of solar cells grown on these back-reflectors aver those on previous back-reflectors (OBR83). 
(h&)/Ag (Cold)/ ZnO 

The improVemerrt Jfi is h e t o  improved tacture. 

&Ch demonstrated 0.2 mA/cm2 - 0.4 - o v ~ -  in short circuit 

Since the reflection loss was found to mcrease when tarture increases for high temperature evaporated Ag 
WAgLn a d d i h d  Ag Iayerwas deposhiat lowertemperatine(coldAg) to coverthehot Agto d a n c e  
the reflectance and to preserve the texture. This Ag (hot)/Ag (cold) structure can be easily incorporated m 
OUT existing cOntiLluOuS ro&*roll llmdamq - line. 

Table 4 (a), Table 4 (b) and Table 4 (c) show the deposition umditions, PDS spectnnn, and angular 
~ o f r e f l e c t a n c e ,  mpectively, h a  standard Ag/Agback-reflecto. The light lossmeasured fim 
PDS is much smaller than that of* tfie hot Ag layer. The light loss at 1.5 eV photons is 5.7%, which is 
still hi* than the cold Ag layer alone It is likelythatthis 5.7% loss is due to the textme, since for a 
ts;tured surface, the mmal incident light is no longer nurmal to the surface microscopically, so the 
reflectancederreases. 

Figure 9 shows the SEM photographs of a Ag/Ag sample (BR48). The first graph on the left-hand side was 
taken with m#mal electron beam iacidence and at a relativety low- - of10,ooox. The second 
graphonthew-hand side was takeaat a 60" angle and a 4 0 , o o o X ~ m t i o n  The size ofthe grains is 
around 0.4 crm,whichis betievedtobeappqmte - fmthedlig€tt- 

We prepared a series of solar cells 011 the Ag/Ag back-reflectors togetkr with refehence OBR83. In Table 5, 

reflectors. TheQEcurveofthesesampIesareshawnmFigurelO. ComparingtheQEcurveofAg/Ag 
back-reflectur wit31 those on OBRS3, we see, on the average, 0.2 mA/cmz b i g k  current density. The 
mcrease in the current is m two waveleagth regions: m the red and m the blue. The increase m the red is 
mainlyduetotheimprovementmt3.teenhancedtmure,asevievidencedbythelackofinterference fikgesmthe 
cells on F&Ag back-reflectors. The mcrease m the blue is probably due to the decrease m the reflection loss 
of the IT0 coating when the SlJrfaCe is tactured, since: 1) IHKmal incident light errters the IT0 at a non- 
normal incident angle microscqiw, and 2) the IT0 is eflktively thinner. These result in a lower 
reflection loss at the h n t  surhce, thus enhancing the QE m the blue. 

p ~ e  list the degositiOn ConditioIlS o f h  A@Ag and the QE data of& solar dl 011 k back- 
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Figure 1 1  shows a QE curve with QE=73% at 400 nm for an a-Si n-i-p solar cell. This high blue QE is 
mainty due to the errhancemeat from 

Figure 12 shows the QE of an n-i-p cell with the same i layer thickness as other n-i-p samples. The Jph of this 
sample is 17.2 d c m ’  whiIe similar n-i-p cells deposited on previous back-reflector shows Jph of 16.8 - 17.0 
mA/Cm’. The lack of interfereace fiinges and the enhancement m the red response indicate good light 
trapping from this texture. 

Back-Reflector Optimization of New Pilot Machine 

The spumring chamber m the pilot deposition machine is equipped with fbut DC magaetron sputtering 
targets. An upward spu#ering configutation is used so that particulates do not accumulate on the web 

one IT0 target for the deposition of the top wductive layer. We can also install two metal targets for the 
deposition ofmultiple d layer back-reflectors and install an IT0 target ontywhen the machine is needed 
for IT0 deposition. 

&. T y ~ i d l y ~  install ~ a e  Agtargef two Zno tar- fk the  Ag/zno back-reflector deposition a d  

A diffusion pump is installed m the sputter chamber to maintam an Ar background pressure of a r d  
2 mTm during sp- 

The gas gates on both sides ofthe sputter chamber are designed such that the sputter chamber is well isolated 

maimained and the low deposition pressure can be maintained withtheexistingpumping system. 
fktxnthe gase<rus ewiromnem existing m RF plamra CVD t3mlbeq pressure gradation is properly 
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Task 11: Optim'kation of the Si-Ge Narrow Bandgap Solar Cell 

ECD's roll-to-roll a-Si alloy deposition machine, shown m Figure 5, produces a triplejunction two bandgap 
solar cell structure with a-SiGe as the bottom cell intrinsic layer. This is the first time that a narrow bandgap 
cell has been incorporated into a continuous roll-teroll production process. We have used this machine to 
optimize the a-SiGe m o w  bandgap solar cell. The bottom cell section of the roll-to-roll process machine 
consists of three RF glow discharge CVD deposition chambea~: an nl chamber for the n+ a-si lay- an il 
chamber for the a-SiGe layeq and a pl chamber for the p" microcrystalline Si layer. 
Bandgap profXng is an important tool for achieving higher efficiency as has been shown in earlier 
investigations at In order to incorporate bandgap profiling capability m the continuous roll-to-roll 
machine, a proprietary gas distribution manifold and cathode configuration was designed and incorporated in 
the roll-to-roll machine. 

This gas distriiution manifold delivers gas mixtures containing different amounts of GeK( into dBkrent parts 
of the il chamber. The bandgdp profig is designed such that relatively higher Ge content is on the side of i 
layer closer to the p" layer. With such a profiled bandgap, more light is absorbed near the p+junction to 
minimize the distance holes must travel to be collected AISO, the graded bandgap profiling induces an 
internal field to aid holes traveling toward the p". a-SiGe narrow bandgap cell with such a profiled bandgap 
shows much bener fill fkctor. Figure 15 shows the Ge concentraton of fiEms deposited at differeat parts of 
the il chamba; which carresponds to di8keat depths m the il layer thickss. The left hand side is close to 
the p+ layer. The calculated curve is obtained by estimating the Ge composition Gram the delivered gas 
mixture. ThemeasuredGecompositionwasobtainedWAnger-Wprofile. ThecalculaM 
cwve closely matches the measured curve, as is shown m Figure 15. This result demoastrates that our 
machine design fir incorpOratingthe bandgap pr& is eflktke. 

The a-Si interhe layer between il and p1 has also beea optimized. A proprietary interhce layer enhanced 
theV,andfXlfactot. 

The performance ofthe a-SiGe W l l  depends cmthe Ge the bandgap profile and the i layer 
thickss. W e i m r e s t i g a t e d s u c h r e l a t i o a s ~  * usinga-SiGe single dl structure deposited m our 
roll-to-roll machine. We deposited a set of such cells with the same Ge content m the i layer but with 
diffuentdegreesufprofiting. ThefUfictorofthecellinaeasedas&profilebecamesteeger. EspecSly 
important is the i a c r e a S e m t h e f i l l f a c t o r m e a s u r e d u n d e h r e d ~  wfiichistheligtrt that  
a -S iGed sees astfieboetom cell of atripk cell. when we f h t k  increased& degree ofpr- a loss 
mV,became s i p X c a u t  We also studied the depardence ofthe bo#om cell on the Ge content with a fked 
profile. Wevariedthebandgdpfiwn1.4eVto1.6eV. Whe~theGecontentwasincreased, J,inrreaseddue 
to the smallerbandgap. However, the losses mV, andjill-fktor became s i g d k a d y  large at a high Ge 
canted The loss m fill-- is due tothe imxeaseddefkctdensiinthea-SiGealloyat a high Ge content. 

We have studied the depdmce of cell pehformance on the Ge bandgap profiling, and t h i c k  
inside atripbjunctkmsolarcell stmctme. In Figures 16 and 17, we show the J-V &amc&m~ - 'csoftwo 
triple-jdon cells with identical structures except that the bottom cell i layas have difftrent Ge content, 
bandgap pmfihg, and thickness. Sample 1, having a bottom cell i beer cmtabiq m o ~ e  Ge and with a 
steepeaprofile, shows a higher fill factor due to higher curreat density fimthebottom compone~t cell under 
AM1.5 illumination, which resutted m a h i g k  current Inismatch Sample 2, having a bottom cell 
i layer Containing less Ge, with less profile and beiig thicker, shows higher Voc . The efficiencies of these 
two cells are the same, indicatjngthat there is a trade-offbetween J, andVoc. In Figure 18 and Figure 19, 
we show the quautum efficiency curves of Sample 1 and Sample 2. Althugh the bottom cell of Sample 1 
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contributes relatively less Va compared to that of Sample 2, it absorbs more light in the red and also has a 
better fill fhctor, hence it increases the overall fill fictor of the triple cell. 

We optimized the Ge cmtmt, degree of bandgap profiling, and the thickness of the bottom cell i layer, based 
on the response of the cell under red illumination, Figure 20 shows the J-V characteristics of a typical 
singlejunction a-SiGe cell deposited on A g / M  back-reflector. Figure 21 shows the J-V curves measured 
under filtered blue and red light The red fill fictor of this Si-Ge cell was 59%, as is seen in Figure 21. 
Figure 22 shows the quantum efficiency curve ofthis same cell. The relatively high red fill fictor and high 
response to the red suggest that this narrow bandgap bottom cell was well suited for use as the bottom cell of 
triplejunction two bandgap solar cell. 

As will be shown in Table 7 in the next section, Task IU, we have demonstrated the production of high 
quality a-SiGe solar cells 011 2500 R production rolls m a highly uniform and consisteat manna in OUT 
continuous roll-to-roll amorphous silica alloy deposition machine. 

We designed and coastructed, at ECD's expeme, the multi-purpose continuous roll-to-roll deposition 
machine which is capable of producing triplejunction multiple bandgap solar cells. Machine design efforts 
have focused 00 hnprovements that will result m firthex increases in stable module efficiency. 

The i deposition chamber was designed to deposit a-SiGe with a profled bandgap. We have deposited 
a-SiGe solar cells with bandgq pmfihg, as shown m Figure 23(a), and without baodgap profling, as 
shown in Figure 23(b). Except for the pro- in bandgap, these two samples wehe deposited under similar 

increased limn 0.54 to 0.62 afteathe bandgap prom is implemented. 
conditions. The Va is incteased fim 0 . W  to 0.62V, JS incteased from 11.0 to 12.3 mA/m2 and FF 

A 10.2% stable efliciency has been r e u d y  a~hieved'~ for a 1 R2 a-Si alloy solar panel by United Solar 
Systems Corp., a joint venture company between ECD and Canm This high efficiency module was 
produced using a-Si/a-SiGe/a-SiGe triple-junction, triple bandgap structure. The mickile cell was prepared 
with middle bandgap (4.6eV) a-SiGe aky to imprave the solar cell stability.24 when a-SiGe was used as a 
middle cell, the i layex thickness ofthe middle cell can be reduced to approximately 2oOOk Thus, the 
s&bilityofthetriplejunctioacellwillbeimproved. 

To incorporate this triplejunction, three bandgap solar cell design into ECD's continuous roll-to-roll 
depositioa line, we have deposited and studied the a-SiGe alloy solar cells to be used as the bottom and 
middle cells of the triple bandgap a-Si alloy solar cells. 

Figure 24(a) is the J-V amre ofa  narrow bandgap a-SiGe allw solar cell, deposited on bare stainless steel, 
and used as the bo#om cell. Figure 24(b) is the J-V curves of this solar cell with weak blue and red 
ilhrmiaatioa The V, is.0.6 V and the red FF is 0.64. when a similar cell is deposited 00 a high pedbmmm 
back-reflm, J, ofad 21 mA/m2 is expected 

Figure 25(a) is the J-V curve of a middle bandgap a-SiGe alloy solar cell, deposited on bare stainless steel 
wfiich is to be used as the middle celL Since the bandgap is d e x  than that ofa-Si, the middle cell i layer 
can be made much thinner, yet maintain the proper current matching. Consequently, the triplejunction cell 
will have higher stable efficiency. Figure 25@) is the J-V curves of this middle bandgap a-SiGe solar cell 
under blue and red illumhation. The FF under white and colored lights are high. 
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Task 111: Optim'eation of tfle Stable Efficiency of Photovoltaic Modules 

Introduction 

In Task IJI the entire process, including substrate washing process, back-reflector deposition, a-Si alloy 
deposition, transparent conducting oxide deposition, and module assembly, was optimized for the high yield, 
low cost production of high efficiency stable modules. The improvements that resulted in Task I and Task II 
were incorporated to improve the performance of the solar celL 

Improvement to the Continuous Roll-To-Roll Solar Cell Deposition 

We have systematically investigated the depeadeace of subcell efficiency on the thiclcness of each layer 
and current matching. The short circuit current densities of the component cells were, for example, 
6.6 mA/cm2, 6.8 d c m 2 ,  and 7.2 mA/cm2 for the top (i), middle (Q), and the bottom (i) component cells 
as we see from the quantum efficiency curve in Figure 18. We explored the effect of mismatched current 
umditicms on the &ciency by ad-g the thickness ofthe il, 2 and i3 layers. 

When the i3 layer was thinner, J, decreased. However, the fill-fictor increased because the current limiting 
thin top cell has a higher fili-actor and also mismatched cells givea higher o v d  fill-fkctm. In addition, 
the top cell limited devices have better stability because the top cell is more stable. Thmefbre, we designed 
the device to be top cell limaed SinceEVARefkl encapsulation absorbs some we produd the top i 
laym (3) slightly thicker to compensate the current loss due to EVA/T&l absorption and still maintain the 
proper current match& The bottom i layer was designed to have the highest cufient since it is the 
mqxment cell with a relatively low flll-fietor. 

We also studied and adjusted the deposition umditions of all n+ and p" layers to achieve the fbllo- 

proper doping and thickness for higbV,; 

good tunnel junctions between pl and n2 and between p2 and n3 layers to minimi7f? Series 
reskaalkce. 

lninhumthi~toreducekabsorptioa(thisisespec~importantfixtfKp3 lays); 

In addition to tbe optimization of the deposition conditions for each individual layer, we improved the process 
~ ~ ~ ~ ~ ~ m ~ ~ ~ o v e ~ ~ ~ e l ~ ~ ~ ~ .  . 

In earlies production nms, bearing seimres caused failure m the transport mechanism. To eliminate the 

mechanical transport systear including the newly designed bearhgs into the back-reflector system, a-Si alloy 
deposition system and the transparent conctuctor evaporation system, to ensure reliable operation. As 
discussed in Task I, the i'mproved design efkctively prevented mechanical fiihnes such as back-side 
scratches on the web. These improvements resdted m cunsistmtly increased production yields. 

problems that we encountered m the substrate transport mechaaism, we incorporated an improved 

QMQC Process 

Forty to one hundred QNQC coupons, 4" long x 14" wide, were uniformly selected from a roll throughout 
the full production run for ciuality assurance and Quality control testing (QNQC). Twenty-eight test solar 
cells of 7.35 an2 in area were processed on each coupon by the following procedures: 
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1) TCO scriiing by screen printing of etching paste, heat curing, and rinsing; 
2) short and shunt passivation; and 
3) screen printing of Ag paste grid 

Figure 26 is a schematic drawing of a QNQC coupon, with 28 test cells. We measured the J-V 
characteristics of cells under Ah4 1.5 Xenon lamp solar simulator. Figure 27 is the J-V curve of a 7.35 cm' 
cell on a QNQC coupon. The J-V data of 28 cells in a typical coupon is s w  ' in Table 6. From the 
table, the efEiciencies of all 28 cells are above lo?!. The uniformity is excellent. With a subcell yield 
criterion of fill factor M.55, the yield of this coupon is 100%. The average V,, J, , fill factor, and 
efficiency are 2.37 V, 6.51 mA/cm' , 0.673, and 10.41%, respectively, as is shown in the table. 

To further analyze the perfonnance of solar cells, samples are taken afkr the a-Si alloy deposition machine 
and before the web is loaded into the roll-to-roll TCO machine. These sample cells are evaluated by 
evaporating small area IT0 and Ag grid patterns on them in batch evaporation systems. Figure 28 is a J-V 
curve clmacmwx . 'c of a 0.25 cm' triplejunction two bandgap solar cell produced in our continuous roll-to- 
roll a-Si alloy deposition machine m a 2500 ft. production m with improved process conditions: As is seen 
in Figure 28,11.1% initial efkkncy was acbieved m the a-Si alloy solar cell production machine under 
production conditions. Figure 29 is the quantum efEicieacy curve of the 11.1% cell shown in Figure 28. 

A T p M  2500 Foot (19 M & n  Run 

As described previously, ECD's PV production process cansists of opmtion through cOntinuOuS roll-to-roll 
machines of web washing, bck-rdedor depositim, a-Si alloy deposition and TCO depositim, followed by module 
assembly. AglznO back-reflector, a-Si alloys, and TCO are sequentially deposited on 5 mil. thick, 14 in. wide, and 
2500 fL long stainless steelrollsata speedof 1 Wmjn. Atypical 2500 fL roll iSfi11iAed~ithh42 hours. During 
opetation all of the process parametas are mtroIIed, rndored, and recorded through the use of PC ccanputerized 
data acquisitim and process amtrolling systems. 

Out of the total web width of 14", 12.5" is used as the active area in the fhal module assembly. With a yield 
of W? and stable moctule edEckcy d8%, a 2500 ft rtm prochrces an output of 19.2 kilowatt. 

In TabIe 7, we show the statistical summary of the I-V data of QNQC coupons throughaut an entire 
productioa nm. A QNQC c ~ u p ~ n  has 28 cells and& average was akdated cm 28 cells. In each line of 
this table, we list average V, , J, fill factor, and ef3iciency as well as the yield of a c o u p  taka at the 
cOrreSpOnding slab number. DeQiEed I-V data fiK each cell oftfie coupon at meter mark 417m was shown 
previousiy in Table 6. Over the entire run, the average efliciacy is 10.21% with a standard deviation of 
0.02%. The average SUW yield fbr this production nm is 99.7%. 

Figure 3, that we showed earlis, is a thredmensional plot of cell efficiency for all cells m this run. It 
s h o w s t & ~ ~ d a t a f i #  1176idiv&al cek fm&e entireprohctiioa nm as a functionofthe position 
of sub-cells in the 2500 R long, 14 in. wide substrate. Out of 1176 cells plotted in the figure, OIlIy three 
cells failed Figures 30,31 and 32 show the three dimensional plot of V, JI, and fill fixtor, respedvely. 
The solar cell performances are highly uniform throughout the entire run. Production parameters recorded in 
the computetized data acquisition system showed excellent consistency and uniformity achieved in our 
continuous roll-to-roll manufacturing process. 
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Module Assembly 

Strip cells are produced by processing slabs of solar cell material through TCO scriiing, short and shunt 
passivation, and screm printing of Ag paste grid pattena A strip cell is a single solar cell with an aperture of 
12.5” x 5.4“. After cutting and busbar installing, nine strip cells are connected together in series, as a 
module. A diode is connected in parallel with every strip to prevent the strip cell from being reverse biased. 
The module is then vacuum laminated in a high temperature oven, with T h l ,  EVA and crane glass as the 
fiont cover and with layers of EVA, fiberglass, nylon, and metal backing plate as the back cova. An 
aluminum frame and junction box are installed to finish the module. Figure 33 is a drawing of ECD’s lft. x 
4fL a-Si alloy production PV module. 

ECD’s High E f i k n c y  4 FL2 Produdion Module 

4 k2 modules were assembled using triplejunction two bandgap solar celk produced in a continuous roll-te 
roll manufacturing line. Figure 34 is the I-V curve of a 4R2 module measured at NREL. The initial 
aperture mudule efficieacy is 9.5% and the total power output is 37.01W for a module of 3923 cm2 aperture 
area. This efficiency is higher than any reported &ciency for a-Si alloy production modules. 

To measure the stable efficiency of OUT modules, light soak stability tests were carried out. Phillip’s metal 
halide 1OoOAJ light butbs, -by appropriate ballasts,wgeUsed Theligtrtintensityismeasuredwith 
a Silicon detector filteredwith a heat filter so that the quantum &cimcy of the detector is close to that of an 
a-Si a ~ o y  solar c e ~  The ligta intensity inside the 4k2 module area is within 20% fiom 100mw/cm~ with the 
average at 100mW/cm2. Temperature of the modules under light soaking was around 50°C. The 
temperature was slightly higher at the center of the module where the light imensity is about 20% higher than 
100mW/cm2. Eachmoddewas degraded with a load suchthat it was operatingat its peak power point. 
Figure 35 is the I-V cuve of this module after 2380 hours of degradation. The stable module efficiency after 
2380 hours ofone sun ligfrtsoakingatapprmumate * ly 5OoC under load is 7.9%. In Figure 36, we plot the 
semilog plot of efEciency to light soaking time. Clearly the module efficiency has COme to a saturation under 
Wsoaking. Nof in the rdegrada t ion ,wi th inmeasurednen taccuracy , i s~ fo r~~esa f t ea  
prolonged light soaking. 

A set of PV modules produced m ECD’s continuous roll-@roll manukturhg line was tested according to 

Modules.” Except for some cosmetic micr&lamiuatiun, these modules have passed the specified 20 
NREL’S “Lnterim QlmEmKm - Tests and PIV&URS for Tetrestrial P l ~ A ~ ~ ~ l t a i c  ThbFilm Flat-Plate 

hlJlnidity-heze cycling test and 200 thermal cycling tests. 

Optimization using new 200 KWpilot machine 

In order to 
and constructed, at ECD’s expense, a new muhi-purpose umtinuous roll-to-roll a-Si alloy solar cell 
deposition machine having 200 kW capacity. 

newR&D advances and to further improve the stabkmodule~cimcy, we designed 

As is shown in Figure 6, the new continuous roll-to-roll muhi-purpose deposition machine consists of seven 
chambers: 

1) Chambers at each end for the web loading and unloading, and for web driving and s t h g  
system which can transport the web in both directions duringdeposition. 
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2) n, i, and p RF plasma CVD chambers for the deposition of n, i, and p a-Si alloy layers 
needed for a singlejunction solar cell. A triple-junction solar cell is produced with web 
passing through the machine three times. 

3) A single loop serpentine web deposition chamber for depositing intrinsic a-Si layer in a 
serpentine configuration. 

4) A DC magnetron sputtering chamber for the deposition of Ag/ZnO back-reflector layers and 
top Conductor layer. 

This multi-purpose deposition machine is capable of producing complete triplejunction solar cells in a 
sequential continuous roll-to-roll opetation. 

We have optimized the operation in the following areas: 

0 Back-Reflector; 
Top conductor; 
Yield; 

0 Doped layers; and 
a-Si/a-SiWa-SiGe triple cell. 

We have adjusted the curreat matching berweea dZkeat component cells. These fine adjustments include 
the thickness, and the temperature of the top intrinsic layer; the thickness, Ge coatent, and bandgap grading 
of the middle intrinsic layer; and the thickness, Ge wntat, and bandgap gradiug of the bottom intrinsic 
layer. kadjwtmatsweremadeusingquantumef€iciencymeasurements. Wenteasuredthequantm 
efficiency curves of each component cell of the triple cell, and integrated the curve with AM1.5 global 
spectrum to obtain the short circuit current of each sub-cell. The cufient of each component subcell was 
adjusted such that the peak power point of each component cell is at the same current level. After the 
Optimization of the currat matching, we produced (0.25 cm’) a-Si triple cells with 9.5% initial activearea 
conversion efficiency. 

W d M  Moduk Design 

We have developed a new grid/busbar technique to reduce the optical loss, utihiug thin copper wires 
adheredtotkIT0 surface with conctUctiveadhesiVe. Figure 37 shows the sketches ofthe ariSting and new 
grid designs. The detaiied analysis indicates that approximately 3 - 4% gain m efficiency is stpected for the 
new design. Figure 38(a) and Figure 38@) show the J-V curves fix a subcell with the new wire grids and 
the previous Ag paste grid. Compared with the same cellusingprevious scfeen printed Ag paste grid ha, 
the fill factor is improvedto 0.67 and the series resistance is reducedto 39 Szcm 

Further progress has been made with a wire grid technique which we expect to eventually replace our 
standardscreenprintedgrid Each moduleumtains nine series connectedwirctgridedstrips. The strips were 
wiregrided by means of a special fixture that can simultanaus@ lay down four wires at a time. Mer being 
affixed tothe surfiiceofthestrip, thewires were soldered to copper busbars on one side of each strip. The 
strips were then interconnected using a technique very similar to that used for our standard screen printed 
strips. The iinal lamination and fhming steps are ideatical to those used for screen printed strips. 
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Task IV: Demonstration of Serpentine Web Continuous Roll-to-Roll Deposition 
Technology 

A serpentine web configuration has been extensively used in other film processing industries such as the steel 
in- and photographic film manufacturing to achieve a high throughput for manukturing processes 
which require a long reaction time. We have developed a design concept for a serpentine web 
cominuous roll-@roll amorphous silicon alloy solar cell deposition process to maxjmize solar cell 
throughput while keeping the size of individual deposition chambers small'' 

A schematic diagram for an RF plasma processor for depositing n-i-p/n-i-p/n-i-p amorphous silicon alloy 
solar cells utilizing a Serpentine web roll-&roll process is shown in Figure 39. 

As can be seen in the diagram, deposition takes place on the substrate as it travels verticarty through the 
deposition chamber. This is to be coatrasted to the current process m which the substrate travels 
horizontally. This vertical, roller-guided travel creates a large deposition area usmg less floor space. In the 
deposition chamber, a single RF cathode genehates a plasma which will s i m m l y  deposi on regions of 
the substrate ficmg both sides of the cat3n-k. Because of the compactness of the Seapentine design, 
substantidcost savings forthe equipment will be achieved andheat loss willbe substantiay. redud which 
Wiu reduce electric power consumption. F~~rthemore, by utilizing a perforated cathode or other open 
cathode cdigurations mwhkh the surface area is mhbbd, gas dizationwillbe improved as deposition 
on the cathode is reduced. Cathode heating and *-space shields are eliminated m the serpentine design 
which simplifies the internal desigu 

Due to tbe sapentine dgurat ion,  a slow rate of deposition can be used without reducing throughput and 
a-Si alloy intrinsic materials can be deposited with a minimum Mi ofmicrovoids. It has beea shown that 
significant improverneat m the stability can be achieved  hen 
We expect that the current 15-18% degradation will be reduced to less than 8%, while reducing the expeckd 
gas -on by at least25%. 

a-Si mate ria^ is deposited at a IOW 

In summary, we anticipate that with the serpentine web roll-&roll technology, hi& efficieacy stable PV 
moddes can be p r o d u d  m a  higllvohnne production ptocess. A substanhl reduction of manutkturhg 
cost will be fhe-cmseqwm oftbe cost reduction of capital equipment, fscilities, gases, mapy and factory 
space. 

The benefits of the serpeatine design are summatlzed - below: 

Detailed engineering and design of a single-loop serpentine web continuous roll-to-roll deposition chamber 
have beea completed. Figure 40 is a picture of the serpentine chamber m the deposition machine. 

In the deposition chamk, two deposition zones are separated by a common perfbated RF cathode. One 
deposition zone mats the web as it moves vatically upward and one zme mats the web as it moves 
downward past the same cathode. A gas d o l d  that spans the width of the web is placed at the top of the 
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cathode and gas is pumped through a manifold at the bottom. A preheat zone is located before the upward 
and downward pass of the web across the cathode to insure proper web teqxmture during deposition. 

This chamber has been incorporated into the continuous roll-to-roll multi-purpose deposition machine. 
a-Si n-i-p solar cells with the intrinsic a-Si layer deposited in the sespentine chamber have been produced 

We perfmed experiments to optimize the deposition conditions including the gas mixtures, RF power, and 
substrate temperature. After cleaning and process optimization, we achieved 8.7% initial efficiency fix a 
singlejunction serpentine solar cell. 

We then incorporated this single junction n-i-p solar cell into a-Si/a-SiWa-SiGe triplejunction solar cells. 
The top cell intrinsic layer of the triple cell was deposited in the seapeahe chamber. We optimized the cell 
current matching between each of the component cells and achieved initial &ciency of 9.5% as is shown in 
Figure 4 1. 
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Task V: Material Cost Reduction 

We have fixused our efforts in two major high material-cost areas: 

1. Reduction of germane and disilane costs; and 

2. Reduction of module assembly material costs. 

One of the highest cost items in the bill of materials for ECD’s triple-junction multiple bandgap a-Si alloy 
solar cell, which consists of a a-Si/a-Si/a-SiGe structure, is germane and disilane. We identified Mitsui 
Toatsu and Voltaic as the world‘s largest manufkcturers of disilane and germane gases, respectively, and 
obtained germane and disilane gases at prices which are sub- lower than we previously paid on the 
world market. We also worked with our Russian joint venture partner, Sovlux, to obtam lower cost gases 
f?omRussia. We obtainedtest quantities of disilane and germane gases produced m Russia. The results of 
purity analyses of these gases indicated that germane had acceptable purity, whereas disilane bad 
uaaccepQbly high levels of impurities. During this program period, the Russian supplier completed a 
germane production line and produced 10 Kg of germane. We expect that we can achieve approximately 
25% cost reductions fbr these gases when they are supplied from the Russian supplier. 

As the result of process optimization to reduce the layer thickness and to improve gas utilization, 77% 
material costreductionfk germaneand 58% reduction fwdisilanehavebeenachieved 

As we descrii previously, the serpentine web continuous roll-to-roll deposition allows us to furthea 
andtoreducethecostfixgaxs. Itiscalculatedthatanappraxmnate - 40%fedUctiion improvegas- 

will be achieved by this approach. 

.. . 

Also a new low-cost module design including wire grids design has been developed to reduce assembly 

improve the module & c k q  by 3 4 %  by reducmg grid coverage and reduce the gridhusbar material costs 
by approximately 50% by eliminating expensive Ag paste materials. The strip cells prepared with these 
processes exhiiited high fill factors indicating that the wire grids e$ktively collected the current We have 
collsbructed a tool for producing 1 ft. x 4 ft. modules with wire grids, r e f i d  the tool, a d  assembled a 
numbex of 4 ft.* modules. These modules demonstrated high fill fgctors and reduced grid coverage. 

materialcost. s~~,weref inedthenewimprovedmoduledes~withwiregrids .  Thisdesignwill 

We developed a collcept design for large-area flexiile, frameless PV modules to further reduce the 
manuhturhg cost. Mateakl cost is reduced by eliminating the frame and by redwingthe cost of o t k  
compormts such as thejunction box. The details ofthe module design is bi in TaskVI. 

It is &that a combination ofthese cost reductions will result in a cumujafive mated  cost reduction 
of 71%. 
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Task VI: Improving the Module Assembly Process 

Our major goal for this program period is to develop advanced a-Si alloy PV module manufacturing 
technology with the capability of producing modules with stable 10% efficiency in high volume at a cost of 
approximately $1 .OO pea peak Watt Major market segments for the lowcost PV modules produced in high 
volume will be building-integrated roof-top systems and large-scale solar h for utility applications. 

ECD has developed an improved umcept design for large-scale module manuikcturing process based on 
optimizing the manufkturhg steps driveu by the requirements of the finished product installed m the field 
and also by cost effectivesles. 

Based on what is stated above, a concept module designed to suit this application is large-area, light weight, 
relatively flexile, and easily mounted to a lowcost mounting structure. 

A new module design, nominally 24 ft. x 1.5 R, with a total weight of40 lbs., and a total power output of 
216 W, has beea developed speciticayl for hrp scale roof-top and solar farm applications and high volume 
manufiicming. The strip cells that will be used to assemble these modules will be produced from 3 R wide 
stainless steel rolls. The bnrreased widrh ofthe stainless steel rolls inrreases the throughput of the machiue, 
and results m significant cost reductions due to the eumomies of scale. 

Duringthis program period, we have also developed a concept design fw an automated 100 MW plant for 
the production of the low-cost hrge-area PV modules. The concept design incapram all the technical 
advances achieved mthis program. Theconcegtdesiga fbra plant with 100 MW axmualcapacityis shown 
in Figures 42-45. 

The following is a description of ECD’s improved low- mauufiicturing process for the products descrii 
above: 

operation 1: 

operatian 2: 

Operation 3: 

Roll-tO-ROll Substrate Washing Machine 

This machine remoyes all the particulates as well as all the lxmmnts ofhlbricatillg and 
protective oils or other liquids that were part of the rolling, annealing, and mlling 
marmfacturing process ofthe 430 BAstainless steel that becomes the substrate fm our thin 
film solar cell. The machine will wash a 3 R wide, .005 inch thick, 13,500 foot long coil in 
40 hours’ cxmhmus operatioa. Thewebissubjectedtohotpressutizedd&qent,ratary 
brushing,- * poweredhot &gent, hot DIwaterrinsin& drying in IR lamp clean air 
tunnel andhdlymrolled m a clean air takeup chamber. The web is processed at 16 
ft/min. 

This machine deposits textmed silver, zinc oxide back-dector layers on the washed 
substrate by sputtging vacuum deposition process. The machine processes coils of stainless 
steel substrate fiom the washing machine at the same production rate as the washing 
machine. The coil fiom the washing machine is loaded m the left hand payoff chamber and 
the web passes through the deposition chamber into the takeup chamber and rewound with 
protective Intealeaf at 16 Rimin. 

Serpentine Roll-*Roll Amorphous Silicon Alloy Triple-Junction Deposition Machine 
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This machine deposits nine layers of doped and undoped amorphous silium alloy thin film 
material which beunnes the active photovoltaic &conductor material that convert the 
sun’s energy to electrical power. The nine layers are deposited by the RF Plasma CVD 
vacuum deposition process in separate chambeas with isolation “gas gates” that prevent 
cross contamination of deposition materials. To avoid large machine footprints and allow 
for proper deposition rates, the web is exposed to RF plasma in ECD’s unique Seapentine 
design pass line. Coils from the back-reflector machine are processed at 16 ft/min. 
Protective interleaf is removed from the coil in the left-hand payoff chamber and new 
intealeaf is re-introduced m the right-hand takeup chamber. 

Operation 4: Roll-*Roll Top Conductor Deposition Machine 

This machine deposits a transparent thin umductive layer of indium tin alloy by the reactive 
DC sputtering vacuum deposition process. Coils from the a-Si alloy deposition machine are 

The process speed is 16 &/min. Interleaf is removed Erom the payoff coil as the coil 
unwinds and new protective interleaf is introduced in takeup chamber as the processed mil 
isrewoued. 

loaded in the left-hand pay& chamk and unloaded f i ~ m  the right-hd t a k ~ p  chamber. 

Operation 5: Roll to procesS Step and Repeat Solar Cell Processar 

This machine takes a full coil ofdeposited substrate fromoperation4 and performs the 
following processes in a step and repeat manner with exact tensioning and position 
coatrolledat each statim(tw0maChiees areusedfor 100 Mw operation). 

A: 
B: 

C: 
D: 
E: 
F: 

G 
H. 
I: 

J 
K: 
L: 
M 

Paydinto weld statiq 
Punch station punches accurately place location holes for positioning the web m 
dowastream stations; 
S m  print etchant paste, defines borders of each cek 
CUreetChaUtpasteill-dryingstation; 
Rinseetchant~mnumiagwate€ dip ta& 
rmmerseetcharrtand* proprietary passivation operation, to eliminate all 
micro and macro shorts and shunts that have developed during deposition process; 
Rinsepassivationfluid; 
Drymseapentinedryingstatioq 
Grind small area m ollter edge of substrate (for later weld attachment of 
-a tape); 
Probe cell and test for PV functian-store and record data by positioq 
Codecells fimm data fiwnprevious test station; 
cut cek, and 
Load sortedcells bycodeoatocodedcassettewts. 

Operation 6: Module Assembly and Finishing Operatiom 

Two machines are used for the 100 MW operation. Module assembly operations consist of 
12 step and repeat transfer machines as follows: 
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A 

B: 
C: 
D: 
E: 
F: 
G: 
H: 
1: 
J: 
K: 
L: 

Load cut-sorted cells fiom cassette carts onto step and repeat transfer line load 
s t a t i q  
Apply interconnect tape; 
Weld interconnect tape; 
Apply insulating tape; 
Apply proprietary grids and grid mterconuect busbar; 
Load grided cells onto step and repeat transfer line load station from cassette carts; 
Position 10 cells in series in holding fixture; 
Position end positive and negative busbars and pigtails, 
Perform intercormect weld operations; 
Position bypass diodes; 
Weld bypass diodeq and 
Unload onto cell-t+moduleinterconnect cassette carts. 

Operation 7: Module Lamination Machine 

Three machines are used for the 100 MW operatioa Module Lamination Machine 
operation statians descrii  as follows: 

A 
B: Feedpt.eparedbo#aminsulatingpoWlayea’~; 
c: Loadilltermcell-module; 
D Feedprepatedbottolniasulatingpolymerlayers; 
E: Transfer into multiple step lamination chamk,  
F: Transfktocutstati~and 
G: Transfa onto laminate carts. 

Load of€ljne prepared backing plate with polymw, 

Three machines are used for the 100 MW opesation. Module F h i s h g  Operations Stations 
Operatesatlmodulepeaminuteasfollm: 

A Testlaminates; 
B: Trirn,punch,andgrOnrmetlaminates; 
C: Attach positive and negative coanectols; and 
D Label+c~loadskidsforiuv~orshipping.  
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Summary 
Under this Photovoltaic Manuikturing Technology 2A program, we have significantly advanced ECD’s 
continuous roll-to-roll a-Si alloy solar cell photovoltaic technology. The major accomplishments made under 
this program are: 

+ 

4 

4 

+ 

6 

+ 

+ 

4 

4 

4 

4 

+ 

Incorporating a high pexformance Ag/ZnO back-reflector system into our continuous roll-to-roll 
commercial production line and demonstrated high subcell yield; 

Incorporating deposition of high quality bandgap profiled a-SiGe narrow bandgap solar cells 
into a commeacial continuous roll-to-roll manufacturing process; 

Demonstrating the production of a-SYa-SYa-SiGe triple-junction solar cells in 2500 ft. long 
productionruns; 

Demonstrating production of solar cells with 11.1% initial conversion efficiency (0.25 cm2, 
2/93); 

Demoastrating 8% stabilized e i l i c i i  011 production tripbjunction a-Si alloy modules with a 
total area of at least 0.37 m2 (4/93); 

Full production runs (7OOm) with 99.7% subcell yield and high u n i f m ,  

Reductim of77% mmaterklcosts for germane and 58% for d i s h ,  

Developing a new gridhusbar design that uses thin wire grids, thereby improving &ciency by 
approximately 3-4% while also redwing the cost dthe gridhsbar by 50%; 

Developing a new 200 kW/yr m&ipqxxx cuntinuous roll-to-roll a-Si alloy soh cell CEepOsitiOn 

oxide layers in multiple passes; 
m a c b  fm deposiiting back*, tripk+mclhl solar cen, and condllcting 

Designing and coflstructm * g a seqeutk  web, continuous roll-to-roll chamber which is used to 
Qmoastrateacampact, lowastdepositioamachinedesigawith impnrvedthmughputandgas 
ut i l izat ion~~thehighthroughputdepos i t i~  

Demmstmting a 9.5% triplejunction cell using serpentine technolopy (0.25 cm’, 10/94); and 

Developing a concept design fm a 100 M W  continuous roll-to-roll PV module manufhcturing 
plant to produce -area, ligbe@, flameless PV modules with 10% stable &ienCy at 
less than $l.OO/Watt; this manufkcturing cost includes material, labor, depreciation, and 
m a n ~ o v ~ c o s t s .  
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