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Executive Summary 
Objectives 

The overall objective of this three-year program is to advance ECD1s roll-to-ro~ triple
junction photovoltaic manufacturing technologies, to reduce the module production costs, 
to increase the stabilized module perfonnance, and to expand the commercial ~ 
utilizing ECD technology. 

The specific three-year goal is to develop advanced large-scale manufiicturing t.ecbnology 
incorporating ECD's earlier research advances with the capability of producing modules 
with stable 11 % efficiency at a cost of approximately $1.00 per peak watt. 

Major efforts in the first year, Phase I. are the optinrivation of the high-performance back
reflector ~ Task l, the optim.imion of a-Si-Oe narrow band-gap solar cell, Task 2, 
and the optimiz.ation of the stable efficiency of the module, Task 3. Our goal is to achieve 
a stable 8% efficient 1ft. x 4ft. module. Also, the efforts include work on a proprietary, 
high deposition rate, microwave plasma, CVD manufacturing technology, Task 4, and on 
the investigation of material cost reduction, Task 5. 

Summary 

We have performed manufacturing technology development work utilizing our advanced 
continuous roll-to-roll triple-junction a-Si alloy solar cell production line, which was 
engineered and manufactured by ECD. The production line consists of 

1. A continuous roll-to-roll substrate washing machine. 
2. A continuous roll-to-roll back-reflector machine. 
3. A continuous roll-to-roll amorphous silicon alloy deposition machine. 
4. A continuous roll-to-roll transparent conductor deposition machine. 

The production line produces triple-junction two band-gap a-Si alloy solar cells consisting 
of Si/Si/Si-Oe structure an a 5 mil. thick, 14 in. wide, 2500 ft. stainless steel roll at a 
speed of lft./min. This production line represents the world's first commercial production 
line, which produces the most advanced high-efficiency amorphous Si alloy solar cells 
utilizing multi-junction spectrum-splitting cell design and high performance back-reflector. 

In this six month program period, under Task 1, optimizing the back reflector system. we 
demonstrated for the first time that a high perfonnance Ag/ZnOx back reflector can be 
incorporated into the production line. 

The Ag/ZnOx back-reflector system has not been used previously in commercial modules 
because of its low production yield caused by shorts and shunts. By modifying the 
hardware design and optimizing process parameters to improve the quality of ZnOx layer 
and to eliminate mechanical defects, we have achieved a high production yield for the high 
performance Ag/ZnO back-reflector system. 

Under Task 2 we have completed the initial optimi2.ation of Si-Ge alloy deposition 
parameters and demonstrated triple-junction solar cells having 38% quantum efficiency at 
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800nm. We have completed the initial improvements to the Si-Ge alloy deposition system 
by optimizing the deposition parameters, including the Ge content and the profile of Si-Ge 
composition. 

Under Task 3 we have identified losses in ECD's 1ft. x 4ft. modules and reduced the 
shadow losses by redesigning grid/bus bar configurations. 

The 1ft. X 4ft. modules that incorporated the high performance Ag/'lnO back-reflector, 
high quality Si-Ge layer, and improved grid/bus bar configurations have been produced. 

The initial power output of a 1ft. x 4ft. module measured at ECD with a Spire Solar 
Simulator at 25oC was 33. 7W. The initial module efficiency was measured to be 8.5% 
under standard conditions. The power output and efficiency of the same module measured 
at NREL using a Spire Solar Simulator were 34.2W and 8.56%, respectively. The stable 
efficiency after 500 hours light-soaking at approximately 50oC was 7%. 

We have finished the hardware design of the microwave deposition system and are in the 
process of producing high quality a-Si layers, as per Task 4. We have identified and 
developed low-cost suppliers for germane and disilane in Task 5. The qualification 
analyses for these gases have been performed. 

Major Accomplishments 

• A high-perfonnance Ag/metal oxide back-reflector system was successfully 
incorporated in our continuous roll-to-roll commercial production operation for the 
first time. 

• For the first time, the high quality a-Si-Ge narrow band-gap solar cells have been 
incorporated in a commercial continuous roll.to-roll manufacturing. 

• The world's first 4ft2 production PV modules utilizing triple-junction spectrum
splitting cell design have been produced in our commercial. continuous roll-to-roll 
production line. 

• The initial aperture area efficiency of the 4ft2 module measured by NREL was 
8.56%. The stable efficiency after 500 hours light-soaking at approximately SOOC 
was 7%. The stable efficiency is substantially higher than those of commercially 
available a-Si 4ft2 modules; typically S to 6%. 
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Milestones 

Phase I Milestones 

End of First Quarter 

m-1. l Identify losses in present 
a-Si Alloy modules (Task 3) 

m-1.2 Demonstrate stable representative 
>=4ft2 a-Si Alloy module (Task 3) 

End of Second Quarter 

m-1.3 Identify problems in Ag/ZnO 
back-reflector system (Task 1) 

m-1.4 Optimize metaJ/oxide back-reflector 
system (Task 1) 

m-1.5 Optimize metal/oxide back-reflector 
system (Task 1) 

m-1.6 Complete initial optimization of 
Si-Ge alloy deposition parameter 
for a 408/o Quantum efficiency 
@ 800nm (Task 2) 

m-1. 7 Complete initial improvements to 
Si-Ge alloy deposition system (Task 2) 

m-1.8 Develop and qualify low-cost supplies 
for germane and disilane (f ask 5) 
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Accomplishments 

Completed. 17% due to grid and 
bus-bar coverage, etching line loss. 

Completed. 11 = 8.12% (ECO) 
11 = 8.24% (NREL) 
Initial aperture area 

Completed. Low yield caused by 
mechanical defect. 

Completed. 

Completed. 

Completed. QE=38% @ 800nm 

Completed. 

Developed; Sovlux for germane 
and disilane; Initial tests completed. 
Require further testing. 



Introduction 

During the past ten years, ECO bas made important progress in the development of 
materials, device designs, and manufacturing processes required for the continued 
advancement of practical photovoltaic tecbnologyl-17. Among these accomplislunents, 
ECD bas pioneered and continues further development of three key proprietary 
technologies, with significant potential for achieving the cost goals necessary for 
widespread growth of the photovoltaic market: (I) a low cost, roll-to-roll continuous 
substrate thin-film solar cell manufacturing process, (2) a high efficiency, monolithic, 
multiple-junction, spectrum-splitting thin-film amorphous silicon alloy device structure and 
(3) a high deposition rate, microwave plasma CVD process. 

Conunercial production of multiple-junction amorphous silicon 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 munerous advantages of this technology have been 
demonsbated. 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 from our current plant remains high. 

Under this Phase 2A Photovoltaic Manufucturing Technology (PVMA T) Program, ECD 
will advance its continuous roll-to-roll manu:facturing technology and develop the 
capability of producing triple-junction multiple band-gap a-Si alloy photovoltaic modules 
with stable 11 % efficiency at a cost of approximately $1.00 per watt in a high volume 
production plant. Major efforts will be focused on improving the stable efficiency of 
modules, increasing production throughput and reducing material and labor cost. 

In order to achieve the high stable efficiency, ECD will develop and demonstrate large 
volume manufacturing technology that can incorporate earlier ECD research advances in 
device efficiency through the use of multi-junction spectrum-splitting and high 
performance back-reflector cell design. In this program period. Task I: Optimization of 
the back-reflector system, Task 2: Optimization of the Si-Oe narrow band-gap solar cells, 
and Task 3: Optimization of the stable efficiency of photovoltaic modules, were directed 
towards achieving this goal. 

We performed Task 2 and Task 3 in a continuous, roll-to-roll RF-plasma CVD processing 
system that produces, in a single pass, sequentially deposited thin films of doped and 
undoped amorphous silicon alloy semiconductors. Figure 1 illustrates the structure of a 
triple-junction spectrum-splitting solar cell produced using the processing system. 
Mixtures of feed-stock gases are decomposed at a pressure of approximately one Torr in a 
series of RF CVD plasma chambers to deposit amorphous alloy materials continuously on 
the coated stainless steel substrate. The multi-section amorphous silicon alloy deposition 
machine consists of a pay-off chamber section, nine process chamber sections, for the nine 
layers of the triple-junction solar cell and a take-up 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 constant geometrical cross section 
conduits in a direction opposite to the diflbsion gradient of the dopant gas concentrations. 
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In this way, migration of dopants between chambers is essentially eliminated and gas 
mixtures in 3'ljacel1t chambers are effectively isolated even though no actual physical 
impediment is present. 

In Task 4 we are working to increase the production throughput. We report progress made 
in the area of high deposition rate amorphous silicon alloy solar cell deposition utilizing 
proprietary microwave plasma CVD technology. 

In Task 5 we addressed a number of other issues that significantly reduce module cost 
including the reduction of the cost of gases utilized in our proprietary narrow--band-gap 
materials. 
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Figure 1: Structure of a triple-junction spectrum-splitting solar cell. 
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Task 1: Optimization of the Back-Reflector 
System 

In our earlier manufacturing process, a textured Al alloy was used as a back-reflector. 
The high-efficiency research-scale device (we have demonstrated 13. '7°/o efficiency, the 
world-record efficiency for a-Si alloy solar cell) utilized textured Ag/ZnO back-reflector 
that had a substantially higher reflectance and diffusiveness than the Al alloy back.
reflector, resulting in an enhancement of Jsc in our laboratory cells. However, initial 
attempts to transfer this high-performance back-reflector technology to a manufacturing 
process had not been successful due to low yields. The object of this phase of our program 
has been focused on achieving the benefits of multiple internal reflections without suffering 
a reduction in yield due to shunting of the devices. We used Ag, in combination with 
ZnOx, in the back reflector. We improved the quality of Ag and ZnOx to improve the 
yield of the Ag/ZnO back reflector system. 

Material and process optimizations were carried out using a roll-to-roll back-reflector 
production machine. The machine is equipped with, eight DC magnetron sputtering 
cathodes. Typically; two metal targets (adhesion promoting, and highly reflective metals 
such as, Cr, Al, and Ag) and six ZnO targets were loaded in the machine. The back.
reflectors (Ag and ZnOx) were deposited sequentially at a speed of one foot per minute on 
a stainless steel roll that bas a dimension of about 2500 ft., 14 in. wide, 5 mil thick. Ag, 
ZnOx system and AJ/ Ag, ZnOx system were deposited using the roll-to-roll back-reflector 
deposition production machine. 

The yield and current provided by the back reflector was evaluated. This evaluation used 
our roll-to-roll a-Si and top-conductor machines as well as a research scale load-lock 
deposition system. The research scale deposition system has separate chambers for each 
doped layer and a-Si layer. It uses a RF parallel plate design and can deposit uniformly 
over approximately 2 in. x 2 in. area. A single n .. i-p a-Si cell was deposited 
simnltaneously on a standard back-reflector and on the Ag/ZnO back-reflector to be 
evaluated. 

Preliminary testing showed that the sub-cell yield for AJ/ Ag, ZnOx was 96-100% while 
the sub-cell yield for the Ag, ZnOx system was 92-100%. However, the short circuit 
current for the Ag, ZnOx back-reflector system was 9.5%bigherthan theAJ/Ag, ZnO 
system. 

Sub-cell yield and gain in short circuit current were studied as a function of Ag thickness. 
Figure 2 shows an increase in Jsc as Ag thickness is increased, presumably due to 
enhanced internal reflection from a rougher morphology. However, we begin to see lower 
sub-cell yield for thicker Ag layers. We believe the yield is lower due to mechanical 
damage from rougher Ag produced as the layer is grown thicker. 

Deposition conditions were adjusted for each layer of the Ag, ZnO system to optimize 
back-reflector microstructure. Deposition temperature, as well as Ag and ZnO layer 
thickness, and rate of sputtering, was found to affect film microstructure. The long 
wavelength region of the quantwn efficiency curve shown in Figure 3 exhibits our 
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optimized diffuse reflection while Figure 4 shows our initial perfonnance. Diffiise 
reflection exhibited by less evident interference fringes results in higher bottom-cell current 
as shown inFigure3 and Figure 4. For the same Si:Gecell, Figure 3 indicates 7.43 
mAfcm.2 from the bottom cell while Figure 4 indicates only 6. 78 mAJcm.2. 

Causes for the low yield using the double-layered back-reflector system Ag, ZnOx have 
been investigated by structural/morphologicaJ/chemical analyses of the sites that caused 
shorts. We have determined that the shorts are caused by defects in the layer structure due 
to mechanical damage and foreign materials incorporated in the deposited layer during 
processing. Figure 5A shows mechanical damage, (i.e., cracking of the film). The cracks 
are due to dimples in the S mil stainless steel web created by metal particulates. 
Production machines and processes were improved to minimize particulate generation. 
Hence, shorts, due to the dimpling and film cracking, have been minimized to near zero. 

Figure SB shows a hole in the a-Si layer that results in a short. This pinhole was created 
when foreign material such as dust or particulate was transferred to the front side of the 
web, particularly before or during deposition of the a-Si layer. Low yield due to this type 
of pinholes bas been minimized by implementing tight production procedures. 

A high sub-cell yield (96-1000/o) has been achieved for Ag/ZnOx back-reflector systems 
after implementing the improvements in the machine and process. In sununary, the high 
perfonnance Ag/ZnO back-reflector ~ has for the first time, been successfully 
incorporated in our continuous roll-to-roll production line. 
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Figure 2: Plot of short-circuit current as a function of Ag thickness in back-reflector 
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Figure 3: Quantum efficiency curve of a triple-junction solar cell having more textured back-reflector. 
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Figure 4: 
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Backscattering image of a triple junction solar 
cell showing mechanical damage 

A finished cell showing a hole present in a 
region of short. 
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Task 2: Optimization of the Si-Ge Narrow-Band
Gap Solar Cell 

The a-Si-Oe narrow-band-gap bottom cell was deposited in our a-Si alloy roll-to-roll 
machine using RF glow discharge CVD on a moving stainless steel web coated with a 
back-reflector. This is the first time that an a-Si-Ge deposition process was incorporated 
into a continuous roll-to-roll production process. The bottom-cell section of the roll-to-roll 
process machine consists of three deposition~ an nl chamber for then+ a-Si 
layer; a long il chamber for the a-Si-Oe layer; and a pl chamber after il, for the 
microcrystalline p+ a-Si layer. 

To increase the bottom cell perfonnance, we profiled the bottom cell band-gap by changing 
the Ge cont.ent such that more light is absorbed near the p+ junction to make hole collection 
easier. The graded band-gap induces an internal field to aid hole transport and hence 
improve the fill factor. The band-gap profiling is achieved in the roll-to-roll process 
utilizing specially designed proprietary gas distribution manifolds and cathode splitting. 

The performance of a-Si-Oe bottom-cells depends on the Ge content, band-gap profile and 
the i layer thickness. We investigated such relations systematically using a-Si-Ge single
cell structure deposited on bare stainless steel in our roll-to-roll machine. We deposited a 
set of such cells with the same Ge content in the i layer but with different degrees of 
profiling. The fill-factor of the cell increased as the profile became steeper. Especially 
important is the increase in the fill-factor measured under red light, which is the light that 
a-Si-Oe cell sees as the bottom one of a triple-cell. When we further increased the degree 
of profiling, the loss in Voe became significant. We also studied the dependence of the 
bottom-cell on the Ge content but with a fixed profile. We covered the band gap from 1.4 
to 1.6 eV. When the Ge content was increased, Jsc increased due to the smaller band gap. 
However, the losses in Voe and fill-factor became significantly huge at a high Ge content. 
The loss in fili.factor is due to the increased defect density in the a-Si--Oe alloy at a high 
Ge content. 

We optimized the Ge content, degree of band-gap profiling, and the thickness of the bottom 
cell i layer, based on the response of the cell under red illumination. Figure 6 shows the J
V charatteristics of a typical single-junction Si-Oe cell deposited on Ag-ZnO back
reflector. Figure 7 shows the J-V measured under filtered blue and red light. The red fill
factor of this Si-Ge cell was 59%, as is seen in Figure 7. Figure 8 shows the quantum 
efficiency curve of this same cell. The relatively high red fill-factor and high response to 
the red suggests that this narrow-band-gap bottom-cell was well suited for use as the 
bottom-cell of triple-jWICtion solar-cell. 

We have studied the dependence of cell performance on the Ge content, band-gap profiling, 
and thickness inside a triple-jWICtion solar cell structure. In Figure 9 and Figure 1 O we 
show the J-V characteristics of two triple-junction cells with identical structures except 
that the bottom cell i layers have different Ge content, band-gap profiling and thickness. 
Sample I, having a bottom cell i layer containing more Ge and with a steeper profile, 
shows a higher fill-factor due to higher current density from the bottom component cell 
under AMl.5 illumination. Sample 2, having a bottom cell i layer containing less Ge, with 
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less profile and being thicker, shows higher Voe. The efficiencies of these two cells are the 
same, indicating that there is a trade-off between Jsc and Voe. In Figure 11 and Figure 12, 
we show the quantum efficiency curves of Sample l and Sample 2. Although the bottom
cell of Sample I contributes relatively less Voe compared to that of Sample 2, it absorbs 
more light in the red and also, it bas better fill-factor, hence it increases the overall fill
factor of the triple-cell. 

Using the optimized a-Si-Ge bottom cell in our a-Si alloy roll-to-roll deposition machine, 
we achieved triple-junction solar-cell with 38% quantum efficiency, at wavelength of 
800nm. Figure 13 is a quantum efficiency curve of a triple-junction cell using such 
optimized a-SiGe bottom cell. The fringes in the quantum efficiency curve are due to 
interference effect. We see from the figure that Q(800nm) = 0.38 (after smoothing out the 
interference fringes.) 

We have demonstrated the production of high quality a-Si-Ge solar cells on 2500 ft. 
production rolls in a highly uniform and consistent manner in our continuous roll-to-roll 
amorphous silicon alloy deposition machine. 
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Figure 8: Quantum efficiency curve for a-Si-Ge single-cell deposited on Ag-ZnO back-reflector. 
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Figure 9: J.v Curve of a triple-junction solar cell (sample 1) utilizing a-Si-Ge bottom-cell with relatively high Ge content. 
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Figure 10: J-V Curve of a triple-junction solar cell (sample 2) utilizing a-Si-Ge bottom-cell with relatively low Ge content. 
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Figure 11: Quantum efficiency curve of triple-junction solar cell sample 1. 
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Figure 12: Quantum efficiency curve of triple-junction solar cell sample 2. 
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Figure 13: Quantum efficiency curve for a triple-junction solar cell showing 38% quantum efficiency at 800nm. 
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Task 3: Optimization of the Stable Efficiency of 
Photovoltaic Modules 

General Manufacturing Process 

The continuous roll-to-roll a-Si alloy solar cell production line consisting of a continuous 
roll-to-roll substrate washing machine, a continuous roll-to-roll back-reflector machine, a 
continuous roll"'1:o-roll amorphous silicon alloy deposition machine, and a continuous roll
to-roll transparent conductive oxide deposition machine was used to optimize machine 
hardware design and process conditions for achieving the production of high-efficiency, 
stable a-Si alloy solar cells having Si/Si/Si-Ge triple cell structure. The production line 
was operated at 1ft. per minute. Rolls of 5 mil thick, 14 in. wide, 2500 ft. long stainless 
steel were used as the substrate. Pictures of the production plant and four roll-to-roll 
machines are shown in Figure 14 through Figure 18. 

A processed solar cell roll was cut by a slab cutter typically into 48 in. long, 14 in. wide 
"slabs". Also, a certain number of 4 in. x 14 in. QA/QC coupons were cut from the rolls 
for QA/QC testing of the sections of the roll. 

1ft. x 4ft. photovoltaic modules encapsulated with EV A/f efzel polymers were assembled 
by processing the slabs in the following steps: 

1. TCO Scribing 
2. Short passivation 
3. Screen print grid pattern 
4. Final assembly 

• cell cutting 
• cell interconnect 
• laminating 
• module finishing 
• testing 

The schematic drawing of a 1ft. x 4ft. module is shown in Figure 19. 

Optimization of Solar Cell Perfonnance 

During this program. 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 production of high-efficiency stable modules in a 
high yield. The improvements that resulted in Task 1 & Task 2 were incorporated to 
improve the perfonnance of solar cell. 

We have systematically investigated the dependence of sub-cell efficiency on the thickness 
of each layer and current matching. The short circuit current densities of the component 
cells were, for example, 6.6/6.Sn .2 mA/~ for the top, middle and the bottom component 
cell as we see from the Quantum efficiency curve in Figure 11. We explored the effect of 
different current mismatching conditions on the efficiency by adjusting the thickness of il, 
i2 and i3 layers. 
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When the i3 was thinner, Jsc decreased. However, the fill-factor increased at the same time 
because the current limiting thin top cell bad a higher fill-factor and also mismatched cells 
have a higher fill-factor. In addition, the top-cell limited devices bad a better stability 
because the thinner top-cell was more stable. Therefore, we designed the device to be top
cell limited. The il layer was designed to have the highest current since it is the component 
cell with a relatively low fill-factor. Since EV Alf efzel encapsulation absorbs some light, 
we produced the top i Jayer (i3) slightly thicker to compensate the current loss due to EV A 
absorption and still maintain the proper current matching. 

Besides optimizing all three i layers, we also studied and adjusted the deposition conditions 
of all n+ and p+ layers to achieve the following: 

• to have enough doping and thickness to maintain high Voe; 
• to maintain minimal thickness to reduce the absorption. This is especially 

important for the p3 layer. 
• to make good tunnel junction between pl and n2 and between p2 and n3 

layers; 
• to reduce series resistance. 

Each of the nine layers was optimiz.ed under the production condition of I ft/min. 

We have achieved sub-cell active area efficiency of l 0.23% for 7 .35 · cm2 area triple
junction solar cell, as shown in Figure 20. This test cell is processed in our commercial 
QA/QC process, utilizing screen printing for the TCO scnbing and for gridding. Silver 
paste is used for the grids. 

Production uniformity and consist.ency were evaluated by measuring cell characteristics of 
QA/AC coupons, shown in Figure 21, taken from the entire length of2500 ft. production 
runs. 

Table I is a summarized computer printout of the J-V of such a coupon. It shows good 
uniformity. The J-V curve in Figure 20 is a slow quasi static J-V measurement for cell #4 
of this coupon. The fill-factor in Table l is slightly overestimated due to the mst J-V 
measurement in a production process. We use FF>=0.55 as the criterion to detennine sub
cell yield. Listed at the bottom of Table l, are the yield and the averages of Voe, Jsc, Pmax 
(efficiency) and fill-factor for such a coupon. 

Table 2 is a summary of coupon averages throughout the entire roll of about 700m. Each 
line in this table is the average data for a coupon. The averages we obtained for Table l 
from coupon 254 are listed under slab 254 ofTable 2, indicating the cell perfonnance 
around this slab. Slab 17 is the first one with a-Si solar cell deposited on it in this roll. 
Table 2 demonstrated high uniformity and consistency of our continuous roll-to-roll 
process. 
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Optimization of Module Performance 

Sub-cell efficiency improvements described in the previous section directly contributed to 
the improvements of module efficiency. In addition, we improved the module efficiency by 
reducing the loss in module fabrication and assembly process. The loss in module 
efficiency is due to the following three factors: 

• coverage losses due to TCO etching line, grid line and bus bars; 
• electrical losses due to the resistivity of the TCO, grid lines and bus bars. 
• current loss due to encapsulation 

We used computer modeling to calculate the losses from different aspects. We then 
redesigned the artwork for the etching line, grid line and bus bars. The newly designed 
artwork reduces the loss in module assembly from the previous 17% to the current 13%. 
We replaced the conductive tape bus bar with thin wire and reduced both the coverage and 
the electrical loss from bus bar at the same time. 

During this program period, we have achieved 8.5% initial aperture area efficiency in I 
ft.x 4 ft. modules. Figure 22 is an 1-V curve of such a module measured at BCD with a 
Spire Solar Simulator under standard condition. The initial module power output was 
measured to be 33.7 W with 8.5% initial efficiency. The 1-V curve of the same module was 
measured at NREL and shown in Figure 23. The NREL measurement showed 34.2 W 
power output with 8.56% initial efficiency. These data measured at ECD and NREL 
showed an excellent agreement. 

Stability Testing 

One of the major goals of this program is to improve the stable module efficiency. 
Therefore, when we optimize the cell design and deposition conditions, we use the stable 
efficiency as the final criteria. For this purpose we tested the long term stability of sub
cells and PV modules under one sun condition. In the following we describe the light 
soaking test results of sub-cells and modules. 

We exposed QA/QC coupons under snnuJated one sun light at approximately 500C under 
no load to test the stability. In Table 3 we list the average performance of sub-cells on a 
coupon. This table shows that the efficiency was stabilized after 500 hours of exposure. 
The total loss in efficiency after 1200 hours of exposure at 500C was 20%. We are now 
further optimizing our deposition process to reduce the loss due to light soaking. 

A solar cell module (Module O 11) has been light-soaked under simulated one sun at 500C 
under no load. In Table 4 we list the module perfonnance at different light soaking time 
intervals. The final efficiency of this module after 500 hours of light soaking was 7.0%. 
The loss in the module efficiency due the light soaking was 19°/o. 
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Figure 15: Continuous Roll-to-Roll Substrate Washing Machine 
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Figure 17: Continuous Roll-to-Roll Arrorphous Silicon Alloy Deposition Machine 
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Figure 19: A schematic drawing of 1ft x 4ft. module. 
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Figure 20: J~V Curve of a 7 .36cm2 triple=Junction sub~etl. 

OTT 92-2541 #4 Triple NIP 2 Sep 92 

Jsc = 6.443 Jrnp = 5.441 
1.5 Voe :::: 2.384 Vrnp :::: 1.88 

FF :::: .666 
A :::: 7 .35 cmt Prnx ::::: 10.231 rnW/cm2 

0 
Rs = 42 . 4 R cm2 

Rsh = 6.8E3 R cm2 

....... -1.5 
(t>l 
E 
(j 

' <t: 
E -3.0 '-' 

""':) 

-4.5 

-6.8 

-7 .5 4-------J-----4------t------i--------t 
. -.75 8 .75 1.50 2.25 3.80 

V (volts) 

35 



Figure 21: A schematic drawing of a QA/QC coupon with 28 sub-cells. 
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Figura .22: IN Curve of a 1ft. x 4ft. module measured at ECO. 
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figure 23: Pl curve of a 1ft. x 4ft. module measured at NREL. 

4.00 

3.00 

2.00 

1.00 

0 5.00 10.00 15.00 

File Name 
Voltage (V} 

: C:\IV\data\IV3478.xy 

Manufacturer: ECD 
Sample Type a-Si/a-Si/a-Si:Ge tandem module 
Sample i 012 

Test Date October 15 1 1992 
Test Time l:ls PM 
Spect4um : ASTM E892 Global 
SERI SPIRE 240A solar simulator 

20.00 

Estimated total uncertainty in efficiency is ±lo% 

Tot.al irradiance 
Temperature 
Aperature Area 

Voe 
Isc 
Pmax 
vat Pmax 
I at Pmax 
Fill Factor 
Effici.ancy 

.,. 1000 w;m2 

= 2s •c 
= 3997 c::n2 

= 21.79 V 
... 2.610 A 
= 34.21 W 
= HLB4 V 
= 2.0:n A 
= 60.2 % 
= S.56 % 

25. 



pmax =10.05 vmp = 1. •35 Jmp ::: 5. 15 .jsc - 6.01 voe ::;:: 2.38 FF - 0.704 
pmax =10.17 vmp = 1.82 .jmp = 5.60 .jsc = 5. 9'3 vc,c = 2.37 FF = 0.717 
pmax =10.38 vmp = 1.85 jmp = 5.60 .js,: - 6.3S \/C~c - 2.37 FF = o. 68'3 
pmax =10.E,E, vmp = 1.77 .jmp = 6.02 .jsc = Ei. 52 VCtC :::: 2.38 FF = 0.688 
pma,;. =10. 3'3 vmp = 1.88 jmp = 5.53 .jsc :::: 6.25 y,:,,: - 2jf35 FF = 0.705 
pmax =10. 1 ·:.1 vmp = 1. '38 .jmp = 5. 16 jsc = 6.25 vcu: - 2.37 FF = 0.689 
pma:-,,; =10. 14 vmp = 1. '30 jmp = 5.34 .js,: = 6.46 ·,/•:,c = 2.38 FF :::: 0.660 
pma~,; = 9.85 vmp = 1. 78 jmp :::: 5.54 jsc :::: E,. 13 VC:t: ·- .-t "j-• 

.t:... # -...1 I FF = 0.679 
pmax =10. 14 vmp = 1. '38 .Jmp :::: 5. 14 Js,:: = 6.08 voe = 2.37 FF - 0.704 
pmax =10.46 vmp = 1.85 .jmp = 5.65 js,: = 6.29 vc«: :::: 2.38 FF - 0.700 
pmax =10.48 vmp = 1 • 8':, .Jmp = 5.54 .jsc - 6.28 vc«:: = 2.38 FF - 0.701 
pma:-,,; =10.10 vmp = 1.81 .jmp = 5.58 js,:: = 6.24 VC•C - 2.35 FF :::: 0.690 
pmax =10.10 vmp = L88 .Jmp = 5.38 jsc :::: E,. 11 \/Cit: = 2.37 FF - o. 6'37 
pma:,; =10.07 vmp = 1. 89 jmp = 5 .. 32 Jsc - 6. 11 voe = 2.37 FF = 0.696 
pmax =10.09 vmp = 1 • ':16 .jmp == 5. 14 jsc :::: 5 .. t32 v,:: .. : :::: 2.;38 FF = 0.716 
pmay; =10.4'3 vmp = 1.88 Jmp = 5.5t;J jsc :::: 6.43 voe = 2,.37 FF = 0.689 
pmax =10.00 vmp = 1. •32 .Jmp = 5.21 Jsc :::: 6.09 v,::ic = 2.37 FF :::: 0. E,'34 
pmax =10.86 vmp = 1. '36 Jmp :::: 5.53 .jsc = E.. 4'3 v,::,,: :::: 2.38 FF ::;:; 0.704 
pma.x =10.13 vmp = 1. 81 Jmp = 5.60 .js,:: = 6. 2'3 \/CiC - .2.36 FF = 0.683 
pm.a:-,,; = 7.82 vmp = 1.65 jmp = 4.74 Jsc = 6.36 v,-;;,:: = 2.23 FF = 0.552 
pma.x = '3.86 vmp = 1.85 jmp = 5.32 jsc = 6. 13 v,::,,: = 2.37 FF = 0.680 
pmax =10.04 vmp = 1.88 jmp = =- -,~-~ 

-''"' ~..:.. .js,:: = 6. 18 VC•C = 2~37 FF = 0.686 
pma.x. =10.02 vmp = 1.88 Jmp = C" ~..-t js,: - 6. 18 vcu: - 2.37 FF - 0.685 ...J. ~"' 

pmax =10.04 vmp ::::: 1. 88 jmp ::::: 5.35 jsc = 6.24 v,:,,: - 2.37 FF = 0. 6 7':; 
pmax =10.52 vmp = 1. 90 jmp - 5.54 .Jsc -- E,. 46 voe - 2.38 FF = (l. 684 
pmax =10.36 vmp ::: 1.83 .jmp = 5.67 jsc ::::: E,.4-2 v,::,,:; = 2.37 FF -· 0.682 
pmax =10.35 vmp = 1. '33 .jmp :::: 5.37 js,:: ::::: 6.24 v,::,c = 2.36 FF = 0.703 
pma.>-: = 9.81 vmp ::: 1.80 .jmp = 5.46 .jsc -- 5.88 y,::u:: = 2.38 FT = 0.701 

Cell # 18 Voe 2.38 Jsc E,.48 FF .704 
10.85 Eff co 10.85 

CELLS WITH FF > ().55 
100 % Vc,c (avg) 2.36 Is,:: (avg) 6.22 

10.12 FF(avg) .E.87 

COUPON # 2541 Date 08-31-1992 Time 09:58:18 
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Table 2: Average ceH performance data of coupons throughout an entire run. 

SLAB I voe Jsc FF Eff YIELD 
(V} {IUA/cmA2} (\) (\} 

17 2.29 6.06 0.64 S.89 100 
21 2.3 6.17 0.65 9.:n 100 
25 2.3 6.1 0.66 9.36 93 
29 2.29 6.07 0.66 9.15 100 
33 2. :n 6.07 0.67 9.38 96 
37 2.28 6.07 0,63 8.76 93 
41 2.26 5.9 0.56 1.·ss 11 
45 2. 33 6.1 0.65 s.:n 96 
49 2.29 5.97 0.65 8.86 96 
50 2.:n 5.92 0.66 9.09 96 
53 2.29 6.04 0.65 8.99 100 
57 2.33 6.ll 0.66 9.46 96 
61 2.29 5.89 0.63 8.58 61 
65 2.31 6.02 0.66 9.14 82 
69 2.3 5.93 0.64 8.74 96 
73 2.28 6.06 0.66 s .1:r S2 
77 2.29 5.S2 0.62 8.29 54 
81 2.29 6.18 0.67 9.54 93 
85 2.:n 6.05 0.66 · 9.3 96 
89 2.32 6.04 0.67 9.41 93 
90 2,3 6.17 0.67 9.51 as 
94 2.31 5.93 0.67 9.22 96 
98 2.3 6.17 0.6S 9.61 100 

100 2.32 5.97 0.66 9.15 100 
102 2.32 5.97 0.66 9.16 93 
106 2.29 6.19 0.66 9.31 100 
110 2. :31 6.01 0.66 9.15 93 
114 2.29 6.19 0.68 9.72 100 
:us 2.32 6.08 0.67 9.54 89 
122 2.33 6.24 0.69 l.0.05 96 
126 2.32 6.13 0.68 9.73 89 
130 2.29 6.15 0.68 9.53 96 
134 2.34 6.08 0.68 9.74 96 
138 2.3 6.22 0.69 9.84 96 
142 2.33 6.11 0.67 9.62 96 
146 2.31 6.27 0.68 9.91 100 
150 2.32 6.03 0.67 9.36 100 
154 2.29 6.16 0.67 9.42 S6 
158 2.33 6.17 0.69 9.95 96 
162 2.3 6.12 0.68 9.65 82 
166 2.33 6.09 0.6S 9.7 100 
170 2.31 6.24 0.67 9.7 82 
174 2.35 6.17 0.68 9.9 100 
178 2.3 6.14 0.67 9.44 100 
182 2.33 6.13 0.69 9.Sl 96 
186 2.:n 6.27 0.68 9.93 100 
190 2.34 6.2 0.68 9.85 96 
194 2.3 6.26 0.69 9.94 96 
198 2.36 6.24 0.68 10.07 100 
200 2.34 6.23 0.68 9.88 100 
202 2.31 6.18 0.6S 9.77 1.00 
206 2.36 6.27 0.67 10 96 
210 2.33 6.07 o.67 9.54 100 
214 2.33 6.21 0.68 9.92 100 
2.lS 2.3 6.29 0.68 9.87 9:3 
222 2.33 6.3 0.68 1.0.02 89 
226 · 2.32 6.24 0.67 9.76 93 
230 2.33 6.2 0.68 9.81 89 
234 2.32 6.28 0.69 10.05 100 
237 2.34 6.22 0.69 10.06 96 
242 2.35 6.26 0.69 10.16 96 
246 2.37 6.19 o.69 10.08 96 
250 2.:n 6.26 0.69 1.0.04 100 
254 2.36 6.22 o.69 10.12 l.00 
258 2.:n 6.28 0.68 10 96 
262 2.36 6.26 0.68 10.l. 100 
266 2.33 6.32 0.69 10.17 96 
270 2.36 6.32 0.69 10.27 100 
274 2.31 6.26 0.69 ·10.os 100 
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Table 2: Average cell performance data of coupons throughout an entire n.rn. 
(continued) 

SLAB I voe Jsc FF Eff YIEW 
M. {mW c:m""2) {%} (\) 

278 2.35 6.34 0.69 10.35 100 
282 2.32 6.33 0.69 10.1s 100 
286 2.37 6.26 0.69 10.18 96 
290 2.22 6.26 0.70 10.09 l.00 
294 2.35 6.26 0.69 l0.17 96 
298 2.32 6.61 0.67 10.29 93 
300 2.34 6.14 o.69 9.96 100 
302 2.36 6.24 0.69 10.24 96 

306 2.32 6.68 0.67 10.36 100 
310 2.36 6.26 0.69 10.26 100 
314 2.32 6.92 0.65 10.45 93 
318 2.36 6.27 0.69 10.:u 100 
322 2.32 6.18 0.69 9.95 100 
326 2.36 6.17 0.10 10.16 96 
330 · 2.33 6.17 0.70 10.06 93 
334 2.35 6.18 0.70 10.11 100 
338 2.32 6.19 0.69 9.93 96 
342 2.37 6.16 0.67 9.87 82 
346 2.32 6.11 0.69 9.75 100 
350 2.34 6.11 0.69 9.93 93 
354 2.:n 6.13 0.69 9.83 96 
358 2.37 6.19 0.69 10.14 96 
362 2.33 6.13 0.69 9.91 96 
366 2.37 6.08 0.68 9.79 96 
379 2.37 6.16 0.69 10.02 96 
380 2.36 4.45 0.69 7.21 100 
381 2.:37 6.15 0.69 10.08 96 
382 .2.37 6.1 0.69 10.04 93 
383 2.37 6.11 0.68 9.94 100 
384 2.37 5.99 0.68 9.59 93 
385 2.38 6.06 C.69 9.91 93 
386 2.36 6.1 0.68 9.85 100 
3B7 2.37 6.21 0.67 9.91 100 
3S8 2.37 5.99 0.68 9.74 100 
389 2.37 6.15 0.68 9.96 96 
390 2.36 6.06 0.69 9.91 96 
407 2.35 6.26 0.69 10.21 100 
408 2.35 6.21 0.69 .10.05 100 
409 2.35 6.2 0.68 9.88 100 
413 2.36 5.88 0.70 9.66 100 
414 2.37 5.92 0.70 9.88 100 
415 2.35 6.02 0.70 9.87 100 
419 2.32 6.26 0.68 9.86 100 
421 2.33 6.18 0.68 9.72 100 

STD DEV 0.027 0.21.s 0.019 0.517 10.529 
AVG 2.329 6.145 0.676 9.707 94.971 
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Table 3: Light soaking test data of triple-junction sub-cells of 7.35cm2 size. 

_ _ _ ____ t S0a~i~9_l voe JSC FF Efficiency _ Drop in __ _ 
Time(Hours) (V) (mA/cm2) (%) 1 Efficiency(%) 

I I 
-·······-··············-·---·-·-------··--·--···----·· ---···-············-····------··--i"'""" ·······---·····-----·····-----··t··----···---····--·-l-------i----------------

0 (INITIAL) 2.323 1 6.33 -0.66 ! 9.72 
····-----··--·--·--···········---·····--·······--·-· .. ·--------=--!-------+ i-··--·---·······-·-·-····-·--··--·--··· .................. , .. , .................................................. , ..... . 
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Table 4: Light soaking test data of a triple-junction module. 

I 
··-···-····--·-·······-·-·-·-··--···•"'"···· ................... J_ _______ ......................... ___ ..................................... , ........... -,--------·-.. ·--· 

0 (INITIAL) 11.93 ! 2.59 0.61 18. 75 8.6 
·-·········-·····--·--· .. ·-···········""'""--+··-····· .. ----t··-···--····--····--·----.--.. - -----··-············"·-- ·----··-··•·"·•·• .. ········-·"- _____ ,. ____ .................................. , ............ . 

25 1 11.55 i 2.5 0.56 16.18 7.4 14 
-·10 . 11.52 ) 2.46 0.56 J 15.75 7.2 .. .. 16 . 

........ . .. """'?50 __ 11_.54~--2.46 ...... ___ 0.55 -~-- 15.76 ...... , ___ 7. ______ , .. ··-·-··--- 16 ___ ··· ...... .. 
500 1.45 , 2.45 0.54 15.25 7 19 
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Task 4: Incorporating Microwave Plasma CVD 
Manufacturing Technology 

m this sectioo of the report, we discuss the progress made in the large-area high-rate 
deposition of mttmsw hydr~ amorphous silicon, using a «microwave linear 
applicator". Om work bas coocenttated in W/0 principal areas: { 1) acmeving wmorm 
depositions over a large area; (2) materials characterizatioo. 

Deposition uniformity by any technique is ~ by two factors, the amronnity of the 
applied energy, and the w3.ifonmty of the 11applied" reactoot gas mi'ffllre. Applying the 
energy Wlifunnly radio fre(llleX!CY (rl) plasma~ chemical ,,aper deposmoo (rf
PECVD) systems is usually not a~ problem:~ at those rf frequencies 
(typically 13.56 MHz), the w-avebtgili (22m) fur exceeds the dimensrons of even ·large 
(-im} cathodes used ~ applications. Therefore, it is the reactant gas :flow 
pattern which actualfy gov·ems the deposmoo. :imiformity. Smee w-e are presently using a 
gas mamfold that is similar w ~ in oor rf-systems, we do not expect the ooifurmity w 
be affected by the gas flow. microVY-ave PECVD (mw-PECVD) oo the other hand, the 
·wavelength can be smaller than the sabstrate dimeasions. For~ at 2.45 GHz, the 
v.-avelengfu is ooey' 12.25cm (-5 mches). For sllbstrates oo the order of 15 inches, this am 
presem serious difficulties. 

The soomon to the uniformity problem: is to "broadcast" the microvvave energy evenly over 
the desired area m this vvay, mvr-PECVD more resembles photo assisted CVD where 
deposition wmormity depends on the :imiformity of the photoo beam. 'fhe result of more 
effectivdy oonfinmg microvvave radiation by use of reflecting smfaces is sho•wn 
in oomparison of Figure 24 (a) and (b). fu that figure, we~ the thiclmess variation of 
the central region of the deposition pattern fur nw films. The data shows three things: (l) 
the thickness mmornlity (+/- 10%} increased from about 5 m.ches in (a) to about 8 inches 
m (b); (2) a shift of the thickness mmrimwn roward center of the Applicator; and (3) 
an increase in the deposition rate from about· 2nm/s to aboot 5nm/s (while using less 
microwave power). 

Continued vvorlc 00 the Applicator design has S~D that m subsequent ru!lS, the peak 
position of the deposition is OO¥V b::ated at about the 7 position, i.e., 'Within about a l/2 
m. of the center of the Applicator, see Figure 24. 'This improv~ was a result of 

J~;..,,,.+;,,.,,.. fl " _,a;.....; D-~..;- 1,,,,,.i,-i..,...., ~ ..:I:. • l. ""-· +1..-
C::~ stray i~UOO. ~ll ~ oot.1.n.;m -e cormectioo Ut.L\,V~ WC 

Applicator and the microwave feed-through bad oom:ributed to the radmtioo emitted from 
the Applicator iuelf. Thus the plasma at one end of the Applicator was more intense than 
m: the other, the deposmoo patterns s~u m Figure 24. 

We have characterized deposited oo 7059 by miraroo. (ir) and Raman 
spectroscopies, by tbcir deci:rical response mcmdmg their dark and photo conductivities 
and also activation eoorgies, as wen as by their density of defect states measm-ed by 

phorothermru ~pie (PUS) teCJJim~1e. 

Figure 25 shows their~ of a sample. We show Figure 25 (a) the SiH st:retcl:m1g 
absorption band, and m 25 v.e bands. film is abollt 1.8 



um thick for a depos:mon: rare of about 3 nm/s and ivas deposited on a crystalline substrate. 
The figure ~"S toot in addition to the monohydride (Sili} groups, the film. oontains some 
dihydride (SiHJ bonding groups as shown by me spectral featw'es at 2090 cm-1 am 890 
arr1• m the stretcmng and bending regions, resped.ively, of the spectra. The total bonded 
hydrogen coocemratioo VvaS derenniood by mtegra.ting over the SiH beoomg band cemered 
neaI° 640 cm.·1 according to: 

(HJ = L6 x !019 J (a/w)dco, 
and the absorption roe.fficient by the expression 

a= Al (t iog10e), 
where A is the absorbency, and t the film thickness. We find toot {HJ is 9.2 atom%. 

The Raman spearam was taken and we fad toot the peak position of the dommant TO 
band is a.boot 483 Cffl"l \\<D a full 'Width of 67 cm:-1. These"~ i.e., a rclativdy natro'\,V 

peak 1le'm' 480cffl·l, mmcme a well-rclaxed mucnrre. 

Mea:suring the temperature d~ of the eled:rical oooonctivity, we find that Ea= 
0.80 eV and <10 = 3550 (8cm)·1. The dark and phxo ~ify*s ~ under 
approximately 300mW /cmZ) are trd =4 .2 x rn-9 and ar = L2 x H)4 (Ocm.)-1, 
respectivcly. Tims the sample has a high abromte photo oo:oductivity as well as a high 
ratio ( a-Ju) of aboot 4.5 orders of :magnitude. 

The PDS resmt for the sample is ~n in Figme 26. We~ ttm the defect~ 
is I.2 x. 101<1 cnr> fur a a-Si:H film.~ at 3 nm/s. 

We have begun to evaluate these mttmsic films m p--i-n solar cell devices. The p and n 
layers were deposited a load looked rf depositioo system. m addition, thm intrinsic 
buffer layers were deposited m the rf system" rf-(i), before and after the intrinsic layer that 
v.~ depostted by the microwave~~ mw-(i). 
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figure 24: 
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Figure 25: 
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TASK 5: MATERIAL COST REDUCTION 

Ooo of the highest cost~ in the bills of~ for ECD's tripie-jmlction multiple 
mmd..gap a~Si alloy solar eel~ of Si!Si/Si..Ge structure is germane and disil.me. 
fu this program period, effons were made to determine long term price projections for 
these gases. We have identified Mitsui Tootsu and Voltaic as the worki ~ 
marmfacrurers for disil.me and germane gases, respectively. Genna:ne and msilane gases 
used in this program were supplied by these oompames. The prices were ~Y 
~u than the current world prices due to~ large volume purchase. We also 
worked vvith oor Russian jemt ~ pa:rtner, Sovia."{, to achieve cost reductioos for tkese 
gases. Vle have obtamed disilime and germae gases produced in ~a The results of 
pmity analyses of these gases indicated~~ had ~le parity~ ·whereas 
disibne had ~le hjgh levels of~. The material cost mcrors fmthese 
gases have been si~ redaced due to thickness reductioo of the Si-Oe narrow 
band-gap solar cclk as the result of optimization of solar cell strucmre and ~ 
~oos. A concept for a new module design to reduce material costs have been 
developed. 
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