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SECTION I 

INTRODUCTION AND PROJECT OVERVIEW 

A. INTRODUCTION 

This report describes the activities of the Low-Cost Silicon Solar 
Array Project during the period October through December, 1977. The LSSA 
Project is assigned responsibility for advancing silicon solar array 
technology while encouraging industry to reduce the price of arrays to a 
level at which photovoltaic electric power systems will be competitive 
with more conventional power sources early in the next decade. Set forth 
here are the goals and plans with which the Project intends to accomplish 
this and the progress that was made during the quartqr. 

The Project objective is to develop the national capability to 
produce low-cost, long-life photovoltaic arrays at a rate greater than 500 
megawatts per year and a price of less than $500" per kilowatt peak by 
1986. The array performance goals include an efficiency greater than 10% 
and an operating lifetime in excess of 20 years. 

E. PROJECT OVERVIEW 

At the December Project Integration Meeting, the Solar Array Manu- 
facturing Industry Costing Standards (SAMICS) were disseminated and a 
"strawman" poly-to-module manufacturing process sequence based on SAMICS 
was presented. Development of the SAMIS I1 computer program continued 
during the quarter and a contract was let to update and extend the SAMICS 
data base for eventual incorporation into the SAMIS model. 

Five array design concepts were selected for detailed cost analysis 
and augmented SOMET tapes for eleven selected cities were acquired to 
verify the total horizontal insolation by the Liu and Jordan analytical 
characterization of solar insolation. 

In the task for developing processes for semiconductor grade 
silicon production, one contractor continued studies of the use of a 
SiF4/(SiF2), transport process; the data showed a polymer conversion 
efficiency greater than 59% and an overall efficiency of 78.5%. Another 
contractor, working on production of silicon by Zn reduction of SiC14, 
prepared a detailed material and energy flow sheet f0r.a 50,MT/yr 
Experimental Process System Development Unit. A third contractor found 
that higher operating pressures substantially increased conversion to 
SiHC13 in the hydrogenation of SiC14. The results greatly improve the 
practicality of the overall process for the production of SiH4. 

*In 1975 dollars 



The feasibility of using continuous high temperature diffusion 
flames of alkali metals and silicon halides was tested using thermo- 
chemical calculations which indicated that reactions between either 
Na or K and any of the silicon halides are strongly exoergic and that 
Si is the only condensed phase in any of the equilibrium product dis- 
tributions. In another program, using a non-equilibrium plasma jet 
for the reduction of silicon chlorides, amorphous, polycrystalline, 
and some preferred growth silicon deposits were obtained. 

A new contract is for testing the feasibility of using bromo- 
silanes in a high-volume, high-velocity, continuous reduction process. 

In the development of the process using a submerged arc furnace 
and unidirectional solidification, B and P are the impurities of primary 
concern, the main source being the C-redundant. 

The feasibility of using a two-step process in which Na is used to 
reduce SiF4 obtained from H2SiF6, a byproduct of the fertilizer industry, 
to silicon, and the Si further purified, is being determined. 

Investigation continued of the effects of various process, impuri- 
ties, and process-impurity interactions on the performance of solar cells. 

Work also continued on the transmission line equivalent circuit 
model of a solar cell. A graphic display program was coded to display a 
cell parameter, such as lifetime, as a function of position in the cell at 
a terminal. This display capability was expected to significantly aid in 
the basic understanding of the parameters which control the efficiency of 
a cell under operating conditions. 

A new program was designed to develop a mathematical model, and a 
computer code created based on the model, which will allow the prediction 
of the product distribution in chemical reactors in which gaseous Si 
compounds are converted to condensed-phase Si. 

Economic analysis continued with the major activities focused on the 
preliminary process design of the silane process. 

Working on edge-defined, film-fed growth, a contractor reported that 
further analysis of the EFG ribbon growth scenario using SAMICS interim 
price estimation guidelines showed that a double five-ribbon furnace of 
the type used for this study can produce sheet material at <$20/m2. 
Working in the same technology area, another contractor installed a 100- 
mm wide ribbon growth furnace and grew a 94-mm wide ribbon; however, the 
ribbon shattered upon withdrawal from the furnace. 

In work with laser zone ribbon growth, modifications have increased 
laser output power, and ribbon can now be grown at 10 cm/min (for 2 cm- 
wide ribbon stock). This increase in growth velocity is accompanied by a 
new growth phenomenon in the form of dendritic growth. Dendritic web 
process studies were oriented toward developing growth configurations 
which produced web crystals having low residual stress levels. 



I n  the ingot  technology a r e a ,  f a b r i c a t i o n  began on a prototype l a r g e  
c a p a c i t y ' m u l t i p l e  blade s l u r r y  saw, and f i n a l  concept  and design were 
-nea r ly  completed on a  bladehead which w i l l  t en s ion  up t o  1000 blades and 
c u t  a  50 cm long s i l i c o n  ingo t  of up t o  12 cm i n  diameter .  An add-on t o  
another  c o n t r a c t  w i l l  examine hea t  flow and o t h e r  thermal  parameters t o  
i nc rease  t h e  growth r a t e  of  s h a p e d i n g o t s .  

S i g n i f i c a n t  improvement was repor ted  i n  s i n g l e  c r y s t a l  g r a i n  growth 
i n  experiments where a  smal l  s e c t i o n  o f  an EFG-grown s i l i c o n  r ibbon is  
used t o  seed a  sil icon-on-ceramic coa t ing .  A new c o n t r a c t  was negot ia ted  
f o r  a  program t o  develop and apply e p i t a x i a l  growth techniques  t o  t h e  
f a b r i c a t i o n  of  e f f i c i e n t  s o l a r  c e l l s  on low-cost forms o f  s i l i c o n  shee t .  

During t h e  q u a r t e r ,  m a t e r i a l s  surveys  cont inued t o  e s t a b l i s h  a  list 
o f  candida te  low-cost,  l ong - l i f e  m a t e r i a l s  and m a t e r i a l s  des ign  concepts  
f o r  encapsula t ion .  Reports  i d e n t i f i e d  .common c o n s t r u c t i o n  elements and 
s u i t a b l e  and u n s u i t a b l e  m a t e r i a l s .  S t u d i e s  a l s o  cont inued on developing 
a  methodology f o r  making conf ident  p r e d i c t i o n s  o f  encapsulan t  performance 
a t  any exposure s i te  i n  t he  United S t a t e s  with r e c e n t  emphasis on the  
power ou tput  o f  s o l a r  c e l l s  under acce l e r a t ed  t e s t  cond i t i ons  and i n  
outdoor exposures.  Modi f ica t ions  t o  an e l e c t r o s t a t i c  bonder cont inued and 
fou r  Type I1 e l e c t r o s t a t i c a l l y  bonded, e l e c t r i c a l l y  f u n c t i o n a l  modules 
were de l ive red  t o  JPL f o r  t e s t i n g .  

I n  another  program, e f f o r t s  t o  ion-p la te  mois ture  and co r ros ion  
b a r r i e r  c o a t i n g s  of  va r ious  ceramic ox ides  were r epo r t ed  t o  be on ly  par- 
t i a l l y  s u c c e s s f u l ,  a l though t h e  cause o f  t h e  problem has now been i d e n t i -  
f i e d .  Other i n v e s t i g a t i o n s  during the  q u a r t e r  cen te red  on RTV s i l i c o n e  
rubbe r /g l a s s  bond s t r e n g t h  and demonstrated t h a t  t h e  e f f e c t  o f  mois ture  on 
adhesion can be p red i c t ed  q u a n t i t a t i v e l y .  The same c o n t r a c t o r  has  begun 
a  f e a s i b i l i t y  s tudy  on t h e  use o f  e l l i p some t ry  and u l t r a s o n i c s  a s  p o s s i b l e  
techniques f o r  non-destruct ive eva lua t ion  o f  adhesion i n  photovol ta ic  
modules. Experiments were a l s o  completed on t h e  e f f e c t  o f  u l t r a v i o l e t  
exposure with t h e  r e s u l t s  expected t o  provide in format ion  on t h e  p o t e n t i a l  
f o r  u l t r a v i o l e t  s t a b i l i z a t i o n  v i a  copolymerizat ion.  

I n  t he  Product ion Process  and Equipment Area, t h e  major t h r u s t  of  
t h e  process  assessment phase has  been completed and fou r  a r e a s  o f  emphasis 
f o r  the development phase suggested.  Nine one-year c o n t r a c t s  were awarded 
f o r  Phase I1 Process  Development. The advanced module development e f f o r t  
is concen t r a t i ng  on eva lua t ing  var ious  des ign ,  manufactur ing,  and c o s t  
parameters .  

The Engineer ing Area continued a n a l y s i s  and t e s t i n g  of s o l a r  a r r a y  
modules i n  conjunc t ion  with t h e  development o f  f u t u r e  module and a r r a y  
design c r i t e r i a  and t e s t  methods, and suppor t  o f  l a rge - sca l e  procurements 
i n  t h e  a r e a  o f  engineer ing  i n t e r f a c e s .  Two r e c e n t l y  s t a r t e d  module 
requirement c o n t r a c t s  proceeded on schedule .  One c o n t r a c t  is  emphasizing 
opt imiza t ion  wi th  r e s p e c t  t o  module s t r u c t u r a l  c o s t s  and t h e  o t h e r  is  
explor ing  the  advantages and disadvantages of  enc los ing  modules i n  a  s e l f -  
suppor t ing  t r a n s p a r e n t  enclosure.  

I n  o rde r  t o  provide t e s t  hardware t o  suppor t  t h e  development o f  
improved environmental q u a l i f i c a t i o n  t e s t  procedures ,  60 reduced-size 



ve r s ions  of  t h e  Block I1 modules were ob ta ined  from each manufacturer .  
Using t h e s e  mini-modules i n s t ead  of  f u l l  s i z e  modules f o r  d e s t r u c t i v e  
tests r e s u l t s  i n  a s u b s t a n t i a l  cos t  sav ings .  

Thermal performance t e s t i n g  o f  va r ious  module des igns  continued 
dur ing  the q u a r t e r ,  and one s e r i e s  of  t e s t s  was conducted t o  demonstrate 
t h e  magnitude o f  p o t e n t i a l  i nc reases  i n  module ou tpu t  power. T e s t s  
were conducted by coo l ing  the  modules with water .  S t u d i e s  were a l s o  
i n i t i a t e d  on causes  o f  delaminat ion i n  module des igns  wi th  t h e ' o b j e c t i v e  
of  c o r r e l a t i n g  chemical o r  phys ica l  p r o p e r t i e s  o f  t h e  i n t e r f a c e  between 
encapsulant  and s u b s t r a t e  with t h e  onse t  o f  delaminat ion.  An i n v e s t i g a t i o n  
of  module s o i l i n g  c h a r a c e r i s t i c s  was a l s o  begun, wi th  a po r t i on  of  t h e  
i n v e s t i g a t i o n  involv ing  a coopera t ive  e f f o r t  wi th  t h e  Los Angeles County 
A i r  Q u a l i t y  Management D i s t r i c t  i n  providing da t a  on t o t a l  suspended 
p a r t i c u l a t e s  a t  e i g h t  a i r  q u a l i t y  sampling s i t e s .  Another new study 
is i n v e s t i g a t i n g  t h e  a p p l i c a t i o n  of  a n t i - s t a  t i c  c o a t i n g s  and t r ea tmen t s  
f o r  module encapsu lan t s .  

I n  t he  Opera t ions  Area, Block I1 module d e l i v e r i e s  t o t a l e d  10.6 kW, 
and t h e  s e l e c t i o n  and a l l o c a t i o n  p a r t  o f  t h e  procurement process  f o r  Block 
I11 was completed. Environmental t e s t i n g  f o r  l a rge - sca l e  product ion (Task 
5) modules cen t e r ed  on q u a l i f i c a t i o n  t e s t s  on 23.one-kW sample modules 
r ep re sen t ing  t h r e e  s u p p l i e r s .  Resu l t s  were g e n e r a l l y  s a t i s f a c t o r y  f o r  a l l  
modules. Task 4 t e s t e d  t e n  modules from one manufacturer  and a l l  passed 
environmental tests s a t i s f a c t o r i l y  a l though a t o t a l  of  four  c e l l s  cracked.  
Commercial modules from two manufacturers were a l s o  t e s t e d ,  wi th  modules 
from one manufacturer  performing s i g n i f i c a n t l y  b e t t e r  than those  from the  
o t h e r .  Two hundred a d d i t i o n a l  c e l l s  were rece ived  from another  manufac- 
t u r e r ,  ha l f  o f  them of t h e  evaporated con tac t  type (aerospace)  and 
t h e  o t h e r  h a l f  t h e  improved p r in t ed  con tac t  t ype  (Process  B). Af t e r  
humidity t e s t s ,  t h e  aerospace cells showed very l i t t l e  change but t h e  
ou tpu t  by Process  B c e l l s  appeared t o  improve by a few percent .  

F i e ld  t e s t i n g  cen te red  on the  d a t a  system which i s  now capable  of 
ob t a in ing  I - V  d a t a  on any module i n  t h e  f i e l d .  Deployment o f  a l l  t h e  
Block I and I1 modules a t  JPL, Table Mountain, and Goldstone was 
completed. 

Grea te r  understanding was achieved dur ing  t h e  q u a r t e r  o f  t h e  s o l a r  
c e l l  photon i n s t a b i l i t y  problem, al though t h e  necessary  changes i n  t h e  
manufacturing p roces s  t o  e l imina t e  t he  problem were no t  c l e a r l y  
i d e n t i f i e d  . 



SECTION I1 . 

PROJECT ANALYSIS A N D  INTEGRATION AREA 

A.  ARRAY TECHNOLOGY COST ANALYSIS 

1. Uniform Cost ing Methodology 

SAMICS, t h e  So la r  Array Manufacturing Indus t ry  Costing S tandards ,  
were disseminated a t  t h e  December P r o j e c t  I n t e g r a t i o n  Meeting. Complete 
documentation of t h e  prepara t ion  of  i npu t  d a t a  and o f  t h e  a p p l i c a t i o n  of 
t h e  manual c a l c u l a t i o n  procedure i s  contained i n  t h e  fol lowing.  p r o j e c t  
documents, a l l  of which can be obtained from the  LSA Data Center ,  ma i l s top  
506-451 . 

JPL Document No. 5101-44, nSAMICS Input  Data Prepara t ion t1  

ERDA/JPL-954800-77/2.1, "Cost Account Catalogn by Theodore Barry 
and Assoc ia tes  

J P L  Document 5101-59, "SAMICS Usage Update Number 1 , "  publ ished 
February 1 ,  1978 

JPL Document 5101-15, "SAMICS Workbooku 

JPL Document 5101-33, I1Interim P r i c e  Es t imat ion  Guidel ines"  

JPL Forms 3037-S through 3041-S 

2. Manufacturing Sequence P r i c e  Est imat ion 

. A llstrawmanll poly-to-module manufacturing process  sequence t o  
produce $2/Wpk modules a t  20 megawatts o f  annual product ion was developed 
and analyzed by t h e  SAMICS procedure,  producing t h e  r e s u l t s  shown i n  
F igures  2-1 and 2-2. These d a t a  were presented a t  t he  December 1977 
P r o j e c t  I n t e g r a t i o n  Meeting. S e n s i t i v i t y  s t u d i e s  w i l l  be presen ted  i n  a  
forthcoming p r o j e c t  document. 

3; I ndus t ry  Simulat ion 

Development of  t h e  SAMIS I11 computer program cont inued.  Design, 
coding,  and compilat ion were e s s e n t i a l l y  complete. Tqs t ing  and debug- 
g ing  were under way. 

A c o n t r a c t  was l e t  t o  Theodore Barry and Assoc ia tes  t o  update and 
extend the  SAMICS d a t a  base and t h e  development o f  models o f  s a l e s  and 
market ing,  and of warehousing and d i s t r i b u t i o n  f o r  even tua l  incorpora-  
t i o n  i n t o  the  SAMIS model. 



PRICES ARE VALUE ADDED, I N  $1975/WPK 

PROCESS 

SILICON A T  21 $/kg 

Figure 2-1. $2/Watt Technology "Strawmanu Costs 

PRICE 

0.381 

DIRECT COSTS 

0.381 

CRYSTAL GROWTH 
GRINDING/CROPPING 
SLURRY SAWING 
WAFER TESTING 
MECHANICAL BRUSH CLEANING 
RINSING AND CLEANING 
SPIN ON BORON DOPANT 

0.770 
0.01 7 
0.179 
0.01 5 
.0.033 
0.005 
0.072 

i 

0.430 
0.010 
0.091 
0.007 
0.019 
0.003 
0.050 
0.007 
0.007 
0.004 . 

0.062 
0.002 
0.008 
0.003 
0.002 
0.061 
0.001 
0.056 
0.077 
0.055 
0.002 

-- 

1.338 

P 

PROFIT 

DIFFUSION WITH POCL3 
PLATING AREA MASK 
PATTERN ETCH 

I ELECTROLESS GOLD/NICKEL PLATE 
REMOVE MASK 
LASER SCRIBED WAFERS 
SOLDER DIPPED CELLS 
ELECTRICAL TEST 
INTERCONNECT 
ELECTRICAL TEST 
SOLDER BUSBARS 
GLASS MODULE ASSEMBLY 
GASKET AND FRAME 
TEST AND PACK 

TOTAL MODULE (ASSUMING 21 $ k g  Si) 

0.055 
0.001 
0.01 2 
0.001 
0.002 
0.000 
0.002 
0.001 
0.001 
0.001 
0.001 
0.000 
0.002 
0.001 
0.001 
0.001 
0.000 
0.001 
0.001 
0.001 
0.001 

0.086 

1 0.018 
{ - 0.016 

0.008 
0.084 
0.005 
0.022 
0.008 
0.007 
0.086 
0.004 
0.077 
0.108 
0.077 
0.008 

2.000 

INDIRECT COSTS 

TAXES OTHER 

0.095 
0.002 
0.024 
0.002 
0.005 
0.001 
0.009 
0.003 
0.003 
0.001 
0.007 
0.001 
0.004 
0.002 
0.002 
0.008 
0.001 
0.006 
0.010 
0.007 
0.002 

- - 

0.195 

0.190 
0.004 
0.052 
0.005 
0.007 
0.001 
0.01 1 
0.007 
0.006 
0.002 
0.014 
0.002 
0.008 
0.002 
0.002 
0.016 
0.002 
0.014 
0.020 
0.014 

- 

0.003 

0.381 



280,000 K 
SILICON CRYSTAL 38,500 > GRINDING AND , 37,000 > SLURRY 

MATERIAL GROWTH INGOTS CROPPING INGOTS SAWING . 
0.381 $fWPK 0.770 0.01 7 0.179 

21 $/kg - 32,600,000 33,300,000 

AND 
RINSING 

BRUSHING 1.362 $/WPK 
0.033 

SPIN ON 32,220,000 POC L3 

BORON DOPANT 
0.072 

ELECTROLESS GOLDINICKEL PLATE 
AND REMOVE MASK 
0.089 0.008 

31,600,000 LASER SOLDER ELECTRICAL 
SCRIBING [e) DIPPING 
0.022 0.008 0.007 

GLASS 1,730,000 SOLDER . < BUSS BARS 
ELECTRICAL 

ASSEMBLY 0.077 0.004 0.086 
0.108 

b 

143,600 ' > GASKET 
143,300 TEST AND PACKAGED 

GLASS MODULES AND FRAME ENCAPSULATED MODULES PACK MODULES 
' 0.077 0.008 143,000 MODULES 

20 MfWPK 
2.00 $/WPK 

Figure 2-2. $2 /Watt Technology "Strawmanl' Manufacturing Process 
Sequence Value Added Cost Analysis 



. . 

. . '  B. ARRAY LIFE CYCLE ANALYSIS 

1. . Bechte l  p resen ted  13 a r r a y  conceptua l  des igns  f o r  J P L 1 s  reviews o n .  
October .21 ,  1977. Five des ign  concepts  were s e l e c t e d  f o r  d e t a i l e d  c o s t  . ' 

a n a l y s i s  : . . 

,@ Horizonta l  a r r ay :  Modules r e s t  near  ground without  s t r u c t u r e s .  

Rack a r r ay :  Modules rest on r a i s e d ,  rack- l ike  s t r u c t u r e s  . . : 
. . . . on sepa ra t e  foundat ions.  

' .  Tandem ar ray :  Modules rest on r a i s e d  s t r u c t u r e s  s h a r i n g  
foundat ions  wi th  r e f l e c t o r s  ( a  p o t e n t i a l  advantage) .  

T i l t  ad ju s t ed  a r r ay :  Modules' rest on r a i s e d  and s e p a r a t e  
s t r u c t u r e s  and foundat ions  wi th  l i f t  and lock  mechanisms. 

. . 
Diurna l  ad jus t ed  a r r ay :  ModuIes rest on s t r u c t u r e s  supported 
by s e p a r a t e ,  s i n g l e  pedes t a l .  

I '  . 
. i 

2. . Augmented SOMET t a p e s  f o r  11 s e l e c t e d  U.S. , c i t i e s  were acqui red  t o  
v e r i f y  t h e  t o t a l  h o r i z o n t a l  i n s o l a t i o n  by t h e  Liu and Jordon a n a l y t i c a l  
c h a r a c t e r i z a t i o n  o f  s o l a r  i n s o l a t i o n .  Direct normal s o l a r  i n s o l a t i o n  
d a t a  f o r  Albuquerque, New Mexico, were acquired t o  v e r i f y  ano the r  po r t i on  
o f ,  t h e  -Liu and Jordan model. A v e r i f i e d  Liu and Jordon model is a u s e f u l  
form of  r ep re sen t ing  s o l a r  i n s o l a t i o n  p r o f i l e  i n s t e a d  of  weather t a p e s  . 

i n  modeling performance o f  large s o l a r  photovol ta ic  a r r a y s .  

Completion o f  a major a n a l y s i s ,  t 8 H i s t o r i c a l  ~ v i d e n c e  o f  Importance. . , 

t o  t h e  ~ n d u s t r i a l i ' z a t i o n  o f  F l a t -P l a t e  S i l i c o n  Photovol ta ic  Systems, " , 

has  been announced and w i l l  be publ ished a s  an LSA P r o j e c t  document. 



SECTION .I11 

TECHNOLOGY DEVELOPMENT AREA 

A. SILICON MATERIAL TASK 

The objective of the Silicon Material Task is to establish by 1986 
an installed plant capability for producing Si, suitable for solar cells, 
at a rate equivalent to 500 megawatts (peak) of solar arrays per year and 
at a price of less than $10 per kilogram. The program formulated to achieve 
this objective is based on the conclusion that the price goal cannot be 
reached if the process used is essentially the same as the present commercial 
process for producing semiconductor-grade Si. Consequently, it is necessary 
different processes be developed for producing either semiconductor-grade 
Si or a less pure and less costly, but utilizable, Si'material (i.e., 'a 
solar-cell-grade Si). 

1. Technical Goals 

Solar cells are presently fabricated from semiconductor-grade Si, which 
has a market price of about $65 per kilogram. . A  drastic reduction in price 
of material is necessary to meet the economic objectives of the LSSA Project. 
One means for meeting this requirement is to devise a process for producing 
a Si material which is less pure than semi-conductor-grade Si. However, the 
allowance for the cost of Si material in the overall economics of the solar 
arrays for LSSA is dependent on optimization trade-offs, which concomitantly 
treat the price of Si material and the effects of material properties on the 
performance of solar cells. Accordingly, the program of the Silicon Material 
Task is structured to provide information for the optimization trade-offs 
concurrently with the development of high-volume, low-cost processes for 
producing' Si . 

2. Organization and Coordination 

The Silicon Material Task effort is organized into five phases. As 
Table 3-1 indicates, Phase I is divided into four parts. In Part I the 
technical feasibility and practicality of processes for producing semiconductor- 
grade Si will be demonstrated. In Part I1 the effects of impurities and of 
various processing procedures on the properties of single-crystal Si material 
and the performance characteristics of solar cells will be investigated. 
This body of,information will serve as a guide in developing and assessing 
processes (in Part 111) for the production of solar-cell-grade Si. The 
process developments in Parts 1'and I11 will be. accomplished through chemical 
reaction, chemical engineering, energy-use , and 'economic studies. In Part IV 
of Phase I, the relative commercial potentials of the various Si-production 
processes developed under Parts I and I11 will be evaluated. Thus, at the end 
of Phase I a body of information will have been obtained for optimization 
trade-off studies and the most promising processes will have been selected. 

Phase I1 will be to obtain process scale-up information. This will be 
derived from experiments and analyses involving mass and energy balances, 



process  f lows,  k i n e t i c s ,  mass t r a n s f e r ,  temperature  and p re s su re  e f f e c t s ,  
and o p e r a t i n g  c o n t r o l s .  The b a s i c  approach w i l l  be t o  provide fundamental  
s c i e n t i f i c  and eng inee r ing  in format ion  from which v a l i d  e x t r a p o l a t i o n s  
u s a b l e  f o r  p l a n t  de s ign  can be made; a p p l i c a b l e  scale-up c o r r e l a t i o n s  
w i l l  a l s o  be used. Th i s  body of scale-up in format ion  w i l l  t hen  prov ide  
t h e  necessary  b a s i s  f o r  t h e  de s ign ,  c o n s t r u c t i o n ,  and o p e r a t i o n  o f  
Experimental  P roces s  System Development Un i t s  (EPSDU). 

S ince  t h e  i n s t a l l a t i o n  and o p e r a t i o n  of a commercial chemical p roces s  
p l a n t  t h a t  i n c o r p o r a t e s  a new process  i nvo lves  high r i s k s ,  EPSDU w i l l  be 
used t o  o b t a i n  t e c h n i c a l  and economic evidence o f  l a r g e - s c a l e  p roduc t ion  
p o t e n t i a l .  I n  t h e  EPSDU phase ( i . e . ,  Phase 111) t h e r e  w i l l  be o p p o r t u n i t i e s  
t o  c o r r e c t  de s ign  e r r o r s ;  t o  determine energy consumption; t o  e s t a b l i s h  prac- 
t i c a l  o p e r a t i n g  procedures  and produc t ion  c o n d i t i o n s  f o r  p roces s  op t imiza t i on  
and s t eady  s t a t e  o p e r a t i o n ;  and t o  more r e a l i s t i c a l l y  e v a l u a t e  t h e  r equ i r e -  
ments f o r  i n s t r u m e n t a t i o n ,  c o n t r o l s ,  and on- l ine  ana ly se s .  

I n  t h e  f i n a l  phase of  t h e  S i l i c o n  M a t e r i a l  Task ( i . e . ,  Phase I V ) ,  a 
f u l l - s c a l e  commercial p l a n t  capable  of meeting t h e  product ion o b j e c t i v e  w i l l  
be des igned ,  i n s t a l l e d ,  and ope ra t ed .  The EPSDU and t h e  coqmercial  p l a n t  
w i l l  be opera ted  concu r r en t l y  f o r  some time s o  as t o  permit  t h e  use  o f  t h e  
EPSDU f o r  i n v e s t i g a t i o n s  of p l a n t  o p e r a t i o n s ,  i . e . ,  f o r  problem-solving 
and f o r  s t u d i e s  of p roces s  op t imiza t i on .  

Add i t i ona l  b a s i c  chemical and eng inee r ing  i n v e s t i g a t i o n s  t o  respond 
t o  problem-solving needs of t h e  S i l i c o n  Ma te r i a l  Task w i l l  be conducted i n  
suppor t i ng  e f f o r t s .  These suppor t i ng  s u b t a s k s  w i l l  be accomplished under 
c o n t r a c t  and by an  in-house JPL program. 

3 S i l i c o n  M a t e r i a l  Task C o n t r a c t s  

Seventeen c o n t r a c t s  a r e  i n  ~ r o ~ r e s s '  and a r e  l i s t e d  i n  Table  3-1. 

4. S i l i c o n  M a t e r i a l  Task Technica l  Background 

The o b j e c t i v e s  of Phase I of t h e  S i l i c o n  Ma te r i a l  Task a r e  shown 
i n  Table  3-2. 

a .  P roces se s  f o r  Producina Semiconductor-Grade S i l i c o n .  

1 )  P roduc t ion  of S i  bv u d u c t i o n  o f  Sic111 - B a t t e l l e .  
The c o n t r a c t  wi th  B a t t e l l e  Memorial I n s t i t u t e  is f o r  development of 
t h e  r e a c t i o n  f o r  t h e  Zn r educ t i on  of Sic14 u s ing  a f l u i d i z e d  bed r e a c t o r  
a s  an economical means f o r  producing S i .  Based on c a l c u l a t i o n s  by 
B a t t e l l e  and Lamar U n i v e r s i t y ,  t h i s  p roces s  h a s  t h e  p o t e n t i a l  f o r  a 
t o t a l  product  c o s t  between $9.12 and $9.68/kg S i  f o r  a 1000 m e t r i c  
t on /yea r  p l a n t .  

2) Produc t ion  of  S i  From SiH4 P r e ~ a r e d  bv R e d i s t r i b u t i o n  of 
n C a r b i b .  The Union Carbide c o n t r a c t  i s  f o r  t h e  

development o f  p roces se s  f o r  . the  produc t ion  of  SiH4 and f o r  t h e  subsequent  



Table 3-1. S i l i c o n    ate rial Task Cont rac tors  

Cont rac tor  Technology Area 

AeroChem Research Nonequilibrium plasma j e t  p rocess  
P r ince ton ,  New J e r s e y  . . 

(JPL Contract  No. 954560) . . . . .  

AeroChem Research S i  h a l i d e - a l k a l i  metal  flames pro- 
P r ince ton ,  New J e r s e y  c e s s  
(JPL Cont rac t  No. 954777) 

AeroChem Research Model of s i l i c o n  r e a c t i o n s  
P r ince ton ,  N e w  J e r s e y  
(JPL Cont rac t  No. 954862) 

B a t t e l l e  
Columbus, Ohio 
(JPL Cont rac t  No. 954339) 

Dow Corning 
Hemlock, Michigan 
(JPL Contract  No. 954559) 

Lamar Un ive r s i t y  
Beaumont, Texas 
(JPL Cont rac t  No. 954343) 

Mater ia l  Research 
S a l t  Lake C i t y ,  Utah 
(JPL PO N O .  JR-672583 ) 

Motorola 
Phoenix, Arizona 
(JPL Cont rac t  No. 954442) 

Nat ional  Bureau of S tandards  
Washington, D.C.  
(JPL In te ragency  WO No. 8604) 

Northrop Research 
Hawthorne, C a l i f o r n i a  
(JPL Cont rac t  No. 954614) 

Sah, C.T.  Assoc. 
Urbana, I l l i n o i s  
(JPL Cont rac t  N O .  454685) 

Zn/SiClqfluid bed r e a c t o r  p rocess  

E l e c t r i c  a r c  furnace  process  

Technology and economic ana lyses  

X-ray a n a l y s i s  of s i l i c o n  wafers  

SiF4/SiF2 t r a n s p o r t  process  . 

Impuri ty  concen t r a t i on  measurements 

L i f e t ime  and d i f f u s i o n  l e n g t h  mea- 
surement s 

E f f e c t s  o f  i m p u r i t i e s  



Table 3-1. S i l i c o n  Ma te r i a l  Task Cont rac tors  
(Cont inua t ion  1 )  

Con t r ac to r  Technology Area 

Schumacher , J . C . 
Oceanside, C a l i f o r n i a  
(JPL Cont rac t  No. 954914) 

Spec t ro l ab  
Sylmar , C a l i f o r n i a  
(JPL Cont rac t  No. 954694) 

S t an fo rd  Research I n s t i t u t e  
Menlo Park, C a l i f o r n i a  
(JPL Cont rac t  No. 954471 ) 

Union Carbide 
S i s t e r v i l l e ,  West V i r g i n i a  
(JPL Cont rac t  No. 954334) 

Westinghouse 
P i t t s b u r g h ,  Pennsylvania  
(JPL Con t r ac t  No. 954331 ) 

Westinghouse 
P i t t s b u r g h ,  Pennsylvania  
(JPL Cont rac t  No. 954589) 

High-veloci ty  cont inuous flow 
r e a c t o r  process  

Measurements of e f f e c t s  of  impuri- 
t i e s  on s o l a r  c e l l s  

Na r educ t ion  o f  SiF4 process  

S i l a n e / S i  process  

E f f e c t s  o f  i m p u r i t i e s  on s o l a r  
c e l l s  

Plasma a r c  h e a t e r  process  

depos i t i on  o f  S i  from SiH4. The SiH4 process  i nc ludes  systems f o r  t h e  
r e d i s t r i b u t i o n  of c h l o r o s i l a n e s  and t h e  hydrogenation of t h e  by-product 
Sic14 t o  SiHC13, which can be used a s  a  feed  f o r  r e d i s t r i b u t i o n .  The f r e e  
space r e a c t o r  and t h e  f l u i d i z e d  bed r e a c t o r  a r e  techniques being 
i n v e s t i g a t e d  a s  t h e  means f o r  S i  depos i t i on .  

3 )  Product ion  of S i  bv SiF4/SiF2 Transport  - Motorola. The 
Motorola c o n t r a c t  is  f o r  t h e  development o f  a  p rocess  f o r  t h e  conversion 
of  meta l lu rg ica l -grade  S i  i n t o  semiconductor-grade S i  us ing  SiF4/(  SiF2),  
t r a n s p o r t  p u r i f i c a t i o n  r e a c t i o n  s t e p s .  

b. E f f e c t s  of  I m p u r i t i e s  and Process ina  on S o l a r  Cell P e r f o r m a c e  

1 1 Determinat ion o f  t h e  E f f e c t s  o f  I m p u r i t i e s  and Process-Steps 
on P r o p e r t i e s  of  S i  and t h e  Performance of  S o l a r  C e l l s  - Westinahouse/Dow 
o r .  Phase I1 of  t h i s  c o n t r a c t  c o n s i s t s  o f  f i v e  t a sks :  ( 1 )  The e f f e c t s  
of p rocess ing-s teps ,  such as hea t  t r ea tmen t ,  g e t t e r i n g ,  and c r y s t a l  growth 
parameters ,  w i l l  be determined i n  conjunc t ion  wi th  t h e  impuri ty  e f f e c t s .  



Table 3-2. Organizat ion of t h e  .S i l i con  Ma te r i a l  Task E f f o r t  

Phase/Part  Objec t ive  

Phase I Demonstrate t he  t echn ica l  f e a s i b i l i t y  and p r a c t i c a l i t y  
o f  p rocesses  f o r  producing S i .  

P a r t  I E s t a b l i s h  t h e  p r a c t i c a l i t y  of  a p rocess  capable  o f  
high-volume production o f  semiconductor-grade S i .  

P a r t  I1 I n v e s t i g a t e  the  e f f e c t s  o f  i m p u r i t i e s  and of var ious  
process ing  procedures on t h e  p r o p e r t i e s  o f  s i ng l e -  
c r y s t a l  S i  ma te r i a l  and t h e  performance c h a r a c t e r i s t i c s  
o f  s o l a r  c e l l s .  

P a r t  I11 E s t a b l i s h  t h e  p r a c t i c a l i t y  o f  a p rocess  capable  o f  
high-volume production of so l a r - ce l l -g rade  S i .  

Pa r t  I V  Eva lu te  t h e  r e l a t i v e  commercial p o t e n t i a l  of t h e  
Si-product ion processes  developed under Phase I. 

Phase I1 Obtain process  scale-up informat ion .  

Phase I11 Conduct EPSDU ope ra t i ons  t o  o b t a i n  t e c h n i c a l  and economic 
evidence o f  l a rge-sca le  product ion p o t e n t i a l .  

Phase I V  Design, i n s t a l l ,  and ope ra t e  a f u l l - s c a l e  commercial 
p l a n t  capable  of meeting t h e  product ion  o b j e c t i v e .  

1' 

( 2 )  The combined e f f e c t s  of  impur i t i e s  and high B concen t r a t i ons  on s o l a r  
c e l l  performance w i l l  be examined. ( 3 )  The e f f e c t s  o f  i m p u r i t i e s  on n- 
type ,  P-doped S i  w i l l  be determined; t h e s e  d a t a  w i l l  be compared wi th  t h o s e  
f o r  p-type, B-doped S i  m a t e r i a l .  (4) The impuri ty  mat r ix  f o r  n-type S i  
w i l l  be expanded, e s p e c i a l l y  i n  two a reas :  measurement and modeling f o r  
m a t e r i a l  con ta in ing  two o r  more impur i t i e s  and s t u d y  o f  i m p u r i t i e s  which 
may contaminate t h e  S i  dur ing  t h e  S i  product ion process .  (5) The e f f e c t s  
of oxygen and C i n t e r a c t i o n s  with t h e  i m p u r i t i e s  w i l l  be s t u d i e d .  

2 > Measurements of t h e  E f f e c t s  o f  I m ~ u r i t i e s  on S o l a r  Cells - 
SQec t ro l ab .  I n  t h i s  c o n t r a c t  impuri ty  doped i n g o t s  a r e  used a s  m a t e r i a l  
f o r  t h e  f a b r i c a t i o n  o f  s o l a r  cel ls  by e s t a b l i s h e d  process ing .  Performance 
measurements a r e  used f o r  ana lyses .  

3 ) E f f e c t  o f  I m ~ u r i t i e s  - C. T. Sah Assoc i a t e s .  Deep l e v e l  t r a n s i e n t  
spectroscopy measurements a r e  t o  be used f o r  c o r r e l a t i o n s  wi th  t h e  development 
o f  a model f o r  s o l a r  c e l l  performance. 



c .  Processes  f o r  P r o d u c i n q S o l a r  Cell_-Grade S i .  

1 )  . Product ion  o f  S i  Usina Submerged Arc Furnace and Un id i r ec t i ona l  
S o l i d w t i o n  Process  - w Corning. The Dow Corning c o n t r a c t  is f o r  
t h e  development o f  a p rocess  f o r  improving t h e  p u r i t y  o f  S i  produced 
i n  t h e  a r c  fu rnace  by us ing  purer  raw m a t e r i a l s  and f o r  t h e  f u r t h e r  
p u r i f i c a t i o n  o f  t h e  S i  product by u n i d i r e c t i o n a l  s o l i d i f i c a t i o n .  

2)' Product ion  of  S i  from H9SiF5 Source_ Mater ia l  Usina Na Reduction 
pf SiFh Process  - Stanford  Research I n s t i t u t e .  The c o n t r a c t  with S t an fo rd  
Research I n s t i t u t e  is f o r  t h e  development o f  a two-step process  f o r  t h e  
product ion of  S i .  The s t e p s  a r e  ( 1 )  t h e  r educ t ion  o f  SiF4 by Na t o  produce 
high p u r i t y  S i  and (2) t h e  f u r t h e r  p u r i f i c a t i o n  of  t h i s  product .  

3) Product ion  of  S i  Usina Arc Heater Process  f o r  Reduction of 
S.ua4 b v Na - Westinghouse E l e c t r i c .  Th i s  c o n t r a c t  with Westinghouse 
is  f o r  t h e  development of  an  e l e c t r i c  a r c  h e a t e r  f o r  t h e  product ion 
of  S i  us ing  t h e  r e a c t i o n  f o r  t h e  r educ t ion  of  Sic14 by Na. The first 
phase c o n s i s t s  o f  a review o f  t h e  chemical and engineer ing  f e a s i b i l i t y  
and t h e  des ign ing  of a system f o r  experimental  v e r i f i c a t i o n ;  i t  inc ludes  
four  subtasks :  r e a c t i o n  a n a l y s i s ,  plasma r e a c t o r ,  r e a c t o r  s to r age  
and i n j e c t i o n ,  and product  c o l l e c t i o n  and e f f l u e n t  d i s p o s a l .  

4 Product ion  of  SiH4 o r  S i  Usina a Noneauilibrium Plasma J e t  f o r  t h e  
Reduction of Sic111 - AeroChem Research. The o b j e c t i v e  of  t h i s  program is t o  
determine t h e  f e a s i b i l i t y  o f  high volume, low-cost product ion o f  h igh  p u r i t y  
SiH4 o r  so l a r - ce l l -g rade  S i  using a nonequi l ibr ium hydrogen atom plasma j e t .  
Reac t ions  of hydrogen atoms i n  t h e  plasma jet wi th  c h l o r o s i l a n e s  a r e  being s t u d i e d .  

5 )  Product ion  of S i  Usina S i  Hal ide-Alkal i  Metal Flames - AeroChem 
Research. The o b j e c t i v e  o f  t h i s  c o n t r a c t  i s  t o  determine t h e  f e a s i b i l i t y  of  
t h e  use of  flame r e a c t i o n s  involv ing  S i  h a l i d e s  and a l k a l i  meta l s  f o r  producing 
S i  i n  a low-cost,  high-volume process .  

6 )  Hiah-Velocitv.  Continuous Flow Reactor f o r  Producina S i  - Schumacher. 
The o b j e c t i v e  of  t h i s  c o n t r a c t  i s  t o  determine t h e  f e a s i b i l i t y  o f  u s ing  bromo- 
s i l a n e s  a s  t h e  a p p r o p r i a t e  i n t e rmed ia t e s  i n  t h e s e  r e a c t i o n s  t o  produce S i .  

d .  S u ~ ~ o r t i n a  Con t r ac t s  

1) Eva lua t ion  of S i  Product ion Processes  - Lamar Univers i ty .  The 
o b j e c t i v e  of t h i s  c o n t r a c t  is  t o  eva lua t e  t h e  p o t e n t i a l s  o f  t h e  processes  
being developed i n  t h e  program of t h e  S i l i c o n  Ma te r i a l  Task. The economic 
e v a l u a t i o n s  w i l l  be based upon ana lyses  o f  process-system p r o p e r t i e s ,  chemical 
engineer ing  c h a r a c t e r i s t i c s ,  and costing-economics. The eva lua t ions  w i l l  be 
performed du r ing  a l l  phases of  t h e  Task, us ing  informat ion  which becomes 
a v a i l a b l e  from t h e  va r ious  process  development c o n t r a c t s .  

2 I m ~ u r i t v  Concentrat ion Measurements - Nat iona l  Bureau o f  S tandards .  
Methods f o r  measurements of  i m p u r i t i e s  a t  ppba l e v e l s  a r e  t o  be developed. 

3 W d e l  o f  Si-Producina React ions - AeroChem Research. T h i s  c o n t r a c t  
is  f o r  t h e  formula t ion  of  a model and a computer code f o r  t h e  d e s c r i p t i o n  of  
s e v e r a l  o f  t h e  S i  p roces se s  now under development. 



5. Summary of  Progress  

a .  Product ion of S ~ H I I  o r  S i  Usina a Noneauilibrium Plasma J e t  f o r  
t h e  Reduction of  S i l i c o n  Chlorides  - AeroChem Research. The o b j e c t i v e  o f  
t h i s  program is t o  determine t h e  f e a s i b i l i t y  o f  t h e  product ion o f  high p u r i t y  
s i l a n e  o r  so l a r - ce l l -g rade  s i l i c o n  using a nonequi l ibr ium hydrogen atom plasma 
jet.  Reac t ions  o f  hydrogen atoms i n  t h e  plasma j e t  wi th  c h l o r o s i l a n e s  a r e  
being s t u d i e d .  

I n  t h i s  q u a r t e r ,  t h e  experimental  appa ra tu s  was modified t o  achieve 
b e t t e r  def ined  cond i t i ons  f o r  depos i t i ng  f i l m s  on s u b s t r a t e s  and more accu ra t e  - 
c o n t r o l  o f  r e a c t a n t  feed r a t e s  over a broader  range than prev ious ly  used. 

S ince  a major problem has been t o  o b t a i n  good mixing of H2 and chloro-  
s i l a n e  i n  t h e  plasma j e t ,  a new nozzle was designed and b u i l t  which a l lows  
c h l o r o s i l a n e  vapor t o  flow i n t o  the  H / H 2  j e t  from an annulus surrounding 
t h e  j e t .  Th i s  con f igu ra t i on  is  expected t o  provide good mixing while  s t i l l  
main ta in ing  jet i n t e g r i t y .  Tests employing chemiluminescent r e a c t i o n s  confirmed 
t h a t  t h e s e  g o a l s  were achieved. 

Various a n a l y t i c a l  techniques were used t o  eva lua t e  t h e  d e p o s i t s  produced 
i n  t h e  tests and t h e  fol lowing conc lus ions  were drawn from t h e  work i n  t h i s  
q u a r t e r :  Large q u a n t i t i e s  o f  c h l o r i n e  (1.7 t o  30 mole 5) can be p re sen t  
i n  s i l i c o n  f i l m s  which w i l l  have a m e t a l l i c  s i l i c o n  appearance. Amorphous, 
p o l y c r y s t a l l i n e ,  and some preferred-growth s i l i c o n  d e p o s i t s  were ob t a ined ,  
a s  i nd i ca t ed  by X-ray de f r ac t i on .  I n f r a r e d  spec t roscopy  is  u s e f u l  i n  d e t e c t i n g  
the  presence of  polymer conta in ing  S i ,  H ,  and e i t h e r  C 1  o r  0. Conduct ivi ty  
measurements employing e i t h e r  d i r e c t  c u r r e n t  o r  RF techniques  may be u s e f u l  
f o r  determining f i l m  p u r i t y  and monitoring d i s c o n t i n u i t i e s .  

b. - Product ion  o f  S i  bv Hvdroaen Reduction of  Bromosilanes i n  a H i ~ h -  
Veloci tv .  Continuous-Flow Reactor - J .  C. Schumacher. The o b j e c t i v e  o f  t h i s  
c o n t r a c t  i s  t o  determine t h e  f e a s i b i l i t y  of  us ing  bromosilanes i n  a high- 
volume, h igh-ve loc i ty ,  cont inuous-reduct ion process  f o r  producing so la r -grade  
S i .  Preheated s t reams of  H2 and bromosilanes are t h e  r e a c t a n t s ,  and preheated 
S i  p a r t i c l e s  fed t o  the  r e a c t o r  se rve  a s  depos i t i on  s i t e s .  

The system employs mult i -pass  hea t  exchangers of  q u a r t z  f o r  p rehea t ing  
t h e  r e a c t a n t s  t o  temperatures  a s  high a s  1 5 0 0 ~ ~ .  The des igns  were v e r i f i e d  
by c o n s t r u c t i n g  hea t  exchangers of Pyrex and conduct ing experiments  first 
with n i t rogen  gas  and then with t he  r e a c t a n t s  H2 and SiBrq. These experiments  
a l s o  v e r i f i e d  that ,SiBr-4 would not  undergo decomposition when heated t o  temperatures  
a s  high a s  n e a r l y  1373'~,  an important c o n s i d e r a t i o n  s i n c e  t h e  des ign  of  t h e  
system was based on t h e  requirement t h a t  t h e  r e a c t a n t s  be preheated t o  high 
temperatures .  

F ive  pre l iminary  experimental  t e s t s  were conducted wi th  t h e  appa ra tu s  
a t  r e a c t o r  t empera tures  ranging from 11 13 t o  1183'~. These experiments  l e d  
t o  s e v e r a l  mod i f i ca t i ons  of t h e  reac tor /mixer .  Although none o f  t h e  experiments  
produced any s i l i c o n  p a r t i c l e s  t h a t  could be c o l l e c t e d ,  i n  two o f  t h e  t e s t s  
s i l i c o n  d e p o s i t s  formed on t h e  r e a c t o r  wa l l  where t h e  geac t an t  s t reams merged. 
The test r e s u l t s  i n d i c a t e  t h a t  a t  temperatures  of  1182 K and above, S i  can 
be expected t o  form a t  Hz-to-SiBr4 mole r a t i o s  o f  about 15. 



Future work w i l l  be devoted t o  a s tudy  o f  t h e  chemical r e a c t i o n s  
t ak ing  p lace  i n  t h e  r e a c t o r ,  and t o  e s t a b l i s h i n g  t h e  optimum parameters  
f o r  t he  process .  SiBr4 and SiHBr3 w i l l  be t h e  main r e a c t a n t s .  

c .  Product ion  o f  S i  bv SiF4/SiF3 Transpor t  - Motorola. The 
Motorola process  i nvo lves  t he  conversion o f  meta l lu rg ica l -grade  S i  (mg-Si) 
i n t o  semiconductor-grade S i ( sg-Si )  v i a  a ' t h r e e  s t e p  process  u t i l i z i n g  SiF4 
as a t r a n s f e r  agen t .  

The convers ion  o f  (SiF2)x polymer was s t u d i e d  f u r t h e r  i n  t h i s  q u a r t e r .  
Data from mass spec t roscopy  measurements showed t h a t  a t  temperatures  g r e a t e r  
than  4 0 0 ~ ~  t h e  main c o n s t i t u e n t  g a s  phase i s  SiF4 ,  which is  c o n s i s t e n t  wi th  
t h e  conversion of  t h e  homologue r e s i d u e s  i n t o  S i .  A low product y i e l d ,  r e s u l t i n g  
from p a r t i a l  d i s p r o p o r t i o n a t i o n ,  was obta ined  due t o  i n s u f f i c i e n t  r e s idence  
time. A batch-type process  appara tus  was used t o  determine the  e f f i c i e n c y  
and mass ba lance  o f  t h e  homologue conversion a s  wel l  a s  r e a c t i o n  s to ich iomet ry .  
I n  t h i s  appa ra tu s  t h e  polymer conversion e f f i c i e n c y  averaged 59% over  twelve 
r u n s  ranging between 52% and 89%. The wide range was be l ieved  t o  be caused 
by unequal r e s i d e n c e  times. Mass balance c a l c u l a t i o n s  over t h r e e  runs  ranged 
between 76% and 93%. The s to ich iomet ry  based on f o u r  r e c e n t  runs  ranged 
between 0.84 and 1.02, i n d i c a t i n g  t h a t  one mole o f  SiF4 is genera ted  per  
mole S i  formed. 

Near-continuous appara tus  capable  o f  producing a t  l e a s t  25 gm/hr o f  
S i  was a l s o  used. An average r a t e  of 17.6 gm/hr o f  S i ,  a t t a i n e d  over a 165 
minute p e r i o d ,  was obtained i n  seven runs .  Although t h e  ope ra t i ng  parameters  
have n o t  been opt imized ,  an o v e r a l l  p rocess  e f f i c i e n c y  of 78.5% was r epo r t ed .  

An economic a n a l y s i s  of t h e  process  was made based on pre l iminary  
m a t e r i a l  and energy ba lances  and assuming a f i x e d  c a p i t a l  investment  o f  $10 
m i l l i o n .  The es t imated  manufacturing c o s t  is  $8.96/kg of  S i  f o r  a 1000 MT/Y 
f a c i l i t y .  

d .  Product ion o f  S i  Usinn Submerged Arc Furnace and Un id i r ec t i ona l  
Processes  - Dow Cor-. I n  t h i s  p rocess  high p u r i t y  q u a r t z  and C a r e  being 
used as raw m a t e r i a l s  f o r  an e l e c t r i c  a r c  furnace  and the  S i  product is p u r i f i e d  
f u r t h e r  us ing  u n i d i r e c t i o n a l  s o l i d i f i c a t i o n .  The impur i ty  e lements '  o f  p a r t i -  
c u l a r  i n t e r e s t  now a r e  B and P. The main source  o f  t h e s e  i m p u r i t i e s  is  t h e  
C-reductant.  I n  t h i s  work charcoa l  was s e l e c t e d  over  o t h e r  carbons because 
o f  i ts  r e l a t i v e  high p u r i t y .  However, d i f f i c u l t i e s  have been encountered 
i n  smel t ing  wi th  p u r i f i e d  charcoa l .  Apparent ly ,  t h e  charcoa l  s t r u c t u r e  had 
undergone a s t r u c t u r a l  change during t8e p u r i f i c a t i o n  with halogen g a s e s  
a t  e l eva t ed  tempera tures  (1700 t o  2000 C ) .  I n  a d d i t i o n ,  t h e  p u r i f i c a t i o n  
t r ea tmen t s  have no t  s i g n i f i c a n t l y  reduced t h e  i n h e r e n t  B and P l e v e l s  of  
t h e  cha rcoa l  t o  t h e i r  r equ i r ed  l e v e l s  of 2 and 5 ppmw, r e s p e c t i v e l y .  The 
i d e n t i f i c a t i o n  of  high-puri ty  carbon r e d u c t a n t s  which a r e  low c o s t  and 
chemical ly  r e a c t i v e  i n  an arc-furnace environment i s  under way. 

A development-size a r c  furnace  l oca t ed  a t  t h e  Elkem f a c i l i t y  i n  Norway 
was used t o  e v a l u a t e  t h e  smel t ing  c h a r a c t e r i s t i c s  o f  h igh-pur i ty  raw m a t e r i a l s .  
The y i e l d s  o f  S i  were low f o r  four  runs ,  i n d i c a t i n g  t h a t  a s a t i s f a c t o r y  high 
p u r i t y ,  h igh ly  r e a c t i v e  r educ t an t  had n o t  been. used. Composition ana lyses  



showed cons ide rab l e  r educ t ions  i n  concen t r a t i ons  of  most i m p u r i t f e s ,  t h e  
' concen t r a t i ons  o f  B and P remaining high. . . 

The Czochralski  method was app l i ed  t o  pu r i fy ing  S i  produced from the  
arc-furnace.  A 25- t o  30-mm-diameter ingot  was p u l l e d ,  l e av ing  30% of t h e  
S i  remaining i n  t he  c r u c i b l e .  Emission spec t rog raph ic  ana lyses  o f  t h e  seed 
and tang  ends o f  t h e  i n g o t s  showed a l l  e lements  except  B and P t o  be below 
the  10 ppmw d e t e c t i o n  l i m i t s .  Analyses a f t e r  f l o a t  zoning y ie lded  B and 
P concen t r a t i ons  of 10 and 12 ppm, r e s p e c t i v e l y .  

. . .  

A c o s t  a n a l y s i s  of t h e  envis ioned o v e r a l l  p rocess  was performed. 
A 3000 MT/Y arc-furnace f a c i l i t y  was es t imated  t o  r e q u i r e  $10 m i l l i o n  i n  
c a p i t a l  and have a  manufacturing cos t  of $7.99/Kg of  S i  product .  

e .  Product ion of S i  bv Zn Reduction o f  Sic111 - B a t t e l l e .  . T h i s  
c o n t r a c t  i s . f o r  development of a  process  f o r  p r epa ra t i on  of  semiconductor- 
grade S i  by t h e  Zn r educ t ion  of Sic14 us ing  a  f luidized-bed r e a c t o r .  

A d e t a i l e d  m a t e r i a l  and energy flow s h e e t  f o r  a  50 MT S i / y e a r  EPSDU 
has been prepared.  The EPSDU w i l l  be l o c a t e d  wi th in  an a v a i l a b l e  s t r u c t u r e  
a t  B a t t e l l e  . 

A n a r r a t i v e  on t h e  step-by-step a n a l y s i s  o f  t h e  des ign  and ope ra t i on  
of  t h e  PSDF was w r i t t e n  a s  an a i d  i n  reviewing and r e v i s i n g  concepts  a s  wel l  
a s  f o r  uncovering i tems  r e q u i r i n g  more in format ion .  

A . t e n t a t i v e  des ign  of t h e  f l u i d i z e d  bed r e a c t o r  f o r  t h e  EPSDU..was made. 
It is  t o  be cons t ruc t ed  o f  g r aph i t e - l i ned  s t a i n l e s s  steel and t o  be .provided  
wi th  a  c o a x i a l  o r  e x t e r n a l  z inc  vapor i ze r .  The d i s p e r s i o n  suppor t  p l a t e  has  
12 holes  f o r  Sic14 g a s  i n j e c t i o n  a l igned  on a  r i n g  about 0.25 t h e  d i s t a n c e  
from the  o u t e r  wal l  t o  t he  c e n t e r .  Zinc vapor w i l l  be introduced on an i nne r  
r i n g  l o c a t e d  0.6 t h e  d i s t ance  from t h e  o u t e r  wa l l  and con ta in ing  e i g h t  i n l e t  
p o r t s .  It is a n t i c i p a t e d  t h a t  an S i c  coa t ing  w i l l  be needed on t h e  g r a p h i t e  
l i n e r  t o  minimize carbon contamination. The concept of  us ing  an Sic-coated 
g r a p h i t e  f e l t  s l eeve  l i n e r  is a l s o  being considered because of  t h e  mismatch 
i n  thermal  expansions between S i c  and g r a p h i t e .  

A t ray- type  vapor izer  r equ i r ing  a  low inventory  o f  z inc  is  being devel- 
oped. D i f f e r e n t i a l  heat- t r a n s f e r  c a l c u l a t i o n s  a r e  being made f o r  use i n  
enhancing the  t ray- type design.  

The experimental  z inc  e l e o t r o l y s i s  c e l l  was modified t o  conform t o  t h e  
Bureau o f  Mines' e l e c t r o d e  con f igu ra t i on  by providing t h e  c e l l  wi th  h o r i z o n t a l  
e l e c t r o d e s  having s l a n t e d  c h l o r i n e  v e n t . c h a n n e l s  on t h e  unders ide  of t h e  
anode. In  t h e  intended process ,  t h e  z inc  produced i n  t h i s  c e l l  by e l e c t r o l y s i s  
o f  Zn/ZnC12 rnlxtures (byproducts  from t h e  f lu id ized-bed  r e a c t o r )  i s  recyc led  
a s  a  r e a c t a n t  raw m a t e r i a l .  Operation o f  t h e  ex'perimental c e l l  has  revea led  
t h e  need f o r  s e v e r a l  des ign  changes, i nc lud ing  a  l i q u i d  l e v e l  i n d i c a t o r  system 
and a g r e a t e r  free board above the  s a l t  mixture  l e v e l  t o  prevent  l o s s  o f  t h e  
mixture  due t o  foaming and blowover. 

The min ip l an t  was operated t o  supply JPL wi th  S i  product f o r  e v a l u a t i o n .  
The t o t a l  q u a n t i t y  shipped was 2.2 kg. 



f .  I m  ~ u r i t v  and Pr  oces s  E f f e c t s  on S i l i c o n  Mater i  al-r a  Cell8 
house/Dow C o r n i ~ .  The o b j e c t i v e  o f  t h i s  program i s  t o  i n v e s t i g a t e  

and de f ine  t h e  e f f e c t s  o f  var ious  processes ,  i m p u r i t i e s ,  and process-impurity 
i n t e r a c t i o n s  on t h e  performance o f  t e r r e s t r i a l  s o l a r  c e l l s .  

During t h i s  q u a r t e r  t he  e f f e c t  o f  c r y s t a l  growth r a t e  on t h e  e f f e c t i v e  
s eg rega t ion  c o e f f i c i e n t  was inves t i ga t ed  by comparing t h e  performance o f  
s o l a r  cel ls  f a b r i c a t e d  from c r y s t a l s  grown by t h e  Czochralski  technique wi th  
t hose  f a b r i c a t e d  from c r y s t a l s  grown by t h e  web d e n d r i t e  technique (10 v s  
60 cm/hr). When t h i s  s t udy  was undertaken t h e  e f f e c t i v e  s eg rega t ion  c o e f f i c i e n t s  
f o r  web growth were pos tu l a t ed  t o  be one o r  two o r d e r s  o f  magnitude l a r g e r  
than  f o r  Czochralski  growth. The impuri ty  e lements  used were Mn, Fe, C r ,  
N i ,  T i ,  and V a t  concen t r a t i ons  of 1 t o  3 x 1018 a t / c c  i n  t h e  melt. The 
performance c h a r a c t e r i s t i c s  o f  c e l l s  made from t h e  contaminated m a t e r i a l  
were compared d i r e c t l y  wi th  c e l l s  processed concu r r en t ly  from webs con ta in ing  
no added impuri ty .  The r e s u l t s  of  t h e s e  experiments  i n d i c a t e  t h a t  no measurable 
degrada t ion  i n  c e l l  performance is  ev ident  save  f o r  t h e  i m p u r i t i e s  T i  and 
V ,  e lements  which d r a s t i c a l l y  reduce minor i ty  c a r r i e r  lifetime. A comparison 
o f  t h e  r e l a t i v e  e f f i c i e n c i e s  of  T i  and V doped c e l l s  wi th  prev ious ly  determined 
r e l a t i o n s h i p s  between impuri ty  conten t  and c e l l  performance i n d i c a t e s  t h a t  
t h e  s o l i d  impur i ty  con ten t  i n  t h e  webs must be - l o i 4  a t / c c  s o  t h a t  t h e  e f f e c t i v e  
s eg rega t ion  c o e f f i c i e n t  is These r e s u l t s  i n d i c a t e  t h a t  t h e  s eg rega t ion  
c o e f f i c i e n t s  f o r  me ta l s  i n  web may be not  t oo  much l a r g e r  than those  f o r  
Czochralski  growth. 

R e s u l t s  on t h e  combined e f f e c t s  o f  r e s i s t i v i t y  and metal  contaminants 
on t h e  degrada t ion  of  s o l a r  c e l l  performance show t h a t  t h e r e  is l i t t l e  syn- 
e r g i s t i c  behavior  and t h a t  most o f  t h e  degrada t ion  i n  performance i s  due t o  
l ifetime reduc t ion  by t h e  metal  contaminant.  The v a r i a t i o n  o f  s o l a r  c e l l  
parameters  wi th  B c o n t e n t  ( r e s i s t i v i t i e s  from 0.05 t o  50 ohm-cm) i n  t h e  
absence of i n t e n t i o n a l  contamination was first made. Cell e f f i c i e n c y  went 
through a  broad maximum a t  0.2 t o  0.4 ohm-cm r e s i s t i v i t y ;  0.2 ohm-cm was 
chosen f o r  t h e  impur i ty  i n v e s t i g a t i o n .  The impuri ty  e lements  s tud i ed  were 
C r ,  Cu, and Mn. The performances o f  s o l a r  c e l l s  f a b r i c a t e d  from t h e s e  
materials were compared wi th  those  f a b r i c a t e d  from 4 ohm-cm i n g o t s  doped 
wi th  approximately t h e  same amounts o f  metal  i m p u r i t i e s .  I n  g e n e r a l ,  t h e r e  
is a f a i r l y  c l o s e  p a r a l l e l  between the  two s e t s  o f  d a t a  i n d i c a t i n g  t h a t  l i t t l e  
s y n e r g i s t i c  behavior  occu r s  and t h a t  most o f  t h e  degrada t ion  i n  performance 
is  due t o  l i f e t i m e  r educ t ion  by t h e  metal  contaminant .  The c e l l  d a t a  f o r  
t h e  low r e s i s t i v i t y  m a t e r i a l  show cons iderab ly  more s c a t t e r  than u s u s a l l y  
encountered f o r  h igh  r e s i s t i v i t y  m a t e r i a l  processed by t h e  usua l  method. 
Th i s  sugges t s  t h a t  o t h e r  effects, such a s  p r e c i p i t a t i o n ,  may c o n t r i b u t e  i n  
a random fash ion  t o  reduce ce l l  ou tput .  

A d e t a i l e d  a n a l y s i s  o f  t h e  dark cu r r en t -vo l t age  c h a r a c t e r i s t i c s  of 
s o l a r  cel ls  was a p p l i e d  t o  s o l a r  c e l l s  doped wi th  s p e c i f i c  impur i t i e s .  The 
procedure makes it  p o s s i b l e  f o r  t h e  s o l a r  c e l l  parameters  a f f e c t i n g  c e l l  
performance t o  be s epa ra t ed .  These s o l a r  c e l l  parameters  a r e  t h e  s e r i e s  
r e s i s t a n c e ,  t h e  shunt  r e s i s t a n c e ,  t h e  bulk d i f f u s i o n  c u r r e n t ,  and t h e . j u n c t i o n  
excess  c u r r e n t .  I n  g e n e r a l ,  t h e  i m p u r i t i e s  used i n  t h i s  s t udy  d id  not  i n f luence  
t h e  series o r  shunt  r e s i s t a n c e  s i g n i f i c a n t l y ,  bu t  i n s t e a d  a l t e r e d  t h e  bulk 
lifetime or  t h e  j unc t ion  excess  c u r r e n t .  Most i m p u r i t i e s ,  i nc lud ing  T i ,  N ,  
C r ,  V ,  and Mo, cause  ce l l  performance degrada t ion  by a  dec rease  i n  bulk l i fe-  
time. Cu starts t o  degrade the  c e l l  performance somewhat above a concen t r a t i on  



of approximately 1016 a t / c c .  Unlike T i ,  t h e  Cu-induced c e l l  degrada t ion  i s  
l a r g e l y  due t o  an i n c r e a s e  i n  junc t ion  excess  c u r r e n t .  m p i t a t e s  i n  i n g o t s  
heav i ly  doped wi th  Cu have been observed and t h e i r  presence i n  t he  high f i e l d  
d e p l e t i o n  r eg ion  can r e s u l t  i n  excess  j unc t ion  c u r r e n t .  Fe degrades c e l l  
performance both by lowering bulk l i f e t i m e  and by inc reas ing  the  j unc t ion  
excess  c u r r e n t .  An a n a l y s i s  o f  t h e  I - V  curves  f o r  Cu, Mn, and Cu/Mn doped 
c e l l s  shows no s y n e r g i s t i c  e f f e c t s .  

S t u d i e s  have been made on t h e  e f f e c t s  o f  high temperature  c y c l i n g  on 
recombination l i f e t i m e .  This  work was done on high l i f e t i m e  S i  p r i o r  t o  
s tudying  g e t t e r i n g  and anneal ing o f  impuri ty  doped m a t e r i a l  s o  t h a t  changes 
i n  l i f e t i m e  due t o  g e t t e r i n g ,  f o r  example, can be c l e a r l y  d i s t i ngu i shed  from 
those  induced by t h e  high temperature t rea tment  i t s e l f  o r  by exces s ive ly  
high cool ing  r a t e s .  The r e s u l t s  obtained a r e  c o n s i s t e n t  with t h e  hypothes i s  
t h a t  t h e  number o f  d e f e c t s  p r e sen t  a t  a  given quenching temperature  can be 
descr ibed  by Boltzmann s t a t i s t i c s .  Assuming t h a t  t h i s  model is v a l i d ,  t h e  
a c t i v a t i o n  energy f o r  d e f e c t  formation a t  high tempera tures  approaches 1.5 
e l e c t r o n  v o l t s  a s  determined from an Arrhenius p l o t .  

(3. Effects o f  I m ~ u r i t i e s  - C. T. Sah Assoc ia tes .  The work on t h e  
t ransmiss ion  l i n e  equ iva l en t  c i r c u i t  model of  a  s o l a r  c e l l  has cont inued .  
A g r aph ic  d i s p l a y  program was coded t o  d i s p l a y  a  c e l l  parameter ,  such a s  
l i f e t i m e ,  a s  a  func t ion  o f  p o s i t i o n  i n  t h e  c e l l  a t  a  t e rmina l .  This  d i s p l a y  
c a p a b i l i t y  i s  expected t o  s i g n i f i c a n t l y  a i d  i n  t h e  b a s i c  understanding of 
t h e  parameters which c o n t r o l  the  e f f i c i e n c y  of  a c e l l  under ope ra t i ng  cond i t i ons .  
The s t eady - s t a t e  l i f e t i m e s  f o r  s h o r t - c i r c u i t  and near  open-c i rcu i t  cond i t i ons  
were graphed f o r  one sun AM1 i l l umina t ion  f o r  a p-on-n Au doped S i  s o l a r  c e l l  
where t h e  e l e c t r o n  l i f e t i m e  is 383 psec and t h e  ho le  l i f e t i m e  7.27 psec.  
The r e s u l t s  f o r  t h i s  case  show a complex behavior  of  t h e  s t eady - s t a t e  l i f e -  
t imes a s  a  f u n c t i o n  of  p o s i t i o n  i n  t h e  c e l l .  The lifetimes a r e  no t  simply 
r e l a t e d  t o  the  e l e c t r o n  and h o l e . l i f e t i m e s  i n  t h e  base r eg ion  under low 
i n j e c t i o n - l e v e l  c o n d i t i o n s  a s  i s  t o  be expected from t h e  s imple minor i ty  
c a r r i e r  p-n j unc t ion  theory o f  Shockley. It is noted t h a t ,  i n  t h i s  example, 
t h e  ho le  l i f e t i m e  is  approximately 30 times sma l l e r  than  t h e  e l e c t r o n  l i f e -  
t ime.  For t he  r e v e r s e  case  f o r  the  same Au accep to r  recombination c e n t e r  
i n  a  n-on-p c e l l ,  t h e  l i f e t i m e  v a r i a t i o n s  a r e  expected t o  be very  c l o s e  t o  
what one would expect  from the  simple Shockley low i n j e c t i o n  l e v e l  theory .  
Th i s  i l l u s t r a t e s  t h e  need f o r  t h e  development o f  an a c c u r a t e  model f o r  s o l a r  
c e l l s  and the  c h a r a c t e r i z a t i o n  o f  recombination c e n t e r s  in t roduced  by i m p u r i t i e s  
i n  o rde r  t o  p r e d i c t  t h e  e f f e c t s  o f  i m p u r i t i e s  on s o l a r  ce l l  performance. 

h. Product ion o f  S i  Usinn SiHh P r e ~ a r e d  bv R e d i s t r i b u t i o n  React ions - Union Carbide. I n  t h e  SiH4-effort  s t u d i e s  o f  t h e  k i n e t i c s  and e q u i l i b r i a  
of t h e  r e a c t i o n  f o r  t h e  hydrogenation o f  Sic14 t h e  conversion t o  S i H C 1 3  was 
shown t o  be s u b s t a n t i a l l y  increased  a t  h igher  o p e r a t i n g  p re s su re s ;  t h e s e  
reai1l.t~ g r e a t l y  improve the  p r a c t i c a l i t y  o f  t h e  o v e r a l l  p rocess .  Yields  
of 25% a t  100 ps ig  were achieved a t  r e a c t i o n  t imes  of  under 15 seconds. ,The  
use of  low-cost cement-Cu a s  a  hydrogenation c a t a l y s t  has  given s u b s t a n t i a l l y  
i d e n t i c a l  k i n e t i c s  a s  e a r l i e r  Cu/Si a l l o y s .  

An i n t e g r a t e d  process  development u n i t  f o r  conver t ing  m e t a l l u r g i c a l  
S i  and H2 t o  h igh-pur i ty  SiH4 has  been commissioned. I n i t i a l  ope ra t i on  
of t h e  i n d i v i d u a l  e lements  has  followed designed performance. The 



hydrogenation s e c t i o n  has been operated a t  up t o  275 p s i g  and has  y ie lded  
equ i l i b r ium convers ions  t o  SiHC13 a t  under 15 second r e s idence  t ime.  
I n i t i a l  co r ros ion  s t u d i e s  have ru led  out T i  a s  a c o n s t r u c t i o n  m a t e r i a l  
f o r  t h e  hydrogenat ion r e a c t o r  a t  500'~. I ncone l  625 o r  316 s t a i n l e s s  
s t e e l  a r e  l i k e l y  cand ida t e s  pending f u r t h e r  tests. 

I n  t h e  S i  d e p o s i t i o n  e f f o r t  a quartzofluid-bed r e a c t o r  capable  
of  ope ra t i ng  a t  temperature 's  o f  up t o  1000 C was des igned ,  cons t ruc t ed ,  
and s u c c e s s f u l l y  opera ted .  During a 30-minute experiment ,  SiH4 was 
decomposed wi th in  t he  r e a c t o r  with no p y r o l y s i s  occu r r ing  on t h e  r e a c t o r  
wall o r  on t h e  g a s  i n j e c t i o n  system. A hammer-mill/roller-crusher 
system appears  t o  be t h e  most p r a c t i c a l  method f o r  producing seed 
m a t e r i a l  from bulk S i  . 

I n  t he  first series of  s h o r t  experimegts of  a s t e e l w a l l  f l u i d i z e d  
bed r e a c t o r ,  a bed temperature  of  above 100 C was produced, i n d i c a t i n g  
t h a t  f l u i d i z e d  p a r t i c l e s  can be heated by high-frequency c a p a c i t i v e  
hea t ing .  A s  t h e  bed tempergture was increased  a sudden, unexplained,  
drop i n  bed impedance a t  32 C was observed; t h i s  i n s t a b i l i t y  is  being 
analyzed.  T e s t s  were concu r r en t ly  undertaken wi th  a g lass -wal l  r e a c t o r .  
A t h e o r e t i c a l  model has been incorporated i n t o  a computer program t o  
determine regimes of  s t a b i l i t y  and optimum ope ra t i ng  cond i t i ons .  

A t o t a l  of 6.7 kg of S i  powder was produced i n  two s e p a r a t e  exper- 
iments  i n  t h e  f ree-space  r e a c t o r  without  opening t h e  r e a c t o r  between 
experiments .  No semiso l id  growth formations were observed on e i t h e r  
t h e  g a s  i n j e c t o r  o r  on t h e  r e a c t o r  wal l .  I n  one experiment ,  a S i  powder 
product ion rate o f  2 .8  kg/hr  was maintained f o r  one hour .  The average 
p a r t i c l e  s i z e  o f  t h e  S i  powder was increased  from t h e  t y p i c a l  submicron 
s i z e  t o  approximately 1.3 pm through modi f ica t ions  i n  t h e  free-space 
r e a c t o r ;  non-spherical  p a r t i c l e s  a s  l a r g e  a s  50pm were i d e n t i f i e d .  
A p e l l e t  c a s t  from t h i s  powder had an e l e c t r i c a l  r e s i s t i v i t y  of 35-45 
ohmdcm and was P-type conduc t iv i t y .  

Using a mel t  c o n s o l i d a t i o n  appara tus  a t t ached  t o  t h e  free-space 
r e a c t o r ,  powder was pneumatical ly  t r a n s f e r r e d  from t h e  free-space r e a c t o r  
t o  t he  hopper of  t h e  melt  conso l ida to r  a t  a t r a n s f e r  and mel t ing  r a t e  
of 0.8 Kg/hr. Rods, suc t ion -cas t  from t h i s  melt, had P-type conduc t iv i t y  
and an average e l e c t r i c a l  r e s i s t i v i t y  of  35 ohm-cm. 

The process  des ign  f o r  an EPSDU is  under way. The first o b j e c t i v e  
was t h e  d e f i n i t i o n  of  a p re l iminary  set of f u n c t i o n a l  s p e c i f i c a t i o n s  f o r  . 

t h e . o v e r a l 1  process .  For t h e  SiH4 product ion p roces s ,  a D i s t i l l a t i o n  
S i l a n e  Process  was formulated.  Ca lcu l a t i ons  i n d i c a t e  t h a t  t h i s  f e a t u r e  
w i l l  produce u l t r a -pu re  SiH4 without  an ac t iva ted-carbon  t r a p .  The 
process  des ign  work w i l l  be c a r r i e d  out  on both t h e  o r i g i n a l  p rocess  
(Adsorpt ion S i l a n e  Process  -- ASP) and on t h e  D i s t i l l a t i o n  S i l a n e  
Process  (DSP 1. 

Pre l iminary  block flow diagrams and hea t  and m a t e r i a l  balances 
f o r  every b a t t e r y - l i m i t  s t ream were completed. Work on pre l iminary  
process  flow diagrams and hea t  and mass ba lances  f o r  a l l  process  s t reams 
a r e  i n  progress .  



Conceptual des igns  have been i n i t i a t e d  f o r  t he  hydrogenation r e a c t o r ,  
t h e  f ree-space r e a c t o r ,  and t h e  conso l ida t ion  systems. The process  des ign  
d a t a  a v a i l a b l e  in-house and i n  t he  open l i t e r a t u r e  r e v e a l  t h a t  a d d i t i o n a l  
d a t a  need t o  be acquired t o  perform a r e l i a b l e  hea t  and mass balance o f  
t h e  process .  A p re l iminary  list of  needed d a t a  was compiled. 

i. Product ion of S i  Using Arc Heater Process  f o r  Reduction o f  S i c 1 4  
bv  Na-Westinnhouse. Th i s  c o n t r a c t  is f o r  t he  development o f  an e1 ,ec t r ic  a r c  
h e a t e r  process  fo r  t h e  product ion of S i  based on t h e  r educ t ion  of  Sic14 by 
Na. The e f f o r t  is  i n  i ts  second phase,  which c o n s i s t s  o f  a demonstrat ion 
o f  t h e  process  a t  a S i  product ion r a t e  o f  about 100 kg/hr .  

I n  t h i s  q u a r t e r  a process  engineer ing  a n a l y s i s  was completed except 
f o r  a smal l  amount of work on p u r i t y  a n a l y s i s ,  and a des ign  review was 
he ld .  Information was compiled f o r  a 1000-MT/year product ion r a t e  on a 
recycle- type p roces s ,  and a c o s t  of  $9.76/kg o f  S i  (1975 $1 was obta ined .  
I n  t h e  p u r i t y  a n a l y s i s  e f f o r t ,  t he  equ i l i b r ium composition o f  l i q u i d  S i  
was c a l c u l a t e d  f o r  t h e  ca se s  where e i t h e r  Fe, C r ,  Mn, A l ,  V ,  B ,  o r  P 
i m p u r i t i e s  is p re sen t  i n  t he  process  feeds tocks .  Except f o r  A 1  and P, 
most o f  t h e s e  i m p u r i t i e s  end up i n  t h e  product S i .  About 15% o f  t h e  
A 1  and only a very small f r a c t i o n  of  t h e  P end up i n  t h e  S i .  

I n  l a t e  October ,  a s e r i o u s  problem a rose  i n  connect ion wi th  t h e  growth 
and s e p a r a t i o n  of  S i  p a r t i c l e s  from the  r e a c t i o n  s t ream. Previous c a l c u l a t i o n s  
o f  t h e  r e a c t o r  l e n g t h  r equ i r ed  f o r  growth o f  t h e  p a r t i c l e s  t o  t h e  s i z e  re -  
qu i red  f o r  i n e r t i a l  s e p a r a t i o n  ( 5  micron d iameter )  were found t o  be i n  e r r o r .  
La t e r  c a l c u l a t i o n s  i nd i ca t ed  t h a t  r e a c t o r  l e n g t h s  i n  t h e  o r d e r  of 10 t o  50 
meters  a r e  r equ i r ed .  Development proceeded a t  Westinghouse on both a condensat ion 
model ( a  homogeneous r e a c t i o n  case  wherein t h e  S i  i s  condensed from t h e  gas 
s t ream onto t he  r e a c t o r  wa l l s )  and on a heterogeneous model. A conference 
was held a t  JPL on December 6 ,  a t tended  by r e p r e s e n t a t i v e s  from Westinghouse, 
Univers i ty  of  Minnesota,  Oregon S t a t e  Un ive r s i t y ,  Lamar Un ive r s i t y ,  Ca l tech ,  
AeroChem Research Labora to r i e s ,  J .  C.  Schumacher Co., Union Carbide Corp., 
and JPL t o  d i s c u s s  t h e  S i  s epa ra t i on  problem. This  conference  served a s  
a b a s i s  f o r  subsequent  a n a l y s i s  of t h e  problem. 

The d e t a i l e d  des ign  of  t he  subpystems f o r  t he  Phase I1 process  
demonstrat ion was undertaken. Drawings o f  t h e  mod i f i ca t i ons  r equ i r ed  
f o r  the  f a c i l i t y  were made, and work was s t a r t e d .  P repa ra t i ons  of t h e  
f a c i l i t y  t o  be used f o r  t h e  experimental  v e r i f i c a t i o n  equipment and 
t h e  e f f o r t s  f o r  t h e  suppor t ing  t a s k s  o f  k i n e t i c s ,  i n j e c t i o n  methods, 
and r e a c t i o n  demonstrat ion were begun. 

3 .  Novel D u ~ l e x  Va~or-Elec t rochemica l  Method f o r  S i l i c o n  P r o d u c t i o ~  - Stan fo rd  Research I n s t i t u t e .  The o b j e c t i v e  o f  t h i s  program is t o  determine 
t h e  f e a s i b i l i t y  o f  using a two-step process  i n  which Na i s  used t o  reduce 
SiF4 obta ined  from H2SiF6, a byproduct o f  t h e  f e r t i l i z e r  i n d u s t r y ,  t o  S i .  
The S i  is f u r t h e r  p u r i f i e d  by a SiP2 t r a n s p o r t  o r  an e l e c t r o l y s i s  r e a c t i o n .  

Pre l iminary  e s t i m a t e s  were made o f  t h e  raw m a t e r i a l  c o s t s  f o r  a pro- 
posed process  i n  which: a 23% s o l u t i o n  o f  f l u o r o s i l i c i c  a c i d  (H2SiF6) is 
converted t o  SiF4 v i a  Na2SiFg; SiF4 is  reduced by Na; s a l t s  a r e  leached o u t  
of t h e  product  S i ;  and byproduct f l u o r i d e s  a r e  converted t o  CaF2 f o r  waste 
d i sposa l .  The most advantageous e s t ima te  was t h e  c a s e  i n  which tank  c a r  



l o t s  a r e  used;  HF is  used f o r  l e a c h i n g  and c r e d i t  is t a k e n  f o r  t h e  f l u o r i d e  
sa l ts .  

The s t u d y  o f  t h e  r e d u c t i o n  s t e p  was con t inued  u s i n g  a s t a i n l e s s  s t e e l  
r e a c t o r .  A c o n v e r s i o n  r a t e  of  40g/hr was reached .  The morphology o f  t h e  
S i  was de te rmined  by SEM, SEM/EDAX, and o p t i c a l  microscopy. Na and S i  were 
shown t o  be p r e s e n t  i n  t h e  S i  p a r t i c l e s .  

k. - S t u d i e s  o f  P r o c e s s  F e a s i b i l i t v  and Economic Analvses  - Lamar 
. . D n l v e r s i t v .  A major  e f f o r t  was focused  on o b t a i n i n g  t h e  d a t a  f o r  t h e  

p r o p e r t i e s  o f  S i  s o u r c e  m a t e r i a l  f o r  s e v e r a l  a l t e r n a t e  p r o c e s s e s .  The 
d a t a  list f o r  vapor  p r e s s u r e ,  h e a t  o f  v a p o r i z a t i o n ,  g a s  h e a t  c a p a c i t y ,  
l i q u i d  h e a t  c a p a c i t y ,  and d e n s i t y  i s  abou t  70% complete .  

The p r e l i m i n a r y  c a l i b r a t i o n  and e v a l u a t i o n  o f  t h e  a p p a r a t u s  assembled 
t o  measure t h e  t h e r m a l  c o n d u c t i v i t i e s  o f  g a s e s  were completed.  The e x p e r i -  
m e n t a l l y  de te rmined  v a l u e s  f o r  t h e  t h e r m a l  c o n d u c t i v i t y  o f  H2 a r e  i n  e x c e l l e n t  
agreement  w i t h  v a l u e s  from t h e  l i t e r a t u r e .  

I n  a d d i t i o n ,  t h e  e x p e r i m e n t a l  d e t e r m i n a t i o n  o f  the rmal  c o n d u c t i v i t y  
f o r  S i - s o u r c e  m a t e r i a l s  was i n i t i a t e d .  P r e l i m i n a r y  r e s u l t s  f o r  s i l a n e  (SiH4) 
and d i c h l o r o s i l a n e  (SiH2C12) were r e p o r t e d  i n  t h e  t e m p e r a t u r e  r a n g e s  of  25  
t o  3 0 0 ~ ~ .  and 25 t o  400°c, r e s p e c t i v e l y .  There  have been no p r e v i o u s l y  r e -  
p o r t e d  e x p e r i m e n t a l  d a t a  i n  t h e  l i t e r a t u r e  f o r  g a s  phase  t h e r m a l  c o n d u c t i v i t y  
o f  t h e s e  s u b s t a n c e s .  

Major e f f o r t s  were c o n t i n u e d  on t h e  p r e l i m i n a r y  p r o c e s s  d e s i g n  o f  t h e  
SiH4 p r o c e s s  (Union C a r b i d e ) .  The p r o c e s s  f low diagram,  m a t e r i a l  b a l a n c e ,  
and energy  b a l a n c e  a r e  100% complete  f o r  t h e  r e v i s e d  f l o w s h e e t  ( r e c e i v e d  
from Union C a r b i d e ) .  Major p r o c e s s  equipment d e s i g n  i s  85% comple te .  The 
e s t i m a t e  o f  p r o d u c t i o n  l a b o r  r e q u i r e m e n t s  i s  75% complete .  

1. S i l i c o n  H a l i d e  - A l k a l i  Metal  Flames as a  Source  o f  S o l a r  Grqde  
S i l i c o n  - AeroChem Research.  T h i s  program is des igned  t o  t e s t  t h e  f e a s i b i l i t y  
of u t i l i z i n g  c o n t i n u o u s  h i g h  t e m p e r a t u r e  d i f f u s i o n  f l a m e s  o f  a l k a l i  m e t a l s  
and s i l i c o n  h a l i d e s  as a n  economical  s o u r c e  of s o l a r  g r a d e  S i .  Thermochem- 
i c a l  c a l c u l a t i o n s  i n d i c a t e  t h a t  r e a c t i o n s  between e i t h e r  Na o r  K and any o f  
t h e  s i l i c o n  h a l i d e s  a r e  s t r o n g l y  exoerg' ic and t h a t  l i q u i d  o r  s o l i d  S i  is  
t h e  o n l y  condensed phase  i n  any o f  t h e  e q u i l i b r i u m  produc t  d i s t r i b u t i o n s .  

The e x p e r i m e n t a l  e f f o r t  on t h i s  program h a s  c o n c e n t r a t e d  t h u s  f a r  on 
Na/SiClq and K/SiC14 f l ames  i n  an  evacua ted  r e a c t i o n  v e s s e l .  These f l a m e s  
a r e  s e l f - i g n i t i n g ,  fast  b u r n i n g  and i n t e n s e l y  chemiluminescent .  S o l i d  
r e a c t i o n  p r o d u c t s  have been c o l l e c t e d ,  s e p a r a t e d  by s i m p l e  washing,  and 
some p r e l i m i n a r y  a n a l y s e s  performed. S p e c t r o s c o p i c  c h a r a c t e r i z a t i o n  of 
t h e  chemiluminescence h a s  been i n i t i a t e d .  

Vapor ized r e a c t a n t s  f o r  t h e  Na o r  K/SiC14 f l ames  a r e  o b t a i n e d  from two 
r e f l u x  columns ( h e a t  p i p e s )  equipped w i t h  vapor  o u t l e t s  below t h e  s t e a d y -  
s t a t e  c o n d e n s a t i o n  p o i n t s  i n  t h e  columns. Flows of  0 .1  t o  1  .5 g  rnin'l K 
vapor  a r e  s u s t a i n e d  by v a r y i n g  t h e  r e f l u x  column p r e s s u r e  between 0 .1  and 
1.0 atm; t h e  h a l i d e  f low i s  c o n t r o l l e d  i n d e p e n d e n t l y  and made t o  match o r  
s l i g h t l y  exceed t h e  K vapor  i n p u t  r a t e .  When t h e  h a l i d e  is provided i n  s l i g h t  
e x c e s s ,  r e a c t i o n  t a k e s  p l a c e  .about'  t h e  boundar ies  o f  t h e  K vapor  s t r eam.  



The p r o d u c t s  o f  r e a c t i o n  a r e  a l l .  s o l i d s  and appear  as a  m i x t u r e  o f  
brown and whi te  powders. Microscopic  examina t ion  o f  t h e  unwashed p r o d u c t s  
r e v e a l s  what seem t o  be agg lomera tes  o f  p a r t i c l e s  w i t h  < 1  pm diam. Washing 
w i t h  s l i g h t l y  a c i d i c  w a t e r  removes t h e  w h i t e  powder (presumably  KC^) and 
l e a v e s  a  f i n e  l i g h t  brown powder. To d a t e ,  t h e  product  h a s  been r e t r i e v e d  
s imply  from d e p o s i t s  on t h e  c o o l  r e a c t o r  walls; no a t t e m p t  h a s  y e t  been 
made t o  c o l l e c t  t h e  m a t e r i a l s  a t  h igh  t e m p e r a t u r e s .  

A t u b u l a r  r e a c t o r  f o r  t h e  p r e p a r a t i o n  of l a r g e r  q u a n t i t i e s  o f  p r o d u c t s  
and p o s s i b l y  t h e i r  s e p a r a t i o n  v i a  d i f f e r e n t i a l  d e p o s i t i o n  is  now be ing  
b u i l t .  P r o v i s i o n  i s  a l s o  b e i n g  made f o r  t h e  a d d i t i o n  o f  h o t  H 2 / A r  d i l u e n t s  
and v a r i a b l e L f l o w  r a t e s  and p r e s s u r e s  i n  t h i s  r e a c t o r .  

m .  l j e v e l o ~ m e n t  o f  a Model and C o m ~ u t e r  Code t o  DescrLbe S i l i c o n  
P r o d u c t i o n  P r o c e s s e s  - AeroChem Research.  T h i s  program aims a t  d e v e l o p i n g  
a mathemat ica l  model and a computer code based on t h i s  model, which w i l l  
a l l o w  t h e  p r e d i c t i o n  o f  t h e  p roduc t  d i s t r i b u t i o n  i n  chemical  r e a c t o r s  i n  
which gaseous  S i  compounds a r e  conver ted  t o  condensed-phase S i .  The r e a c t o r s  
t o  be modeled a r e  f low r e a c t o r s  i n  which SiH4 o r  one o f  t h e  ha logena ted  s i l a n e s  
is  t h e r m a l l y  decomposed o r  r e a c t e d  w i t h  an  a l k a l i  m e t a l ,  H2 o r  B atoms. 
Because t h e  p roduc t  o f  i n t e r e s t  is  p a r t i c u l a t e  S i ,  p r o c e s s e s  which must be 
modeled, i n  a d d i t i o n  t o  mixing and r e a c t i o n  o f  gas-phase r e a c t a n t s ,  i n c l u d e  
t h e  n u c l e a t i o n  and growth o f  condensed S i  v i a  c o a g u l a t i o n ,  c o n d e n s a t i o n ,  
and he te rogeneous  r e a c t i o n .  

The most r e c e n t  v e r s i o n  o f  a  f r e e  s h e a r  l a y e r  t u r b u l e n t  mixing code 
(LAPP) which t r e a t s  f i n i t e  r a t e ,  gas-phase c h e m i s t r y  h a s  been a c q u i r e d  and 
documented t o  a s c e r t a i n  e x a c t l y  t h e  numerous changes  t h e  code h a s  undergone 
i n  r e c e n t  y e a r s .  E q u a t i o n s  d e s c r i b i n g  p a r t i c l e  dynamics have been fo rmula ted  
and a r e  be ing  coded.  A code f o r  c a l c u l a t i n g  p a r t i c l e  c o a g u l a t i o n  r a t e s  is  
a v a i l a b l e ;  i t  w i l l  be  r e c o d e d ,  combined w i t h  a  n u c l e a t i o n  model, and i n s e r t e d  
i n t o  t h e  LAPP code.  A model f o r  c a l c u l a t i n g  n u c l e a t i o n  r a t e s  h a s  been se-  
l e c t e d  from among s e v e r a l  a l t e r n a t i v e s ;  t h e  r a t e  c o e f f i c i e n t s  and thermo- 
chemical  i n f o r m a t i o n  needed f o r  its u t i l i z a t i o n  a r e  c u r r e n t l y  b e i n g  deve loped .  

B. LARGE-AREA SILICON SHEET TASK 

The o b j e c t i v e  o f  t h e  Large-Area S i l i c o n  S h e e t  Task is  t o  deve lop  and 
d e m o n s t r a t e  t h e  f e a s i b i l i t y  of  s e v e r a l  a l t e r n a t i v e  p r o c e s s e s  f o r  producing 
l a r g e  a r e a s  o f  S i  s h e e t  m a t e r i a l  s u i t a b l e  f o r  low-cost ,  h i g h  e f f i c i e n c y  
s o l a r  p h o t o v o l t a i c  e n e r g y  c o n v e r s i o n .  To meet t h e  o b j e c t i v e  o f  t h e  LSSA 
P r o j e c t ,  s u f f i c i e n t  r e s e a r c h  and development must be performed on a  number 
o f  p r o c e s s e s  t o  d e t e r m i n e  t h e  c a p a b i l i t y  o f  each f o r  producing l a r g e  a r e a s  
of c r y s t a l l i z e d  S i .  The f i n a l  s h e e t  growth c o n f i g u r a t i o n s  must be  s u i t a b l e  
f o r  d i r e c t  i n c o r p o r a t i o n  i n t o  a n  automated s o l a r - a r r a y  p r o c e s s i n g  scheme. 

1 .  T e c h n i c a l  Goals  

C u r r e n t  s o l a r  c e l l  t echno logy  i s  based on t h e  u s e  o f  Si w a f e r s  
o b t a i n e d  by s l i c i n g  l a r g e  C z o c h r a l s k i  o r  f l o a t - z o n e  i n g o t s  ( u p  t o  12.5 
cm i n  d i a m e t e r ) ,  u s i n g  s i n g l e - b l a d e  inner -d iamete r  (ID) diamond saws. 
T h i s  method of  o b t a i n i n g  s i n g l e  c r y s t a l l i n e  S i - w a f e r s  is t a i l o r e d  t o  



t h e  needs of  l a r g e  volume semiconductor '  p roducts  ( i  .e., i n t e g r a t e d  
c i r c u i t s  p l u s  d i s c r e t e  power and c o n t r o l  dev i ce s  o t h e r  than s o l a r  c e l l s ) .  
Indeed ,  t h e  smal l  market o f f e r ed  by p re sen t  s o l a r  c e l l  u s e r s  does n o t  
j u s t i f y  t h e  development of S i  high-volume product ion techniques which 
would r e s u l t  i n  low-cost e l e c t r i c a l  energy. 

Growth o f  S i  c r y s t a l l i n e  m a t e r i a l  i n  a geometry which does not  
r e q u i r e  c u t t i n g  t o  achieve proper t h i cknes s  is  an obvious way t o  e l i m i n a t e  
c o s t l y  process ing  and m a t e r i a l  waste. Growth techniques  such as edge- 
de f ined  f i lm-fed growth (EFG), web-dendrit ic growth, chemical vapor 
d e p o s i t i o n  (CVD), e t c . ,  a r e  p o s s i b l e  cand ida t e s  f o r  t h e  growing o f  s o l a r  
c e l l  m a t e r i a l .  The growing of l a r g e  i n g o t s  with optimum shapes f o r  so l ? r  
c e l l  needs ( e . g . ,  hexagonal c ros s - sec t ions )  r e q u i r i n g  very l i t t l e  manpower 
and machinery would a l s o  appear p l a u s i b l e .  However, i t  appears  t h a t  t h e  
c u t t i n g  of  t h e  l a r g e  i n g o t s  i n t o  wafers  must be done us ing  m u l t i p l e  r a t h e r  
than s i n g l e  b l ades  i n  o rde r  t o  be c o s t - e f f e c t i v e .  

Research and development on r i bbon ,  s h e e t ,  and ingo t  growth p lus  
mul t ip le -b lade  and mult iple-wire  c u t t i n g  i n i t i a t e d  i n  1975-1976 is i n  
p rog re s s .  

2. Organiza t ion  and Coordination 

A t  t h e  time t h e  LSSA P r o j e c t  was i n i t i a t e d  (January 1975) a number 
of methods p o t e n t i a l l y  s u i t a b l e  f o r  growing S i  c r y s t a l s  f o r  s o l a r  c e l l  
manufacture were known. Some of  t h e s e  were under development; o t h e r s  
e x i s t e d  only i n  concept .  Development work on t h e  most promising methods 
is  now being funded. Af t e r  a per iod o f  a c c e l e r a t e d  development, t h e  
va r ious  methods w i l l  be evaluated and the  b e s t  s e l e c t e d  f o r  advanced 
development. A s  t h e  growth methods a r e  r e f i n e d ,  manufac tu r ing .p l an t s  
w i l l  be developed from which t h e  most c o s t - e f f e c t i v e  s o l a r  c e l l s  can 
be manufactured. The Large-Area S i l i c o n  Shee t  Task e f f o r t  is organized 
i n t o  four  phases:  r e sea rch  and development on s h e e t  growth methods 
( 1975-77 ) ; advanced development o f  s e l e c t e d  growth methods ( 1977-80 ) ; 
pro to type  product ion  development (1981-82); development, f a b r i c a t i o n ,  
and o p e r a t i o n  o f  product ion growth p l a n t s  (1983-86). 

3. Large-Area S i l i c o n  Sheet  Task Cont rac t s  

Research and development c o n t r a c t s  awarded f o r  growing S i  c r y s t a l -  
l i n e  m a t e r i a l  f o r  s o l a r  ce l l  product ion a r e  shown i n  Table 3-3. This  
work cont inued  through t h e  end of  FY 1977. l lPrefer red"  growth methods 
f o r  f u r t h e r  development during FY 1978-80 have been s e l e c t e d .  By 1980, 
both t e c h n i c a l  and economic f e a s i b i l i t y ' s h o u l d  be demonstrated by i n d i v i d u a l  
growth methods. 

An economic a n a l y s i s  of  t h e  Czochra lsk i  i n g o t  growth process  was per- 
formed t o  a s s e s s  its p o t e n t i a l  t o  meet near-term and 1986 goa l s .  The s tudy  
was made wi th  t h e  i n t e n t i o n  o f  i d e n t i f y i n g  key f e a t u r e s  o f  t h e  process  t h a t  
a r e  making t h e  process  c o s t l y  a t  t h e  p re sen t  time. The a n a l y s i s ,  conducted 
a t  JPL and e l sewhere ,  shows t h a t  a cont inuous  growth process  i s  necessary  f o r  
c o s t  r e d u c t i o n .  It was decided t o  s o l i c i t  p roposa ls  t o  develop an advanced 



Table 3-3. Large-Area S i l i c o n  Sheet  Task Cont rac tors  

Cont rac tor  Technology Area 

SHAPED RIBBON TECHNOLOGY 

I BM 
Hopewell Junc t ion ,  New York 
(JPL Cont rac t  .No. 954144) 

Mobil-Tyco S o l a r  Energy 
Waltham, Massachuset ts  
(JPL Cont rac t  No. 954355) 

Motorola , Inc  . 
Phoenix, Arizona 
(JPL Cont rac t  No. 954376) 

Westinghouse Research 
P i t t s b u r g h ,  Pennsylvania 

C, 
( J P L  Cont rac t  No. 954654) 

Ribbon growth, c a p i l l a r y  d i e  

Ribbon growth, EFG 

Ribbon growth, l a s e r  zone 

Dendr i t i c  web process  

-- - ---  

SUPPORTED FILM TECHNOLOGY 

Honeywell Corp. 
Bloomington, Minnesota 
(JPL Cont rac t  No. 954356) 

RCA Labs 
P r ince ton ,  New Je r sey  
(JPL Cont rac t  No. 954901) 

Novel growth 
d i p  coa t ing  

INGOT TECHNOLOGY 

Crys t a l .Sys t ems ,  ' I n c .  
Salem, Massachuset ts  
(JPL Cont rac t  No. 954373) 

Kayex Corp. 
Rochester ,. New York 
(JPL Cont rac t  No. 954888) 

C 

Heat exchanger method (HEM), 
c a s t  i ngo t  and mul t iwi re  f i xed  
a b r a s i v e  s l i c i n g  

Advanced CZ growth 



Table 3-3. Large-Area S i l i c o n  Sheet  Task Con t r ac to r s  (Cont inua t ion  1 ) 

Cont rac to r  Technology Area 

.INGOT TECHNOLOGY 

S i l t e c  Corp. 
Menlo Park ,  C a l i f o r n i a  
(JPL Con t r ac t  No. 954886) 

Advanced CZO- 

Texas In s t rumen t s  Advanced CZO ' 

Dal l a s ,  Texas 
(JPL Cont rac t  No. 9548871.' . , 

Varian Vacuum Divis ion .  Mul t ib lade  s l u r r y  sawing 
Lexington,  Massachuset ts  
( J P L  Con t r ac t  No. 954374) 

Varian Vacuum Divis ion  Advanced CZO 
Lexington, Massachuset ts  
(JPL Con t r ac t  ,No. 954884 ) 

CONTACT MATERIAL 

Bat t e l l e  Labs 
Columbus, Ohio 
(JPL Cont rac t  No. 954876) 

Coors P o r c e l a i n  
Golden, Colorado 
(JPL .Con t r ac t  No. 954878) 

Eagle  P i che r  
M i a m i ,  Oklahoma 
(JPL Cont rac t  .No. 954877) 

Die and con ta ine r  m a t e r i a l s  

.Die and c o n t a i n e r  m a t e r i a l s  

Die and con ta ine r  m a t e r i a l s  

RCA Labs Die .and c o n t a i n e r , m a t e r i a l s  
P r ince ton ,  New J e r s e y  
(JPL Con t r ac t  No. 954817) 



Czochralski  p rocess ,  s p e c i f i c a l l y  one ach iev ing  cont inuous i ngo t  growth 
through m u l t i p l e  use  o f  c r u c i b l e s ,  and inco rpo ra t i ng  improved sawing 
techniques .  These techniques ,  when. s u c c e s s f u l l y  developed,  w i l l  reduce 
c o s t s  a s s o c i a t e d  wi th  c r u c i b l e s ,  p rocess ing ,  and sawing l o s s e s .  

4. Large-Area S i l i c o n  Sheet  Task Technical  Background 

a .  S h a ~ e d  Ribbon Technolav:. EFG Method - Mobil-Tvco S o l a r  Enerav 
C o r ~ .  The edge-defined fi lm-fed growth (EFG) technique  is based on feed ing  
molten S i  through a  s l o t t e d  d i e  a s  i l l u s t r a t e d  i n  F igure  .3-1. I n  t h i s  
t echnique ,  t h e  shape of  t h e  r ibbon is determined by t h e  c o n t a c t  o f  molten 
S i  wi th  t h e  o u t e r  edge o f  t h e  d i e .  The d i e  i s  cons t ruc t ed  from m a t e r i a l  
which is wetted by molten S i  (e .g . ,  g r a p h i t e ) .  E f f o r t s  under t h i s  c o n t r a c t  
a r e  d i r e c t e d  toward extending t h e  c a p a c i t y  o f  t h e  EFG process  t o  a speed 
o f  7.5 cm/min and a  width of  7.5 cm. In  a d d i t i o n  t o  t h e  development o f  
EFG machines and t h e  growing o f  r i bbons ,  t h e  program inc ludes  economic 
a n a l y s i s ,  c h a r a c t e r i z a t i o n  o f  t h e  r i bbon ,  product ion and a n a l y s i s  o f  
s o l a r  c e l l s ,  and t h e o r e t i c a l  a n a l y s i s  o f  thermal  and stress cond i t i ons .  

b.  S h a ~ e d  Film Technoloav: CAST Method - IBM. The c a p i l l a r y  
a c t i o n  shaping technique  (CAST) is based on t h e  same p r i n c i p l e  as EFG 
growth (F igu re  3-1); i .e . ,  i t  u t i l i z e s  a  d i e  cons t ruc t ed  from m a t e r i a l  
which is wetted by molten S i .  Work under t h i s  c o n t r a c t  i s  d i r e c t e d  toward 
e v a l u a t i o n  of t h e  t e c h n i c a l  and economic p o t e n t i a l  of CAST f o r  t h e  prepa- 
r a t i o n  o f  S i  r ibbon .  The e f f o r t  c o n c e n t r a t e s  on ( 1 )  understanding and' 
e x t r a p o l a t i n g  t h e  e f f e c t s  of  growth c o n d i t i o n s ,  (2) c h a r a c t e r i z a t i o n  o f  
t h e  r i bbon ,  wi th  s p e c i a l  emphasis on t h e  c o r r e l a t i o n  o f  s t r u c t u r e  and 
' e l e c t r i c a l  performance, and ( 3 )  economic a n a l y s i s  o f  S i  growth by t h i s  
and o t h e r  growth techniques .  

c .  S h a ~ e d  Ribbon Technolav: Laser Zone Growth i n  a  Ribbon-to- 
.Ribbon Process  - Motorola. The ribbon-to-ribbon p roces s  is  b a s i c a l l y  a 
f loa t -zone  c r y s t a l  growth method i n  which t h e  feeds tock  i s  a  polycrys-  
t a l l i n e  S i  r ibbon  (F igu re  3-2). The p o l y s i l i c o n  r ibbon  is  fed  i n t o  a 
preheated r eg ion  which is a d d i t i o n a l l y  heated by a  focused l a s e r  beam, 
melted,  and c r y s t a l l i z e d .  The l i q u i d  S i  is  .held i n  p l a c e  by i t s ' o w n  
s u r f a c e  t e n s i o n .  The shape of' t h e  t ' e su l t lng  c r y s t a l  is de f in sd  by. t h e  
shape o f  t h e  f eeds tock  and t h e  o r i e n t a t i o n  is  determined by t h a t  o f  a  
seed s i n g l e - c r y s t a l  r ibbon.  

d .  Ingot  Technoloav: Heat 'Exchanaer Method - C r v s t a l  Svstems. 
The Schmid-Vicchnicki technique (heat-exchanger method) has  been devel-  
oped t o  grow l a r g e  s i n g l e - c r y s t a l  s apph i r e  (F igu re  3-31. Heat i s  removed 
from the  c r y s t a l  by means of a  high-temperature hea t  exchanger.  The hea t  
removal is  c o n t r o l l e d  by t h e  flow o f  helium g a s  ( t h e  coo l ing  medium) through 
the  hea t  exchanger.  This  e l i m i n a t e s  t he .need  f o r  motion o f  t h e  c r y s t a l ,  
c r u c i b l e ,  o r  hea t  zone. I n  essence t h i s  method invo lves  d i r e c t i o n a l  s o l i -  
d i f i c a t i o n  from t h e  melt  where t h e  temperature  g r a d i e n t  i n  t h e  s o l i d  
might be c o n t r o l l e d  by t h e  hea t  exchanger and t h e  g r a d i e n t  i n  t h e  l i q u i d  
c o n t r o l l e d  by t h e  furnace  temperature .  
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Growth of a crystal by the heat exchanger method: 
( a )  Crucible, cover, starting material, and seed prior to melting. 
( b  ) Starting material melted. 
( c  ) Seed partially melted to insure good nucleation. 
( d )  Growth of crystal commences. 
( e )  Growth of crystal covers crucible bottom. 
( f )  Liquid-solid interface expands in nearly ellipsoidal fashion. 
( ) Liquid-solid interface breaks liquid surface. 8) CV stal growth completed. 

F igure  3-3. Crys t a l  Growth Using t h e  Heat Exchanger 
Method - Crys t a l  Systems 

The o v e r a l l  g o a l  of t h i s  program is t o  determine i f  t h e  heat-  
exchanger i ngo t  c a s t i n g  method can be app l i ed  t o  t h e  growth o f  l a r g e  
shaped S i  c r y s t a l s  (>8 inches  cube dimensions) i n  a form s u i t a b l e  f o r  
t h e  eventua l  f a b r i c a t i o n  o f  s o l a r  c e l l s .  Th i s  g o a l  is  t o  be accomplished 
by t h e  t r a n s f e r  of  s apph i r e  growth technology (50-pound i n g o t s  have a l r e a d y  
been grown), and t h e o r e t i c a l  cons ide ra t i ons  o f  s eed ing ,  c r y s t a l l i z a t i o n  
k i n e t i c s ,  f l u i d  dynamics, and hea t  flow f o r  S i .  

e .  Inno t  Technoloav: M u l t i ~ l e  Wirinn Sawina - C r v s t a l  SvSteIUS, 
Mult iblade Sawina - Varian.  Today most S i  is  s l i c e d  i n t o  wafers  with an 
i n s i d e  diameter  saw, one wafer a t  a time being c u t  from t h e  c r y s t a l .  This  
is a big cos t  f a c t o r  i n  producing s o l a r  c e l l s .  

The o v e r a l l  g o a l  o f  t h e  s l i c i n g  program i s  t o  op t imize  mul t ib lade  
(w i r e )  S i  s l i c i n g ,  i n v e s t i g a t i n g  the  fol lowing parameters  i n  p a r t i c u l a r :  

( 1 )  Rate o f  m a t e r i a l  removal and ke r f  removal. 

(2 ) S l i c e  t h i cknes s ,  wire  blade dimensions,  c u t t i n g  f o r c e s ,  
wi re /b lade  t ens ion ,  and o t h e r  machine v a r i a b l e s .  

( 3 )  Wires ve r sus  blades a s  a c u t t i n g  t o o l .  



( 4 )  Var i a t i on  o f  workpiece rock i r~g  motion. 

( 5 )  I n t r o d u c t i o n  o f  ab ra s ive  dur ing  s l i c i n g  ope ra t i on .  

( 6 )  E f f e c t  of  s u r f a c e  cond i t i on  of wire, i nc lud ing  cons ide ra t i on  
o f  hardness  and method of  p l a t i n g .  

I 
( 7 )  E f f e c t  of a b r a s i v e  p a r t i c l e  s i z e  and type .  

( 8 )  E f f e c t  o f  c u t t i n g  f l u i d  composition. 

The mul t iwi re  s l i c i n g  ope ra t i on  employs a workpiece rocking motion 
wi th  r e c i p r o c a t i n g  wi re  motion and u t i l i z e s  50 0.2 mm wi res .  These a r e  
0 .5  mm s t e e l  wires surrounded by a 0.25 mm copper s h e a t h ,  which is impreg- 
na ted  w i t h  diamond a s  an ab ra s ive .  The shape o f  t h e  a b r a s i v e s  and t h e i r  
i n t e r a c t i o n  with t h e  copper and s t e e l  is an unknown v a r i a b l e  and w i l l  
be i n v e s t i g a t e d .  The i n d i v i d u a l  wi res  wi th in  a m u l t i p l e  wire package a r e  
equi tens ioned  by t h e  use of a s i n g l e  j i g  i n  t he  form of  a weaving machine. 

The mu l t i b l ade  s l i c i n g  ope r t i on  employs a s i m i l a r  r e c i p r o c a t i n g  
b lade  head motion with a f i xed  workpiece. S l i c i n g  is  accomplished wi th  
a s l u r r y  suspension o f  c u t t i n g  f l u i d  and s i l i c o n  c a r b i d e  a b r a s i v e  and 
tensioned s t e e l  b lades  of 6 mm he ight  and 0.2 mm t h i cknes s .  

The v a r i a b l e s  f o r  s l i c i n g  have been s p e c i f i c a l l y  i d e n t i f i e d .  
The independent v a r i a b l e s  a r e  feed f o r c e ,  speed,  rocking a n g l e ,  and 
phase angle ;  t h e  dependent v a r i a b l e s  a r e  c u t t i n g  r a t e ,  d e f l e c t i o n ,  
degrada t ion  of  a b r a s i v e ,  and cu t  p r o f i l e  of  y ve r sus  x .  

5. Summary of  Progress  

a .  Mobil-Tvco S o l a r  Enerav C o r ~ .  Fu r the r  a n a l y s i s  o f  t h e  EFG 
r ibbon  growth s c e n a r i o  us ing  SAMICS in t e r im  p r i c e  e s t i m a t i o n  g u i d e l i n e s  
show t h a t  a double 5-ribbon furnace  o f  t h e  gene ra l  type represen ted  
by machine 3 A  o p e r a t i n g  under t h i s  c o n t r a c t  can produce s h e e t  m a t e r i a l  
a t  <$20/m2, t h e  1986 JPL goa l .  Technology requi rements  are: 

( 1 )  One o p e r a t o r  f o r  two 5-ribbon growth s t a t i o n s  i n  which 
I 

each r ibbon  grows a t  a speed of 7.5 cm/min a t  7,.5 cm width.  

( 2 )  Minimum duty  c y c l e  must be 67% and minimum y i e l d s  75%. 

( 3 )  Poly s i l i c o n  m a t e r i a l  must be a v a i l a b l e  a t  $10 t o  $25/kg 
depending on y i e l d  assumptions made. 

The major problem encountered i n  t h e  7.5 cm wide by 7.5 cm/min 
r ibbon  growth is  a s eve re  tendency toward buckl ing a t  l a r g e r  widths  and 
h igher  speeds.  Seve ra l  des ign  changes i n  t he  growth c a r t r i d g e  a r e  being 
i n v e s t i g a t e d  t o  c u r e  t h i s  problem. , 

U t i l i z a t i o n  of  t h e  f l u i d  flow phemonenon dur ing  growth has shown 
t h a t  s i g n i f i c a n t  impur i ty  r e - d i s t r i b u t i o n  can be achieved.  Proper  
u t i l i z a t i o n  of  t h i s  phenemenon i n  m a t e r i a l  grown from a " d i r t y "  run 



has produced -10% e f f i c i e n c y  s o l a r  c e l l s  from t h e  c e n t r a l  2 .5  cm of a  
5 cm wide r ibbon.  

b. - IBM. The 100 mm-wide r ibbon growth furnace  has  been i n s t a l l e d .  
Thermal p r o f i l i n g  of t h e  g r a p h i t e  d i e s  f o r  proper  ope ra t i on  o f  t h i s  machine 
is  cont inu ing .  A 94 mm-wide r ibbon was grown, but s h a t t e r e d  upon withdrawal 
from t h e  furnace .  

Vi t reous  carbon and CVD Si3N4 were eva lua ted  f o r  d i e  and m a t e r i a l  use .  

D i r e c t i o n a l  s o l i d i f i c a t i o n  of  S i  i n  a  v i t r e o u s  carbon c r u c i b l e  was 
achieved wi th  g r a i n  s i z e s  varying from 0.05 t o  2  pm. The s o l i d i f i e d  s i l i c o n  
was found t o  be i n t a c t  and f r e e  from cracks .  Small  S i c  p a r t i c l e s  were found 
a t  t he  Si/C i n t e r f a c e .  Vitreous carbon has an equ iva l en t  thermal expansion 
c o e f f i c i e n t  a s  s i l i c o n  i n  t h e  range 650°C t o  20°c. The degree o f  C contaminat ion 
i n  s i l i c o n  (20 ppm) is s i m i l a r  t o  t he  O 2  contaminat ion o f  S i  grown from Si02 
( q u a r t z )  c r u c i b l e s .  However, C is not  e l e c t r i c a l l y  a c t i v e  i n  s i l i c o n .  

c .  Motorola.  Modif icat ions t o  RTR /I1 has  increased  l a s e r  ou tput  
power. A s  a  consequence, r ibbon can now be grown a t  10 cm/min ( f o r  2  cm- 
wide r ibbon s t o c k ) .  Accompanying t h i s  i nc rease  i n  growth v e l o c i t y  i s  a new 
growth phenomenon i n  t h e  form of  d e n d r i t i c  growth. The o n s e t  of d e n d r i t i c  
growth is  r e l a t e d  t o  a  c r i t i c a l  v e l o c i t y  which is  a func t ion  o f  t h e  thermal 
environment. Non-dendrit ic growth can be achieved a t  v e l o c i t i e s  up t o  7.5 cm/min. 

RTR growth from a doped polyribbon feeds tock  obta ined  from a CVD 
process  has  been achieved. I n i t i a l  d i f f u s i o n  l e n g t h  measurements o f  t h e  
r ibbon obta ined  t h i s  way i n d i c a t e  equ iva l en t  performance t o  m a t e r i a l  regrown 
from s i n g l e  c r y s t a l  feeds tock .  

' Recent s o l a r  c e l l  eva lua t ion  l o t s  have shown m e t a l l i z a t i o n  degrada t ion  
t o  be t h e  cause f o r  low measured e f f i c i e n c i e s  (average  of 7 .7%) .  

Di f fus ion  l e n g t h  s t u d i e s  on RTR s o l a r  c e l l s  have shown: + 

(1 ) Large d i f f u s i o n  l e n g t h s  (>I00 pm) . 
( 2 )  C o r r e l a t i o n  between d i f f u s i o n  l e n g t h s  and d i s l o c a t i o n  d e n s i t i e s .  

( 3 )  Va r i a t i on  i n  d i f f u s i o n  l e n g t h s  on g r a i n  boundaries .  

The l a r g e  d i f f u s i o n  l e n g t h s  measured on processed c e l l s  c o n t r a s t  wi th  
t h e  low va lues  ob ta ined  from as-grown r ibbons .  The improvement occurs  
dur ing  the  j unc t ion  d i f f u s i o n  and AR coa t ing  s t e p s .  

d .  Westinahouse. During t h i s  q u a r t e r  t h e  experimental  phase of 
t h e  program was o r i e n t e d  toward developing growth c o n f i g u r a t i o n s  which 
produced web c r y s t a l s  having low r e s i d u a l  stress l e v e l s .  Lid des igns  
i n f luence  t he  web growth considerably:  t h i c k  l i d s  wi th  narrow s l o t s  
produce minimum temperature  f l u c t u a t i o n s  and f l a t  temperature  p r o f i l e s ,  
but a l s o  produce high r e s i d u a l  s t r e s s ;  t h i n  l i d s  with l a r g e  s l o t s  minimize 
s t r e s s  l e v e l s ,  bu t  temperature  f l u c t u a t i o n s  cause spontaneous web p u l l o u t .  



Hybrid des igns  t h a t  reduce thermal ly  genera ted  stress while  main ta in ing  
good melt  thermal  cond i t i ons  a r e  being developed wi th  t h e  he lp  o f  t h e  
thermal modeling work accomplished i n  t h e  previous q u a r t e r .  

Economic a n a l y s i s  o f  t h e  s i l i c o n  web process  concludes t h a t  
t h e  p re sen t  a r e a  r a t e  of growth c a p a b i l i t y  ( 8  cm2/min) needs t o  be - 
increased  by a  f a c t o r  o f  2 t o  3  i n  o rde r  t o  s a t i s f y  t h e  1986 c o s t  g o a l s .  1 

e .  -. During the  l a s t  q u a r t e r ,  f a b r i c a t i o n  
was begun on a  pro to type  l a r g e  c a p a c i t y  m u l t i p l e  blade s l u r r y  saw. 
F i n a l  concept and des ign  is n e a r l y  complete on a  bladehead which w i l l  
t en s ion  up t o  1000 b lades ,  and c u t  a  45 cm long s i l i c o n  i n g o t  o f  up 
t o  12 cm i n  d iameter .  The l a r g e  blade t ens ion ing  f o r c e  o f  270,000 kg 
w i l l  be a p p l i e d  through two b o l t s  a c t i n g  on a  p a i r  o f  " s c i s s o r  toggles t t  
s i g n i f i c a n t l y  reducing appl ied  torque t o  on ly  35 kg-m. 

Poor wafer ing y i e l d s  have caused concern i n  r e c e n t  s l i c i n g  t e s t s .  
Per imeter  f r a c t u r e  of  s l i c e s  have been t h e  main cause o f  poor yield--  
t h i s  a l s o  impacts  , s o l a r  c e l l  product ion y i e l d s  o f  t h i n  (250-350 pm) 
10 cm diameter  s i l i c o n  s l i c e s .  Recent t e s t s  with an "upside-down" 
c u t t i n g  technique  ( i n  which t h e  i ngo t  is placed above t h e  saw blades 

.and c u t t i n g  proceeds from the  bottom up) has r e s u l t e d  i n  100% wafer ing 
y i e l d s  and h ighes t  wafer accuracy y e t  achieved.  Addi t iona l  s l i c i n g  
runs  w i l l  be made t o  examine t h i s  technique f u r t h e r .  

V a r i a t i o n s  i n  o i l  and ab ra s ive  mixes f o r  low c o s t  s l u r r y  s o  f a r  
have r e s u l t e d  on ly  i n  degraded s l i c i n g  r e s u l t s .  A technique of  cont inuous 
ab ra s ive  s l u r r y  s e p a r a t i o n  t o  remove s i l i c o n  d e b r i s  and ke r f  was developed. 

f .  C rvs t a l  Svstems. Inc .  A Phase I1 add-on t o  t h e  o r i g i n a l  
c o n t r a c t  was nego t i a t ed .  

The c r y s t a l  c a s t i n g  emphasis w i l l  be  placed on examining hea t  
flow and o t h e r  thermal  parameters t o  i n c r e a s e  t h e  growth r a t e  of shaped 
i n g o t s .  

The c r y s t a l  s l i c i n g  po r t i on  of t h e  program w i l l  con t inue  diamond 
impregnated wire  development a long with f u r t h e r  machine mod i f i ca t i ons  
t o  enable  s l i c i n g  o f  l a r g e r  workpieces.  

Q Honevwell. Seeding experiments performed during the  q u a r t e r ,  
where a  sma l l  s e c t i o n  o f  an EFG-grown s i l i c o n  r ibbon  is used t o  seed 
an SOC c o a t i n g ,  promoted s i g n i f i c a n t  improvement i n  s i n g l e  c r y s t a l  
g r a i n  growth. 

, . 

I n i t i a l  tests i n d i c a t e  t h a t  t he  bond between t h e  s i l i c o n  f i l m  
and t h e  s u b s t r a t e  is  a c t u a l l y  s t ronge r  than t h e  s i l i c o n  c o a t i n g  i t s e l f .  

Smooth cont inuous s i l i c o n  c o a t i n g s  were applied. t o  s u b s t r a t e s  which 
had f l a r e d  s l o t s  c u t  i n t o  t h e  "greenN s u b s t r a t e s  p r i o r  t o  high temperature  
f i r i n g .  



Modeling s t u d i e s  show t h a t  t h e  s e r i e s - r e s i s t a n c e  problem i n  s l o t t e d  
s u b s t r a t e  c e l l s  improves c o n s i d e r a b l y  i f  t h e  s i l i c o n  does  n o t  p e n e t r a t e  
t h e  s l o t s .  The d e g r e e  o f  p e n e t r a t i o n  can  be c o n t r o l l e d  by c o n t r o l  of  
t h e  c a r b o n i z a t i o n  o f  t h e  s l o t s .  

C o n s t r u c t i o n  o f  t h e  con t inuous  c o a t i n g  (SCIM) machine was completed.  
I n i t i a l  tests show t h e  need f o r  a few m o d i f i c a t i o n s .  Thermal p r o f i l i n g  
t e s t s  a r e  under way. The c o a t e r  is des igned  t o  c o a t  10 cm by 100 cm 
s u b s t r a t e s .  

h .  U. A new c o n t r a c t  was n e g o t i a t e d  t h i s  q u a r t e r  f o r  a pro- 
gram t o  deve lop  and a p p l y  e p i t a x i a l  growth t e c h n i q u e s  t o  t h e  f a b r i c a t i o n  
o f  e f f i c i e n t  s o l a r  c e l l s  on low-cost forms o f  s i l i c o n  s h e e t .  

The work performed d u r i n g  t h e  first q u a r t e r  i n c l u d e d  t h e  development 
o f  e p i t a x i a l  machine;  s o l a r  c e l l  s t r u c t u r e s  grown on c o n v e n t i o n a l  s i n g l e  
c r y s t a l  s u b s t r a t e s ,  and i n i t i a l  s t u d i e s  o f  e p i t a x i a l  growth and f a b r i c a t i o n  
o f  s o l a r  c e l l s  on p o l y c r y s t a l l i n e  s u b s t r a t e s  (Wacker SILSO). 

The r e s u l t s  show t h a t  s o l a r  c e l l s  f a b r i c a t e d  on e p i  l a y e r s  o f  
abou t  25 pm t h i c k n e s s  can produce AM1 e f f i c i e n c i e s  o f  12%. 

Growth s t u d i e s  on p o l y c r y s t a l l i n e  s u b s t r a t e s  were s t a r t e d  and 
X-ray t o p o g r a p h i c  s t u d i e s  o f  t h e  e p i  l a y e r s  show a s u b s t a n t i a l l y  lower  
d e f e c t  d e n s i t y  i n  t h e  grown l a y e r .  Some d i f f i c u l t i e s  a s s o c i a t e d  w i t h  
t h e  g r a i n  b o u n d a r i e s  and h e i g h t  d i f f e r e n c e s  between g r a i n s  were obse rved  
w i t h  t h e  c e l l s  f a b r i c a t e d .  Low open c i r c u i t  v o l t a g e s  and f i l l  f a c t o r s  
are s e e n ,  however s h o r t  c i r c u i t  c u r r e n t  d e n s i t i e s  a r e  comparable t o  
t h o s e  f o r  t h e  s i n g l e  c r y s t a l  c e l l s .  AM1 e f f i c i e n c i e s  up t o  9 . 3 %  were 
measured.  

C. ENCAPSULATION TASK 

The o b j e c t i v e  o f  t h e  E n c a p s u l a t i o n  Task is  t o  deve lop  and q u a l i f y  
a  s o l a r  a r r a y  module e n c a p s u l a t i o n  sys tem t h a t  h a s  a demons t ra ted  h igh  
r e l i a b i l i t y  and a 20-year l i f e t i m e  expec tancy  i n  terrestrial env i ronments ,  
and i s  c o m p a t i b l e  w i t h  t h e  low-cost  o b j e c t i v e s  o f  t h e  P r o j e c t .  

The scope o f  t h e  E n c a p s u l a t i o n  Task i n c l u d e s  deve lop ing  t h e  t o t a l  
sys tem r e q u i r e d  t o  p r o t e c t  t h e  o p t i c a l l y  and e l e c t r i c a l l y  a c t i v e  e l e m e n t s  
o f  t h e  a r r a y  from t h e  degrad ing  e f f e c t s  o f  t e r r e s t r i a l  env i ronments .  The 
most d i f f i c u l t  t e c h n i c a l  problem is  expec ted  t o  be  d e v e l o p i n g  t h e  e lement  
of  t h e  e n c a p s u l a t i o n  system f o r  t h e  s u n l i t  s i d e ;  t h i s  e lement  must m a i n t a i n  
h i g h  t r a n s p a r e n c y  f o r  t h e  20-year l i f e t i m e ,  w h i l e  a l s o  p r o v i d i n g  p r o t e c t i o n  
from a d v e r s e  environments .  In a d d i t i o n ,  s i g n i f i c a n t  t e c h n i c a l  problems 
a r e  a n t i c i p a t e d  a t  i n t e r f a c e s  between t h e  p a r t s  o f  t h e  e n c a p s u l a t i o n  sys-  
tem, between t h e  e n c a p s u l a t i o n  system and t h e  a c t i v e  a r r a y  e l e m e n t s ,  and 
a t  p o i n t s  where t h e  e n c a p s u l a t i o n  sys tem i s  p e n e t r a t e d  f o r  e x t e r n a l  e l e c -  
t r i c a l  c o n n e c t i o n s .  S e l e c t i o n  o f  t h e  e lement  f o r  t h e  r e a r  s i d e  ( i . e . ,  t h e  
s i d e  o p p o s i t e  t o  t h e  s u n l i t  s i d e )  o f  t h e  e n c a p s u l a t i o n  sys tem w i l l  be  based 
p r i m a r i l y  on c o s t ,  f u n c t i o n a l  r e q u i r e m e n t s ,  and c o m p a t i b i l i t y  w i t h  t h e  
o t h e r  p a r t s  o f  t h e  e n c a p s u l a t i o n  sys tem and w i t h  t h e  s o l a r  c e l l s .  



Depending on the  f i n a l  s o l a r  a r r a y  des ign  implementation, t h e  
encapsula t ion  system may a l s o  s e rve  'o ther  f u n c t i o n s ,  e .g . , s t r u c t u r a l ,  
e l e c t r i c a l ,  e t c . ,  i n  a d d i t i o n  t o  providing t h e  e s s e n t i a l  p r o t e c t i o n .  ' 

A t  p r e s e n t ,  o p t i o n s  a r e  being kept  open a s  t o  what form t h e  t r ans -  
p a r e n t  element o f .  t h e  encapsula t ion  system w i l l  t ake  - g l a s s  o r  polymer 
s h e e t ,  polymer f i l m ,  sprayable  polymer, c a s t a b l e  polymer, e t c .  The I 

t r a n s p a r e n t  element may con ta in  more than one m a t e r i a l  and may be i n t e g r a l  
with t h e  p h o t o v o l t a i c  dev ice ,  o r  be bonded t o  it .  

1 . Organizat ion and Coordination 

The approach being used t o  achieve t h e  o v e r a l l  o b j e c t i v e  o f  t h e  
Encapsula t ion  Task inc ludes  an app rop r i a t e  combination o f  c o n t r a c t o r  
and JPL in-house e f f o r t s .  The c o n t r a c t o r  e f f o r t s  w i l l  be c a r r i e d  o u t  
i n  two phases.  Within each phase some p a r a l l e l  i n v e s t i g a t i o n s  a r e  being 
conducted t o  a s s u r e  t imely  accomplishment o f  o b j e c t i v e s .  

During Phase I t h e  c o n t r a c t o r  e f f o r t s  and the  JPL in-house e f f o r t s  
c o n s i s t e d  p r i m a r i l y  o f  a sys temat ic  assessment and documentation o f  t h e  
fo l lowing  i t ems  : 

( 1 )  P o t e n t i a l  c and ida t e  encapsulan t  m a t e r i a l s  based on p a s t  ex- 
per ience  wi th  t he  encapsulaton of  S i  and o t h e r  semiconductor 
dev i ce s  and on a v a i l a b l e  in format ion  on t h e  p r o p e r t i e s  and 
s t a b i l i t y  of  o t h e r  p o t e n t i a l  encapsulan t  m a t e r i a l s  and processes .  

( 2 )  The environment which t h e  encapsula t ion  system must wi ths tand .  

( 3 )  The p r o p e r t i e s ,  environmental s t a b i l i t y ,  and p o t e n t i a l  improve- 
ment o f  p o t e n t i a l  encapsulan t  m a t e r i a l s  and processes .  

4 Test and a n a l y t i c a l  methods requi red  t o  eva lua t e  performance 
and p r e d i c t  and/or v e r i f y  l i f e t i m e  o f  encapsulan t  m a t e r i a l s  
and encapsu la t i on  systems. 

The r e s u l t  o f  t h i s  e f f o r t  w i l l  be used t o  s p e c i f i c a l l y  d e f i n e  ndd i t i ona l  
r e s e a r c h ,  development, and eva lua t ion  r equ i r ed  dur ing  t h e  subsequent phase. 

Throughout t h e  t a s k  a t y p i c a l  o r  unique approaches t o  so lv ing  t h e  
encapsu la t i on  system problem w i l l  be sought and eva lua t ed .  For example, 
Phase I inc ludes  an eva lua t ion  of  t h e  f e a s i b i l i t y  of  u t i l i z i n g  e l e c t r o -  
s t a t i ca l l y -bonded  i n t e g r a l  g l a s s  covers  a s  p a r t  o f  t h e  encapsula t ion  system. 

I n  Phase 11, c o n t r a c t o r  and JPL in-house e f f o r t s  w i l l  be conducted 
t o  i d e n t i f y  and/or  develop one o r  more p o t e n t i a l l y  s u i t a b l e  encapsulated 
systems and then  v e r i f y  t h e  expected l i f e t i m e  and r e l i a b i l i t y  o f  t h e s e  
systems.  Depending on t h e  r e s u l t s  o f  Phase I ,  t h e  c o n t r a c t o r  e f f o r t  i n  
t h i s  phase w i l l  i nc lude  an app rop r i a t e  combination o f  some o f  t h e  fol lowing 
i tems:  

( 1 )  Eva lua t e ,  develop,  and/or modify s o l a r  module t e s t i n g  and 
a n a l y t i c a l  methods and then v a l i d a t e  t he se  methods. 



( 2 )  Perform m a t e r i a l s  and i n t e r a c t i o n  t e s t i n g ,  us ing  t h e s e  methods 
t o  e v a l u a t e  cand ida t e s  and demonstrate t h e  r e l i a b i l i t y  of  
encapsula t ion  systems. 

( 3 )  Modify m a t e r i a l s  and processes  used i n  encapsula t ion  systems 
t o  improve automation and c o s t  p o t e n t i a l .  

( 4 )  Modify p o t e n t i a l  encapsula t ion  s y s t e m  m a t e r i a l s  t o  opt imize 
mechanical ,  thermal and aging p r o p e r t i e s .  

f 

I 

(5 )  Implement r e sea rch  and development on new encapsulan t  m a t e r i a l s .  

2.  Encapsulat ion Task Cont rac t s  

Encapsula t ion  Task c o n t r a c t s  a r e  shown i n  Table 3-4. I n  a d d i t i o n ,  
Professor  Char les  Rogers, Department of  Macromolecular Sc ience ,  Case 
Western ~ e s e r v e  Un ive r s i t y ,  s e r v e s  a s  a  c o n s u l t a n t  t o  t h i s  t a s k  (JPL 
Contract  No. 954738) and w i l l  a l s o  implement s e l e c t e d  suppor t ing  
experimental  i n v e s t i g a t i o n s  i n  t h e  l a b o r a t o r i e s  a t  Case. 

Cont rac tua l  nego t i a t i ons  i n  progress  i nc lude  follow-on c o n t r a c t s  t o  
t h e  f o u r  major o o n t r a c t o r s ,  a  c o n t r a c t  wi th  t h e  Rockwell Sc ience  Center  t o  
s tudy  t h e  i n t e r f a c e  c h a r a c t e r i s t i c s  of  encapsulated s o l a r  c e l l s ,  a  c o n t r a c t  
with t h e  Motorola S o l a r  Energy Department t o  i n v e s t i g a t e  t h e  f e a s i b i l i t y  
o f  developing a n t i r e f l e c t a n c e  coa t ings  f o r  g l a s s ,  a  c o n t r a c t  with Endurex 
o f  Mesquite,  Texas, t o  cont inue t h e  s tudy  o f  i on  p l a t i n g  c o a t i n g  techniques ,  
and a  c o n t r a c t  with B a t t e l l e  t o  develop a  l i f e  p r e d i c t i o n  t e s t i n g  plan f o r  
s o l a r  a r r a y s  a t  a  s p e c i f i c  deployment s i t e .  

3 .  Encapsulat ion Task Technical Approach 

Program e f f o r t s  t o  d a t e  have provided an assessment o f  t h e  s t a t e  of t h e  
a r t  and a  d e f i n i t i o n  of  t h e  p o t e n t i a l  environmental and o p e r a t i o n a l  s t r e s s e s  
imposed on t h e  encapsula t ion  system. A d a t a  base o f  cand ida t e  m a t e r i a l s  and 

- t h e i r  responses  t o  t he se  stresses is being accumulated and analyzed.  Tech- 
nology d e f i c i e n c i e s  a r e  being experimental ly  exposed and documented. 

a .  Eva lua t ion  of  E n c a ~ s u l a n t  Ma te r i a l s  P r o ~ e r t i e s  and Tes t  Methods-- 
B a t t e l l e :  Study 3. The experimental  e v a l u a t i o n s  under Study 3 were completed 
during t h i s  q u a r t e r  and the  d r a f t  o f  t h e  f i n a l  r e p o r t  was begun. E f f o r t s  
d i r e c t e d  toward ach iev ing  t h e  o b j e c t i v e s  of  t h e  s tudy were broken down i n t o  
s e v e r a l  subs tud i e s  encompassing both polymeric m a t e r i a l s  and g l a s s e s .  
Subs tudies  i d e n t i f i e d  with t h e  l e t te r  tlP1l r e l a t e  t o  polymeric m a t e r i a l s ;  
those  i d e n t i f i e d  wi th  "GI1 r e l a t e  t o  s t u d i e s  i n  which g l a s s  i s  a major 
component. 

Substudv P-1: Measurement of  P r o p e r t i e s  o f  Polymeric Ma te r i a l s  

Th i s  s tudy  provides  information on t h e  t e n s i l e  p r o p e r t i e s  (modulus, 
s t r e n g t h ,  and e l o n g a t i o n ) ,  thermal c o e f f i c i e n t s  o f  expansion,  mois ture  
b a r r i e r  p r o p e r t i e s ,  and l i g h t  t r ansmi t t ance  o f  candida te  polymer m a t e r i a l s  
i n  t he  as-received o r  prepared condi t ion  and a f t e r  exposure t o  a c c e l e r a t e d  



Table 3-4. Encapsulation Task Con t r ac to r s  

Cont rac tor  Technology Area 

B a t t e l l e  Labs 
Columbus, Ohio 
(JPL Cont rac t  No. 954328) 

ca se  Western Un ive r s i t y  
Cleveland,  Ohio 
(JPL Cont rac t  No. 954738) 

Endurex Corp. 
Da l l a s ,  Texas 
(JPL Cont rac t  No. 954728) 

Motorola,  I n c .  
Phoenix, Arizona 
(JPL Con t r ac t  No. 954773) 

Rockwell I n t e r n a t i o n a l  
Anaheim, C a l i f o r n i a  
(JPL Cont rac t  No. 954458) 

Rockwell Sc ience  Center 
Thousand Oaks, C a l i f o r n i a  
( J P L  Con t r ac t  No. 954739) 

SPIRE Corp. 
Bedford, Massachuset ts  
(JPL Cont rac t  No. 954521) 

Springborn Labs,  I nc .  
E n f i e l d ,  Connect icut  
(JPL Cont rac t  No. 954527) 

Environmental d e f i n i t i o n ,  ! 

m a t e r i a l s  eva lua t ion ,  
and t e s t i n g  

System s t u d i e s  o f  b a s i c  
aging and d i f f u s i o n  

Ion p l a t i n g  process  
and t e s t i n g  

Encapsulat ion a n t i r e f l e c  t ion  
c o a t i n g s  

Test  methods and 
ag ing  mechanisms 

M a t e r i a l s  i n t e r f a c e  
problem s tudy  

E l e c t r o s t a t i c  bonding 
process  

Encapsulat ion t e s t  
methods and m a t e r i a l s  
p r o p e r t i e s  eva lua t ion  

weathering ( u l t r a v i o l e t  (UV) o r  thermal c y c l i n g ) .  This  in format ion  was 
used t o  he lp  e s t a b l i s h  t h e  aging r e s i s t a n c e  o f  t h e  i n d i v i d u a l  m a t e r i a l s .  
The product of  t h e  t e n s i l e  modulus and thermal c o e f f i c i e n t  o f  expansion 
was used,  before  and a f t e r  aging,  t o  e s t ima te  s t r e s s  l e v e l s  i n  m a t e r i a l s  * 
l amina tes ,  as descr ibed  by C a r r o l l ,  Cuddihy, and Salama, and i n d i c a t e  
p o s s i b l e  delaminat ion a t  t h e  encapsulant/cover/adhesive ( o r  p o t t a n t )  and 
adhes ive  ( o r  p o t t a n t ) / c e l l  i n t e r f a c e s .  Moisture b a r r i e r  information was 
used i n  t he  s e l e c t i o n  o f  i nd iv idua l  m a t e r i a l s  f o r  use i n  encapsulan t  de s igns  
where b a r r i e r  p r o p e r t i e s  o f  t he  s i n g l e  component is c r i t i c a l .  Light  t r a n s -  
mi t t ance  before  and a f t e r  environmental exposure was used t o  provide a 
measure of t h e  u t i l i t y  of  s p e c i f i c  m a t e r i a l s  f o r  cover  a p p l i c a t i o n s .  . 

Substudv P-2: Eva lua t ions  of  Polvmer Subsvstems and I n t e r f a c e s  



Substudv-P-2.1:  Polvmer Film Bondinq.. T h i s  s t u d y  p rov ided  an 
e v a l u a t i o n  o f  a d h e s i v e  m a t e r i a l s  and t h e  manner i n  which t h e y  a r e  t o  b e  
a p p l i e d  f o r  use  w i t h  t h e  d i f f e r e n t  polymer f i l m  m a t e r i a l  c a n d i d a t e s  ( f o r  
t h e  f i l m - l a m i n a t i o n  e n c a p s u l a t i o n  d e s i g n ) ,  i n  o r d e r  t o  r e v e a l  subsys tems  
t h a t  a r e  r e s i s t a n t  t o  de lamina t ion  and t o  m o i s t u r e  t r a n s p o r t  a f t e r  t e s t  
exposures  t o  UV and t o  t empera tu re  c y c l i n g  from -40 t o  90 '~ .  

Subs tudv  P-2.2: Polvmer S h e e t  Bondinq. T h i s  s t u d y  p rov ided  f o r  
polymer s h e e t  c a n d i d a t e s  an  o u t p u t  o f  t h e  t y p e  d e s c r i b e d  i n  Substudy P-2.1. 

Substudv P-2.3: Cell Bondina/Seal inq.  T h i s  s t u d y  provided an 
i d e n t i f i c a t i o n  o f  a d h e s i v e s  and conformal  c o a t i n g s  t h a t  a r e  e f f e c t i v e  
i n  p r o t e c t i n g  t h e  m e t a l l i c  components o f  t h e  sys tem f o r  mois ture- induced 
c o r r o s i o n .  The e f f e c t s  of  exposure  o f  t h e  m a t e r i a l s  t o  UV and t e m p e r a t u r e  
c y c l i n g  a r e  i n c l u d e d  i n  t h i s  substudy.  

Substudv P-3: Polvmer E n c a ~ s u l a t i o n  Svstems D e v e l o ~ m e n t  and E v a l u a t i o n  

Subs tudv  P-3.1: Polvmer Film Laminat ion Design.  Subs tudy  P-3.1 - 
provided i n f o r m a t i o n  on c a n d i d a t e  m a t e r i a l s  and p rocedures  f o r  t h e  f i lm-  ** 
l a m i n a t i o n  t y p e  o f  e n c a p s u l a t i o n  d e s i g n ,  which h a s  s i g n i f i c a n t  p o t e n t i a l  
f o r  f u t u r e  low-cost  a r r a y s .  The i n v e s t i g a t i o n  i n c l u d e d  d e t e r m i n a t i o n  
o f  ( 1 )  t h e  e f f e c t s  o f  U V ,  humid i ty ,  and t e m p e r a t u r e  c y c l i n g  exposures  
on t h e  o u t p u t  c h a r a c t e r i s t i c s  o f  t h e  e n c a p s u l a t e d  c e l l s  and ( 2 )  t h e  
e f f e c t s  o f  e n c a p s u l a t i o n  m a t e r i a l s  and p r o c e s s i n g  on t h e  e l e c t r i c a l  
performance o f  e n c a p s u l a t e d  c e l l s .  

Subs tudv  P-3.2: Polvmer S h e e t  Bondina Des ian .  T h i s  s t u d y  p rov ided  
f o r  s h e e t  l a m i n a t e s  a n  o u t p u t  o f  t h e  t y p e  d e s c r i b e d  i n  Substudy P-3.1. 

3 u b s t u d v  P-3.3 : Polvmer Conformal C o a t i n a s  Des ian .  T h i s  s t u d y  
provided f o r  conformal  c o a t i n g s  a n  o u t p u t  o f  t h e  t y p e  d e s c r i b e d  i n  
Substudy P-3.1. 

Encapsu la ted  c e l l s  f a b r i c a t e d  by l a m i n a t i n g  u s i n g  s e l e c t e d  f i l m s ,  
s h e e t s ,  conformal  c o a t i n g s ,  and a d h e s i v e s  have been p repared  f o r  e v a l u a t i o n  
b e f o r e  and a f t e r  exposure  t o  e l e v a t e d  t e m p e r a t u r e / h i g h  h u m i d i t y ,  t e m p e r a t u r e  
c y c l i n g ,  and UV exposure .  The e f f e c t s  o f  e n c a p s u l a t i o n  and o f  a g i n g  
on ce l l  e l e c t r i c a l  performance were emphasized.  

S p e c i f i c  c e l l  pa ramete r s  were measured i n  t h e  a s - r e c e i v e d  c o n d i t i o n ,  
a f t e r  c l e a n i n g ,  a f t e r  i n i t i a l  e n c a p s u l a t i o n ,  and a f t e r  e x p o s u r e s  t o  
v a r i o u s  env i ronments  ( t h e r m a l  c y c l i n g ,  U V ,  e t c . )  f o r  a measured l e n g t h  
o f  t ime.  The p a r a m e t e r s  determined were 

* 
C a r r o l l ,  W . ,  Cuddihy, E., and Salama, M . ,  Materials and Desian Considera-  
t i o n s  of E n c a ~ s u l a n t s  f o r  P h o t o v o l t a i c  Ar ravs  i n  T e r r e s t r i a l  A ~ ~ l i c a t i o n s ,  
IEEE P h o t o v o l t a i c  S p e c i a l i s t s  Conf.,  Baton Rouge, LA, Nov. 1976. 

* * 
Carmichae l ,  D . C . ,  Ga ines ,  G.B., S l i e m e r s ,  F.A., and K i s t l e r ,  C.W.,  
M a t e r i a l s  f o r  E n c a ~ s u l a t i o n  Svstems f o r  T e r r e s t r i a l  P h o t o v o l t a i c  A r r a v s ,  
IEEE. P h o t o v o l t a i c  S p e c i a l i s t s  Conf. ,  Baton Rouge, LA, Nov. 1976. 



( 1 ) Open-ci rvui  t v o l t a g e ,  Voc . 
( 2 )  S h o r t - c i r c u i t  c u r r e n t ,  Is,. 

( 3 )  Maximum power, Pmax. 

( 4 )  C u r r e n t  a t  maximum power, I,,,. 

( 6 )  F i l l - f a c t o r  ( e l e c t r i c a l ) ,  F .F .  

( 7 )  S e r i e s  r e s i s t a n c e ,  Rs. 

( 8 )  Shun t  r e s i s t a n c e ,  R s h .  

( 9 )  E f f i c i e n c y ,  i n  p e r c e n t .  

Because t h e y  form p a r t  o f  t h e  o p t i c a l  p a t h  t o  t h e  c e l l ,  e n c a p s u l a n t s  
can  a f f e c t  p r o f o u n d l y  t h e  e f f e c t i v e  c o n v e r s i o n  e f f i c i e n c y  of  t h e  photo- 
v o l t a i c  module. Moreover,  t h e  s e r v i c e  l i f e  o f  t h e  c e l l  i s  determined 
i n  a  l a r g e  measure by t h e  c h o i c e  o f  t h e  e n c a p s u l a n t  sys tem.  The c r i t i c a l  
measure o f  t h e  u t i l i t y  of a n  e n c a p s u l a n t  i s  i ts e f f e c t s  on t h e  e l e c t r i c a l  
o u t p u t  o f  t h e  c e l l s ,  i n i t i a l l y  and a f t e r  exposure  t o  s e r v i c e  environments .  

b .  E x ~ e r i m e n t a l  E v a l u a t i o n  o f  A c c d e r a t e d / A b b r e v i a t e d  E ~ c ~ D s u ~ &  
T e s t  Methods--Hockwell I n t e r n a t i o n a l .  A l l  m a t e r i a l s  d e g r a d e ,  however s l o w l y ,  
on exposure  t o  t h e  wea the r .  To meet t h e  g o a l s  o f  t h e  LSSA program, s o l a r  
c e l l  e n c a p s u l a n t s  must p rov ide  p r o t e c t i o n  f o r  20 y e a r s .  Consequent ly ,  
t h e  o b j e c t i v e  o f  t h e  p r e s e n t  program i s  t o  deve lop  methodology f o r  making 
c o n f i d e n t  p r e d i c t i o n s  o f  e n c a p s u l a n t  performance a t  any exposure  s i t e  
i n  t h e  U.S. The i n h e r e n t  w e a t h e r a b i l i t y  f a c t o r s  o f  i n s o l a t i o n ,  t e m p e r a t u r e ,  
and m o i s t u r e  must be c o n s i d e r e d .  

c .  Electrostat ical lv-Bonded I n t e ~ r a l  G l a s s  Covers--Simulation 
P h v s i c s .  T h i s  is a  program t o  deve lop  i n t e g r a l  g l a s s  e n c a p s u l a t i o n  f o r  
t e r r e s t r i a l  s o l a r  c e l l s ,  u s i n g  e l e c t r o s t a t i c  bonding.  The f e a s i b i l i t y  o f  
t h i s  t e c h n i q u e  h a s  been shown and f u n c t i o n a l  d e m o n s t r a t i o n  modules have 
been d e l i v e r e d  t o  JPL f o r  t e s t i n g .  

E l e c t r o s t a t i c  bonding is a p r o c e s s  th rough  which a  v a r i e t y  o f  d i s s i m i l a r  
m a t e r i a l s  may be permanent ly  jo ined  w i t h o u t  u s e  o f  a d h e s i v e s .  With e l e v a t e d  
t empera tu re  t o  produce i o n i c  c o n d u c t i v i t y  and a n  e x t e r n a l l y  a p p l i e d  e l e c t r i c  
f i e l d  t o  d r i v e  t h e  mobi le  i o n s ,  i r r e v e r s i b l e  chemica l  bonds a r e  formed a t  t h e  
i n t e r f a c e  o f  t h e  p i e c e s  b e i n g  j o i n e d .  The p r o c e s s  is  a p p l i c a b l e  t o  j o i n i n g  
b a r e  s o l a r  c e l l s  o r  t h o s e  w i t h  a  v a r i e t y  o f  a n t i r e f l e c t i v e  c o a t i n g s  t o  g l a s s  
and t o  j o i n i n g  g l a s s  t o  glass w i t h  t h e  a i d  o f  i n o r g a n i c  i n t e r f a c e  l a y e r s .  
C o m p a t i b i l i t y  o f  t h e  p r o c e s s  w i t h  s o l a r  c e l l s  and w i t h  a s s o c i a t e d  a r r a y  
hardware  has  been f u l l y  demons t ra ted .  Developmental modules have shown 
no d e g r a d a t i o n  o f  s o l a r  c e l l  performance caused by e l e c t r o s t a t i c  bonding.  

d .  Polvmer P r o ~ e r t i e s  and A n i n a - - S ~ r i n a b o r n  L a b o r a t o r i e s .  The 
g o a l  o f  t h e  program is t o  deve lop  and t e s t  m a t e r i a l s  and e n c a p s u l a t i o n  o r  
c o a t i n g  p r o c e s s e s  s u i t a b l e  f o r  t h e  p r o t e c t i o n  o f  s o l a r  c e l l s  t o  p r o v i d e  



a minimum 20-year s e r v i c e  l i f e  i n  a  t e r r e s t r i a l  environment. The work is 
being conducted a t  Spr ingborn ' s  f a c i l i t i e s  i n  E n f i e l d ,  Connec t icu t ,  wi th  
c e l l  performance being evaluated by Solar  Power Corporat ion o f  B r a i n t r e e ,  
Massachuset ts ,  under subcon t r ac t .  The o v e r a l l  program is s t r u c t u r e d  t o  
inc lude  four  o t h e r  t e c h n i c a l  endeavors:  c o s t  a n a l y s i s ,  s e l e c t i o n  of  pr imers  
and enhancement of  adhes ion ,  upgrading u l t r a v i o l e t  s t a b i l i t y ,  and process ing  
r e p a i r  s t u d i e s .  

e .  Ion P l a t i n g  Process  and Testing--Endurex. Endurex has  developed 
a  high-energy-level ion  p l a t i n g  process  which has  proven t o  be a  c o s t - e f f e c t i v e  
means o f  apply ing  c o a t i n g s  t o  both p l a s t i c  and m e t a l l i c  p a r t s .  The encapsula t ion  
of S i  s o l a r  c e l l s  appears  t o  be ach ievable  by means o f  t h e  ion  p l a t i n g  process .  
Both c o s t - e f f e c t i v e n e s s  and f u n c t i o n a l  improvement a r e  a n t i c i p a t e d .  

S ince  v i r t u a l l y  any m a t e r i a l  can be d e p o s i t e d ,  t h e  major o b j e c t i v e  o f  
t h i s  e f f o r t  w i l l  be t h e  de te rmina t ion  of which o f  s e v e r a l  cand ida t e  m a t e r i a l s  
is optimum f o r  t h i s  a p p l i c a t i o n .  Concurrent wi th  t h e  m a t e r i a l  s e l e c t i o n  w i l l  
be a  de te rmina t ion  o f  its response t o  v a r i a t i o n  o f  parameters  o f  t h e  ion  
p l a t i n g  process .  Bias  vo l t age ,  depos i t i on  r a t e ,  and chamber p re s su re  w i l l  
have s i g n i f i c a n t  e f f e c t s  upon composition hardness  and growth morphology. 
These w i l l ,  i n  t u r n ,  a f f e c t  such important c e l l  parameters  a s  a c t i v e  band 
width,  a n t i r e f l e c t i o n ,  e l e c t r i c a l  conduct ion,  a b r a s i o n  r e s i s t a n c e ,  thermal  
c y c l i n g ,  and environmental s t a b i l i t y .  - These e f f e c t s  w i l l  be measured and 
noted . 

4 Summary o f  Progress  

M a t e r i a l s  surveys  continued a t  Springborn Labora to r i e s  t o  e s t a b l i s h  
a  list of  candida te  low-cost,  l ong - l i f e  m a t e r i a l s  and m a t e r i a l s  des ign  
concepts  t h a t  w i l l  meet t h e  P r o j e c t  g o a l s  of  $0.50/watt f o r  1986. A 
goa l  of $0 .25/ f t2  has  been e s t a b l i s h e d  as a t a r g e t  goa l  f o r  encapsu la t i on  
m a t e r i a l s .  S i g n i f i c a n t  f i nd ings  and conc lus ions  o f  t h e s e  surveys  a r e  
a s  fo l lows:  

a .  S i x  c o n s t r u c t i o n  elements were i d e n t i f i e d  a s  common t o  a l l  
f l a t  p l a t e  pho tovo l t a i c  modules (a l though some elements  may be missing 
o r  perform dua l  f u n c t i o n s ) :  top  cove r s ,  s u p e r s t r a t e s  ( l oad -bea r ing ) ,  
p o t t a n t s ,  adhes ives ,  s u b s t r a t e s  ( load-bear ing) ,  and bottom covers .  

b. S i l i c o n e s ,  f luorocarbons ,  a c r y l i c s ,  and g l a s s  have been 
i d e n t i f i e d  a s  t h e  on ly  i n h e r e n t l y  weatherable ,  t r a n s p a r e n t  m a t e r i a l s  
a v a i l a b l e  a t  t h e  p re sen t  time. Commercially a v a i l a b l e  s i l i c o n e s  and 
f luorocarbons  are too  high-cost t o  show promise o f  meeting 1986 goa l s .  

c .  Acry l ic  polymers w i l l  no t  be recommended f o r  s u b s t r a t e  o r  
s u p e r s t r a t e  func t ions .  Based on wind d e f l e c t i o n  load ings ,  t h e  t h i cknes s  

: r equ i r ed  f o r  e i t h e r  func t ion  is 0.315 inch which, a t  a  r e s i n  c o s t  of $1.42 
per  pound, c a l c u l a t e s  t o  $1.77 per  square  f o o t .  This  f i g u r e  exceeds t h e  
c o s t  a l l o c a t i o n  by a  f a c t o r  o f  seven. 

d .  Cur ren t ly ,  no commercially a v a i l a b l e  a c r y l i c  e las tomer  e x i s t s  
t h a t  is  s u i t a b l e  f o r  use a s  a  p o t t a n t .  Acry l ic  rubbe r s  are a l l  copolymer- 
ized  with a c r y l o n i t r i l e  t o  improve o i l  r e s i s t a n c e  and a r e  opaque. Some 



hot-melt adhesive a c r y l i c s  a r e  s o f t  enough t o  provide s t r e s s  r e l i e f ,  but 
t h e  absence o f  c r o s s l i n k i n g  causes  high c r eep  and l a c k  o f  r e s i l i e n c y .  
Development o f  a c l e a r ,  pourable a c r y l i c  e las tomer is requ i r ed .  

e. Due t o  d i f f i c u l t i e s  encountered wi th  solvent-based and 
emulsion polymers--such a s  so lven t  a t t a c k ,  d ry ing  c y c l e s ,  and wetting-- 
a p r o t e c t i v e  f i l m  f o r  l amina t ing  t o  module s u r f a c e s  would be a u s e f u l  
innovat ion .  This  f i l m  would be produced by an e x t r u s i o n  process  a t  
a t h i c k n e s s  o f  perhaps 2-4 m i l s  and con ta in  5% u l t r a v i o l e t  s c r een ing  
compounds. A c ro s s l i nked  form would probably have t h e  h ighes t  d u r a b i l i t y .  

f .  Ac ry l i c  compounds f o r  t h e  LSA P r o j e c t  should be based on methyl 
methacry la te  and b u t y l  a c r y l a t e  monomers. Resins made from these  compounds 
have demonstrated t h e  h ighes t  outdoor w e a t h e r a b i l i t y  i n  tests performed by 
Rohm & Haas Company. 

g .  The a b i l i t y  t o  formulate u l t r a v i o l e t  s c r een ing  c o a t i n g s  of  
low c o s t  has been demonstrated. Using s o l u t i o n  a c r y l i c  polymers (Rohm 
& Haas, Acryloid series) a s  v e h i c l e s ,  c o a t i n g s  o f  one m i l  t h i cknes s  were 
found t o  have low, and i n  s e v e r a l  ca se s  zero  pe rcen t ,  UV t r ansmi t t ance  
i n  t h e  range from 290 t o  350 nm. The c o s t  o f  t h e s e  c o a t i n g s  was i n  t h e  
o r d e r  o f  $0.01 per  square  foo t  per m i l .  

h. The a c r y l i c  adhes ives  o f  choice  belong t o  a c l a s s  known a s  
wsecond-generation" a c r y l i c s .  They a r e  c h a r a c t e r i z e d  by ease  o f  a p p l i -  
c a t i o n ,  h i  h bond s t r e n g t h s ,  r ap id  c u r e  times, t r anspa rency ,  and low c o s t  5 ($0.008/f t  / m i l ) .  

i. O f  t h e  s u p e r s t r a t e  m a t e r i a l s  examined t o  d a t e ,  g l a s s  is  s t i l l  
t h e  most c o s t - e f f e c t i v e  op t ion  a t  $0.25 t o  $0. 3 0 / f t 2 .  

j. I n  t h e  survey of  s u b s t r a t e  m a t e r i a l s  examined t o  d a t e ,  composites 
of  wood and its by-products s tand  out a s  t h e  most promising and c o s t - e f f e c t i v e  
cand ida t e s .  The high s t rength- to-weight  r a t i o ,  known technology,  and renew- 
a b i l i t y  of raw m a t e r i a l s  make wood a t t r a c t i v e .  A c o s t  i n  t h e  o rde r  of  
$0. 1 2 / f t 2  ( p a r t i c l e  board) makes t h i s  c l a s s  o f  m a t e r i a l s  t h e  l e a s t  expensive 
y e t  found. 

k. I t  i s  recommended t h a t  a s tudy  of  wood product performance under 
. a c t u a l  weather ing cond i t i ons  be conducted, p o s s i b l y  inc luding  a survey o f  

p r e se rva t ion  techniques .  

1. Honeycombs, c e l l u l a r  s t r u c t u r e s ,  and o t h e r  var ious  des ign  concepts  
aimed a t  c o n s t r u c t i n g  very high s t rength- to-weight  r a t i o  m a t e r i a l s  need a 
s t r o n g  emphasis. 

E f f o r t s  du r ing  t h e  fol lowing q u a r t e r  w i l l  emphasize t h e  fo l lowing  
a c t i v i t i e s :  

a .  An in-depth s tudy o f  t h e  c o s t  e f f e c t i v e n e s s  o f  s t r u c t u r a l l y  
designed m a t e r i a l s  such a s  honeycombs and extruded c e l l  s t r u c t u r e s  demon- 
s t r a t i n g  high s t rength- to-weight  r a t i o s .  , 



b. C o n t i n u a t i o n  o f  i n v e s t i g a t i o n s  i n t o  i n e x p e n s i v e ,  load-bear ing  
wood p roduc t  s u b s t r a t e s  t o  d i s c o v e r  t h e  most c o s t - e f f e c t i v e  c o n p o s t i o n .  

c .  An i n q u i r y  i n t o  e l a s t i c i z e d  and l a t ex-modi f i ed  cements t o  
de te rmine  i f  any p o t e n t i a l  a s  a s u b s t r a t e  e x i s t s .  

d .  The c o n t i n u a t i o n  o f  work on e x p e r i m e n t a l  UV-absorbing, t r a n s p a r e n t  
a c r y l i c  f i l m s ,  and c o a t i n g  f o r m u l a t i o n s  f o r  t h e  p r o t e c t i o n  o f  p o t t a n t s  and 
s u b s t r a t e s .  

e .  C o n t i n u a t i o n  o f  t h e  a c r y l i c  s u r v e y s  and t h e  s e c u r i n g  o f  manufac- 
t u r e r s '  recommendations on s p e c i f i c  g r a d e s  o f  m a t e r i a l s  s u i t e d  t o  c o n s t r u c t i o n  
e lement  f u n c t i o n s .  

f .  Exper imenta l  r e s e a r c h  and development program aimed a t  t h e  
s y n t h e s i s  o f  a  t r a n s p a r e n t ,  p o u r a b l e ,  room-temperature c u r e  a c r y l i c  p o t t a n t .  
T h i s  m a t e r i a l  w i l l  be fo rmula ted  t o  have p r o c e s s i n g  c h a r a c t e r i s t i c s  similar 
t o  S y l g a r d  '1 84 s i l i c o n e  rubber .  

S t u d i e s  were c o n t i n u e d  a t  Rockwell I n t e r n a t i o n a l  t o  deve lop  a  
methodology f o r  making c o n f i d e n t  p r e d i c t i o n s  o f  e n c a p s u l a n t  performance 
a t  any exposure  s i t e  i n  t h e  United S t a t e s .  I n  t h e  first y e a r ,  emphasis  
was focused  on t h e  t r a n s p a r e n t  e n c a p s u l a n t  p o r t i o n  o f  u n i v e r s a l  t e s t  
specimens  (UTS ) and on two f i l m s ,  Lexan p o l y c a r b o n a t e  and p o l y s t y r e n e .  
These r e s u l t s  a r e  r e p o r t e d  i n  Rockwell q u a r t e r l y  and a n n u a l  r e p o r t s .  

I n  c o n t i n u a t i o n  o f  t h e  s t u d y ,  t h e  power o u t p u t  o f  s o l a r  c e l l s  i s  b e i n g  
moni tored i n  a c c e l e r a t e d  test  c o n d i t i o n s  and i n  o u t d o o r  exposures .  For  t h i s  
purpose ,  u n i v e r s a l  t e s t  specimens w i t h  n i n e  d i f f e r e n t  s u b s t r a t e / t r a n s p a r e n t  
e n c a p s u l a n t  combina t ions  were p repared .  The o b j e c t i v e  i s  t o  p r e d i c t  ou tdoor  
performance from a c c e l e r a t e d  exposure  d a t a  w i t h  photochemical  s t r e s s e s  o f  
e i g h t  t i m e s  normal. Cont inuous  a c c e l e r a t e d  exposure  under e i g h t  key combi- 
n a t i o n s  o f  u l t r a v i o l e t  l i g h t  i n t e n s i t y  t e m p e r a t u r e  and humid i ty  f o r  two 
months h a s  been completed.  S o l a r  c e l l  performance,  which d e g r a d e s  d u e  
t o  m o i s t u r e ,  now w i l l  be f o r c e d  t o  t h e  f a i l u r e  p o i n t  by exposure  o f  t h e  
UTSs t o  100% r e l a t i v e  humid i ty  a t  1 0 0 ~ ~ .  

A subsequen t  o b j e c t i v e  is t o  a c c e l e r a t e  d e g r a d a t i o n  r a t e s  by a 
f a c t o r  of  100 o r  more. T h i s  i n c l u d e s  t h e  p u r e l y  t h e r m a l  r e a c t i o n s ,  such  
as h y d r o l y s i s ,  as w e l l  as t h e  photochemical  r e a c t i o n s .  The photochemical  
a c c e l e r a t i o n  i s  t h e  more d i f f i c u l t  problem. The u s e  o f  n a t u r a l  s u n l i g h t  
a v o i d s  t h e  problem of  i m p e r f e c t  matching o f  t h e  s o l a r  spec t rum by lamps.  
However, i t  must be e s t a b l i s h e d  how much t h e  UV component o f  s u n l i g h t  
can  be c o n c e n t r a t e d  on samples  wi thou t  changing t h e  d e g r a d a t i o n  mechanism. 
Exposure of p l a s t i c  films is planned a t  t h e  Army's s o l a r  f u r n a c e  a t  
White Sands  i n  February  1978. 

M o d i f i c a t i o n s  t o  t h e  e l e c t r o s t a t i c  bonder a r e  c o n t i n u i n g  a t  SPIRE. 
Equipment h a s  been i n s t a l l e d  t o  pe rmi t  a series o f  f i v e  c o n t i n u o u s  
bonding o p e r a t i o n s .  New p l a t e n  p r e s s u r e  equipment which w i l l  pe rmi t  
a smoother ,  more uniform a p p l i c a t i o n  o f  p r e s s u r e  h a s  a l s o  been i n s t a l l e d .  
A m i c r o p r o c e s s o r  and c o n s t a n t  c u r r e n t / v o l t a g e  equipment h a s  been r e c e i v e d  
and w i l l  be i n s t a l l e d  in  t h e  n e x t  q u a r t e r .  



Four Type I1 e l e c t r o s t a t i c a l l y  b.onded .(ESB) e l e c t r i c a l l y  f u n c t i o n a l  
modules were r ece ived  from SPIRE. These modules have fou r  2  1/4 i n .  
c e l l s  bonded t o  the  f r o n t  6 i n .  x  6 i n .  g l a s s .  This  sub-assembly was 
then  bonded t o  a  back g l a s s  t h a t  had been hollowed o u t  except  f o r  a  
1/2- in .  wide bond s t r i p  around the  circumference.  In t e r connec t ions  
a r e  welded s i l v e r . r i b b o n .  P lans  a r e  being made t o  expose t h e s e  modules 
t o  n a t u r a l  and/or  acce l e r a t ed  weathering wi th  e l e c t r i c a l  t e s t i n g  a t  
a p p r o p r i a t e  i n t e r v a l s .  

A s i l i c o n  s o l a r  ce l l  without c o n t a c t  m e t a l l i z a t i o n  was s u c c e s s f u l l y  
bonded t o  Type 7070 g l a s s  by t h e  ESB process  wi th  an open-mesh t i t an ium-  
p l a t ed  s i l v e r  s c r een  between ce l l  and g l a s s  t o  perform a s  con tac t  m e t a l l i -  
z a t i o n .  The sc r een  employs approximately 1-mil diameter  wi re  and is 
approximately 95% open. Cel l  e l e c t r i c a l  output  was approximately 85% 
o f  a  s t anda rd  ESB c e l l .  This  promising r e s u l t  w i l l  be followed up 
wi th  more development work. 

Four exper imenta l  g l a s s e s  from Corning being t e s t e d  t o  r ep l ace  
Type 7070 g l a s s  f o r  ESB showed poor r e s u l t s  based on pre l iminary  t e s t s .  
Work i s  con t inu ing  on these  and s p e c i a l  Scho t t  g l a s s e s .  

Development of  a  s u i t a b l e  ou tput  t e rmina l  f o r  use i n  Type I11 
ESB modules is under way. Work i n  t h e  planning s t a g e s  i nc lude  f a b r i c a t i o n  
of  Type I11 modules, and l a p  shear  tests of va r ious  f o i l s  e l e c t r o s t a t i c a l l y  
bonded t o  g l a s s .  

E f f o r t s  a t  Endurex to  ion-p la te  mois ture  and co r ros ion  b a r r i e r  
c o a t i n g s  o f  v a r i o u s  ceramic oxides  have been only  p a r t i a l l y  s u c c e s s f u l .  
The problem, r e c e n t l y  recognized,  is t h a t  c e l l  m e t a l l i z a t i o n  is  h igh ly  
porous,  wi th  c a p i l l a r y  dimensions much g r e a t e r  than  those  o f  t h e  ion- 
p l a t ed  coa t ings .  A good analogy is t h a t  t he  ion-plated coa t ings  a r e  
l i n i n g  the  w a l l s  o f  caves  but  no t  s e a l i n g  t h e  en t r ances .  Endurex, a s  p a r t  
of  i ts c o n t r a c t ,  was t o  i n v e s t i g a t e  ion-plated m e t a l l i z a t i o n  which should 
reduce ohmic l o s s e s  caused by m e t a l l u r g i c a l  bonding. M e t a l l i z a t i o n  
produced by ion -p l a t i ng  should be e s s e n t i a l l y  non-porous. Accordingly, 
program emphasis a t  Endurex is  s h i f t i n g  t o  s t u d i e s  o f  ion-plated m e t a l l i -  
z a t i o n ,  and then ,  subsequent ly ,  t o  t h e  b a r r i e r  coa t ings .  

Rockwell Sc ience  Center i n v e s t i g a t i o n s  on HTV s i l i c o n e  rubbe r /g l a s s  
bond s t r e n g t h  demonstrated t h a t  t he  e f f e c t  of  mois ture  on adhesion can be 
p red i c t ed  q u a n t i t a t i v e l y .  Th i s  methodology c o u l d , b e  used i n  t h e  develop- 
ment of  wa te r - in sens i t i ve  adhesive bond m a t e r i a l s .  This  adhesion s tudy  
was extended t o  t h e  RTV s i l i c o n e  r u b b e r / s i l i g o n  c e l l  i n t e r f a c e .  Optimum 
s u r f a c e  t r ea tmen t s  t h a t  remove l e s s  than 100A of t h e  o r i g i n a l  AR c o a t i n g  
were developed. A UV source has  been incorpora ted  i n  t h e  hydrothermal 
c y c l i n g  chamber so t he  e f f e c t  of  photodegradat ion can be eva lua t ed .  

A s  a  r e s u l t  o f  negot ia ted  changes i n  t h e  s t a t emen t  o f  work, Rockwell 
Sc ience  Center s t a r t e d  a  f e a s i b i l i t y  s tudy  on the  use o f  e l l i p some t ry  and 
u l t r a s o n i c s  a s  p o s s i b l e  techniques f o r  non-des t ruc t ive  eva lua t ion  o f  adhesion 
i n  pho tovo l t a i c  modules. The f e a s i b i l i t y  of  us ing  e l l i p s o m e t r i c  mapping 
t o  monitor changes dur ing  aging o f  a  s u r f a c e  o r  i n t e r f a c e  was demonstrated. 
A new high r e s o l u t i o n  o f f - n u l l  procedure wi th  s p a t i a l  r e s o l u t i o n  o f  l e s s  
than 0.5 mm was developed. The first u l t r a s o n i c  a n a l y s i s  was performed 



on a JPL-supplied module and f e a s i b i l i t y  o f  . l o c a t i n g  and mapping o f  d e f e c t s  
was demons t ra ted .  

Case Western Reserve  U n i v e r s i t y  completed exper iments  on t h e  e f f e c t  
o f  UV exposure  l e v e l  v e r s u s  t empera tu re  a t  50% R H  on n i t r o g e n ,  oxygen,  and 
m o i s t u r e  d i f f u s i o n  through methy lmethacry la te - i soprene  copolymer f i l m s .  
(Composit ions:  100/0 ,  60/40,  45/55,  30/70,  0 / 1 0 0 ) .  Data a r e  b e i n g  a n a l y z e d .  
These r e s u l t s  a r e  expec ted  t o  p rov ide  i n f o r m a t i o n  on t h e  p o t e n t i a l  f o r  UV 
s t a b i l i z a t i o n  v i a  copo lymer iza t ion  ( a s  a p o s s i b l e  improvement o v e r  b l e n d i n g ) .  
A fol low-on s t u d y  c o n t r a c t  is being n e g o t i a t e d  i n  o r d e r  t o  expand t h e  d a t a  
base  and t o  i n c l u d e  s t u d i e s  under hygro the rmal  c y c l i n g  c o n d i t i o n s .  

In-house work h a s  i n c l u d e d  t h e  f o l l o w i n g :  

a .  "Work o f  adhesion"  t e s t s  were s t a r t e d .  A test  a p p a r a t u s  was 
c o n s t r u c t e d  which can p r e s s u r i z e  a  c a s t  f i l m  from undernea th  w i t h  a n  i n e r t  
g a s  and t h u s  c r e a t e  a small b l i s t e r .  The d i a m e t e r  o f  t h e  b l i s t e r  c a n  be 
main ta ined  a t  any s i z e  by manipu la t ion  o f  t h e  p r e s s u r e .  The work o f  a d h e s i o n  
is  c a l c u l a t e d  from t h e  g a s  p r e s s u r e  and t h e  a r e a  under  t h e  b l i s t e r .  Var ious  
c a s t  f i lms,  e  . g . ,  a c r y l i c  and s i l i c o n e ,  w i l l  be s u b j e c t e d  t o  v a r i o u s  combina t ions  
o f  U V ,  e l e v a t e d  t e m p e r a t u r e ,  t e m p e r a t u r e  c y c l i n g ,  and r e l a t i v e  humid i ty  t o  
de te rmine  t h e  e f f e c t s  o f  t h e s e  env i ronmenta l  f a c t o r s  on bond s t r e n g t h s .  

b.  C a l i b r a t i o n  o f  Thunder S c i e n t i f i c  Company humid i ty  s e n s o r s  was 
completed.  C a l i b r a t i o n  o f  Panamet r i c s  humid i ty  s e n s o r s  is i n  p r o g r e s s .  

c .  The p l a n s  t o  expose samples  o f  RTV-615, PVB, and 43-6527 S i l i c o n e  
Gel t o  o u t d o o r  weather  have been changed.  Lewis Research Cen te r  h a s  c u r t a i l e d  
t h e  o r i g i n a l  p l a n s  f o r  exposure  a t  seven  s i t e s  t o  two s i t e s  because  o f  
budge ta ry  l i m i t a t i o n s .  

The two s i tes  a r e  t h e  Panama Canal  Zone and Mine 's  Peak,  Colorado.  
The samples  a r e  i n  p l a c e  a t  t h e  Panama Canal Zone s i t e .  Exposure a t  t h e  
Mine 's  Peak s i t e  is  planned when t h e  wea the r  improves .  

. d .  F a i l u r e  a n a l y s i s ,  m o d i f i c a t i o n ,  and r e p a i r  o f  l a r g e  s c a l e  
procurement modules h a s  con t inued .  E f f o r t s  i n c l u d e d  development o f  
d e c a p s u l a t i o n  methods,  r e p a i r  and r e s o l d e r i n g  o f  i n t e r c o n n e c t s ,  f a i l u r e  
a n a l y s i s  o f  c r a c k e d  c e l l s  i n  Motorola  modules ,  and a n a l y s i s  o f  c a u s e s  
o f  d e l a m i n a t i o n  i n  v a r i o u s  modules. 

e .  Work h a s  con t inued  i n  t h e  a r e a  o f  development o f  UV measurement 
and t e c h n i q u e s ,  c o n s t r u c t i o n  o f  an  a c c e l e r a t e d  w e a t h e r i n g  chamber i n c l u d i n g  
U V ,  and s t u d y i n g  t h e  e f f e c t  o f  UV on po lymer ic  m a t e r i a l s .  C o n s t r u c t i o n  
o f  t h e  a c c e l e r a t e d  wea the r ing  chamber w i l l  be completed i n  t h e  n e x t  
q u a r t e r  and w i l l  be f u l l y  d e s c r i b e d  i n  t h e  E i g h t h  Q u a r t e r l y  Repor t .  



SECTION . I V  

PRODUCTION PROCESS AND EQUIPMENT AREA 

The o b j e c t i v e  o f  t h i s  a r e a  is t o  i d e n t i f y ,  d e v e l o p ,  and demons t ra te  
e n e r g y - c o n s e r v a t i v e ,  economical  p r o c e s s e s  f o r  t h e  f a b r i c a t i o n  o f  s o l a r  
c e l l s  and a r r a y s  a t  a p r o d u c t i o n  p r i c e  o f  l e s s  t h a n  $500 p e r  peak k i l o w a t t .  

A.  TECHIi I C A L  GOALS 

The g o a l  is t o  deve lop  and implement commercia l ,  p r a c t i c a l ,  low-cos t ,  
h igh-produc t ion ,  au tomated- ra te  p r o c e s s e s  f o r  t h e  c o n v e r s i o n  o f  s i l i c o n  
s h e e t  m a t e r i a l  i n t o  s o l a r  c e l l s  and a r r a y s .  

B. O R G A N I Z A T I O N  AND COORDINATION 
I 

The P r o d u c t i o n  P r o c e s s  and Equipment Area e f f o r t  i s  d i v i d e d  i n t o  
f i v e  p h a s e s ,  o c c u r r i n g  over  a 10-year p e r i o d  o f  t ime  ( F i g u r e  4-11. 
The phases  a r e :  

I .  Technology assessment .  

11. P r o c e s s  development.  

111. F a c i l i t y  and equipment d e s i g n .  

I V .  Exper imenta l  p l a n t  c o n s t r u c t i o n .  

V .  Convers ion t o  mass p r o d u c t i o n  p l a n t  (by  1986) .  

A m i l e s t o n e  c h a r t  w i t h  major m i l e s t o n e s  i d e n t i f i e d  is  c o n t a i n e d  i n  
F i g u r e  4-2. 

Phase I 

A s  a r e s u l t  o f  Phase  I (Technology Assessment)  a c t i v i t i e s ,  a c e l l  
p r o c e s s i n g  sequence w i t h  t h e  a t t e n d a n t  equipment and f a c i l i t i e s  r e q u i r e d  
t o  a c h i e v e  a s o l a r  module s e l l i n g  p r i c e  o f  $ 2 / w a t t  by 1982 was p r e s e n t e d  
and w e l l  r e c e i v e d  a t  t h e  8 t h  P r o j e c t  I n t e g r a t i o n  Meeting on December 7-8, 
1977. 



Figure  4-1. Production p r o c e s s  and Equipment ~ r e a '  Schedule 
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Phase 11 

Phase '  11, i n i t i a t e d  i n  September 1977,  w i l l  d e f i n e ,  se lec t ,  and 
d e m o n s t r a t e  manufac tu r ing  p r o c e s s e s .  P a r t  1 w i l l  c o n c e n t r a t e  on P r o c e s s  ' 

Development w i t h  t h e  f o l l o w i n g  s p e c i f i c  o b j e c t i v e s :  

( 1 )  Determine  p r i o r i t y  f o r  P r o c e s s  Development. 

( 2 )  I d e n t i f y  a r e a s  where new techno logy  must  be deve loped .  

, (3) Develop p r o c e s s e s  and d e m o n s t r a t e .  

4 I d e n t i f y  t h e  p r o c e s s i n g  equipment and f a c i l i t i e s  r e q u i r e d .  

( 5 )  Update t h e  c o s t  a n a l y s i s .  

C o n t r a c t o r s  a r e  shown i n  Tab le  4-1. 

C. SUMMARY OF PROGRESS 

1. P r o c e s s  Assessment A c t i v i t i e s  

The major  t h r u s t  of t h e  p r o c e s s  a s s e s s m e n t  phase  h a s  been completed 
The r e s u l t s  i n d i c a t e d  t h a t  t h e  development phase  s h o u l d  be  d i r e o t e d  toward:  

( 1 Reducing material c o s t s .  

( 2 )  Reducing s u p p l i e s  expense .  

( 3 )  Improving electr ical  e f f i c i e n c y .  

( 4 )  Reducing y i e l d  l o s s .  

These r e s u l t s  a l s o  i n d i c a t e d  t h a t  l a b o r  and c a p i t a l  equipment w i l l  
n0.t be  main c o s t  d r i v e r s .  - . . 

An e n e r g y  a s s e s s m e n t  h a s  been completed  i n d i c a t i n g e n e r g y  consumed 
a t  e a c h  o f  t h e  p r o c e s s  s t e p s . .  

2 .  P r o c e s s  Development A c t i v i t i e s  

Nine c o n t r a c t s  o f  one y e a r  d u r a t i o n  have been awarded f o r  Phase  I1 
P r o c e s s  Development ( s e e  F i g u r e  4-1).  

The p r o c e s s i n g  o f  a s i l i c o n  s h e e t  i n t o  a s o l a r  c e l l  c a n  be  d i v i d e d  
i n t o  t h r e e  c a t e g o r i e s  : 



  able 4-1 . Production Process  an,d Equipment Area Cont rac tors  

Cont rac tor  Type Contract  Technology Area 

Arco So la r  
Chatsworth, C a l i f o r n i a  
(JPL Contract  No. 954751 ) 

General E l e c t r i c  R & D 
Schenectady, New York 
(JPL Cont rac t  No. 954607) 

Lockheed Mis s i l e  and Space Co. 
Sunnyvale,  C a l i f o r n i a  
(JPL Cont rac t  No. 954653) 

Panel Development E f f o r t  

Sh ingle  Type Modules 

Module Design and 
Fab r i ca t i on  

Lockheed Mis s i l e  and Space Co. Phase 11- Process  Development 
Sunnyvale,  C a l i f o r n i a  
(JPL Cont rac t  No. 954898) 

MB Associa tes  Phase I1 Process  Development 
San Ramon, C a l i f o r n i a  
( J P L  Contract  No. 954873) 

Motorola , Inc  . Phase I Manufacturing Processes  
Phoenix, Arizona Add-on Assessment 
(JPL Contract  No. 954363) 

Motorola,  Inc . 
Phoenix, Arizona 
(JPL Contract  No. 954689) 

M e t a l l i z a t i o n  o f  Large 
S i l i c o n  Wafers 

Motorola,  Inc . Panel Development 
Phoenix, Arizona 
(JPL Contract  No. 954716) 

Motorola,  Inc . Phase I1 Process  Development 
Phoenix, Arizona 
(JPL Cont rac t  No. 954847) 

O p t i c a l  Coating Labora tor ies  
C i ty  o f  Indus t ry ,  Ca l i fo rn i a  
(JPL Cont rac t  No. 954830) 

Op t i ca l  Coating Labora tor ies  
C i ty  o f  Indus t ry ,  C a l i f o r n i a  
(JPL Contract  No. 954831) 

RCA 
P r ince ton ,  New Je r sey  
(JPL Cont rac t  No. 954352) 

Assessment of  S l i c i n g  

High Ef f i c i ency  Panel 

Phase I Manufacturing Processes  
Add-on Assessment 



Table 4-1. Production Process  and Equipment Area Con t r ac to r s  
( Continued) . , . 

Contrac tor  Type Contract  Technology' Area 

RC A Phase I1 Process  Development 
P r ince ton ,  New Je r sey  
(JPL Contract  No. 954868) 

Sensor  Technology 
Chatsworth,  C a l i f o r n i a  
(JPL Contract  No. 954605) 

Sensor  Technology 
Cha t swor th ,  C a l i f o r n i a  
(JPL. Contract  No. 954865 ) 

Solarex  
Rockvi l le ,  Maryland 
(JPL Cont rac t  No. 954606) 

Phase I1 

So la rex  Phase I1 
Rockvi l le  , Maryland 
(JPL Contract  No. 954854) 

Spec t r o l a b  , Inc . Phase 1 1 .  
Sylmar , C a l i f o r n i a  
(JPL Contract  No. 954853) 

SPIRE 
Bur l ing ton ,  Massachusetts 
(JPL Contract  No. 954786) 

Texas Ins t ruments  Phase I 
D a l l a s ,  Texas Add-on 
(JPL Contract  No. 954405) 

Texas Ins t ruments  Phase I1 
Da l l a s ,  Texas 
(JPL Contract  No. 954881 ) 

Westinghouse E l e c t r i c  Corp. Phase I1 
P i t t s b u r g h ,  Pennsylvania 
(JPL Cont rac t  No. 954873) 

Hi-Eff ic iency Panels  

Process  Development 

d 

. P roces s ing  Energy Study 

Process  Development 

Process  Development 

Manufacture Cells wi th  
Pulse  Processes  

Manufacturing Processes  
Assessment 

Process  Development 

Process  Development 



( 1  ) S u r f a c e  p r e p a r a t i o n .  

( 2  J u n c t i o n  fo rmat ion .  

( 3 )  Con tac t ing  sys tems.  

S u r f a c e  p r e p a r a t i o n  i n c l u d e s  damage removal from t h e  sawing o f  t h e  
i n g o t ,  t e x t u r i z i n g  t o  r educe  r e f l e & t i o n  l o s s e s ,  and o p t i c a l  c o a t i n g s  t o  
r educe  r e f l e c t i o n  l o s s e s .  Damage removal and t e x t u r i z i n g  a r e  s u f f i c i e n t -  
l y  developed i n  t h e  p r e s e n t  s t a t e - o f - t h e - a r t  t h a t  s i g n i f i c a n t  a d d i t i o n a l  
development i s  n o t  n e c e s s a r y .  

However, o p t i c a l  c o a t i n g  development e f f o r t  promises  t o  accomplish  
m u l t i p l e  r e s u l t s  i n  one o p e r a t i o n .  Motoro la ,  f o r  example,  h a s  a Si3N4 
o p t i c a l  c o a t i n g  which is a l s o  used a s  t h e  p l a t i n g  mask. Other  o p t i c a l  
c o a t i n g s  can be used f o r  both  a n t i r e f l e c t i v e  and h e r m e t i c  s e a l i n g  purposes .  

The g e n e r a l  c a t e g o r y  o f  j u n c t i o n  fo rmat ion  a d d r e s s e s  t h e  j u n c t i o n  
edge t r e a t m e n t ,  as w e l l  as t h e  j u n c t i o n  fo rmat ion .  I n  j u n c t i o n  forma- 
t i o n ,  development e f f o r t s  a r e  be ing  c o n c e n t r a t e d  on: 

(1  ) Chemical vapor  d e p o s i t i o n .  

( 2  Polymer dopan t .  

( 3 )  Ion  i m p l a n t a t i o n  and a n n e a l .  

( 4 )  J u n c t i o n  edge t r e a t m e n t s  i n c l u d i n g  l a s e r  plasma e t c h ,  and 
mechanical .  A d d i t i o n a l  e f f o r t  i s  b e i n g  d i r e c t e d  toward t h e  
development o f  p u l s e  e n e r g y  p r o c e s s e s .  

C o n t a c t i n g  sys tems  i n c l u d e  t h e  m e t a l l i z a t i o n  o f  t h e  s i l i c o n  as well 
a s  t h e  j o i n i n g  of  c e l l s  i n  s o l a r  modules. S i l i c o n  m e t a l l i z a t i o n  develop-  
ment e f f o r t  i n  Phase I1 i s  b e i n g  c o n c e n t r a t e d  on p r i n t i n g  w i t h  t h i n  f i l m  
i n k s .  A d d i t i o n a l  e f f o r t  is  be ing  d i r e c t e d  toward improved p l a t e d  s i l i c o n  
m e t a l l i z a t i o n .  Development e f f o r t  d i r e c t e d  toward t h e  j o i n i n g  o f  c e l l s  
i n c l u d e s  : 

( 1 )  Wrap around c o n t a c t s .  

(2) Flame sprayed m e t a l .  

( 3 )  C e l l  shap ing  and h o l e  c u t t i n g .  

( 4 )  Gap welding.  

3. Advanced Module Development 

Advanced module development is  be ing  conducted t o  e v a l u a t e  v a r i o u s  
d e s i g n ,  manufac tu r ing ,  and c o s t  pa ramete r s .  Modules under  p r e s e n t  devel-  
opment i n c l u d e  emphasis on t h e  f o l l o w i n g :  



( 1 S h i n g l e  type  modules. 

( 2 )  M e t a l l i z a t i o n  s t u d i e s .  

(3) High t r a n s m i s s i o n  g l a s s .  

( 4 )  Mechanical  i n t e r c o n n e c t .  

( 5 )  G l a s s  sandwich module c o n s t r u c t i o n .  

( 6 )  Cost  e f f e c t i v e  manufac tu r ing  t e c h n i q u e s  ( l a s e r  s c r i b i n g  
and s u r f a c e  t e x t u r i n g ) .  

( 7 )  High e f f i c i e n c y  ( > 1 3 % ) ,  l o n g  l i f e  p a n e l s .  

T y p i c a l  development modules a r e  shown i n  F i g u r e s  ,4-3 and 4-11. 
F i g u r e  4-4 d e p i c t s  h i g h  d e n s i t y  modules from O p t i c a l  Coa t ing  L a b o r a t o r y ,  
I n c  . , S o l a r e x  Corp. ,  and Sensor  Technology,  I n c  . 

The s h i n g l e  t y p e  o f  s o l a r  ce l ls  r e p r e s e n t s  a un ique  a p p l i c a t i o n  
( F i g u r e s  4-5 and 4-6).  A c o n t r a c t  w i t h  Genera l  E l e c t r i c  f o r  t h e  develop- 
ment and t e s t i n g  o f  r o o f i n g  s h i n g l e  t y p e  s o l a r  c e l l s  i n v o l v e s  t h e  d e s i g n ,  
development ,  f a b r i c a t i o n ,  and t e s t i n g  of  a  s o l a r  c e l l  module which i s  
s u i t a b l e  f o r  use  i n  p l a c e  o f  s h i n g l e s  on t h e  s l o p i n g  r o o f  o f  r e s i d e n t i a l  
o r  commercial  b u i l d i n g s .  Modules o f  t h i s  type  employ a s e m i - f l e x i b l e  
s u b s t r a t e  which i s  s u i t a b l e  f o r  mounting on a n  independen t  r i g i d  s u r f a c e  . 
such  as plywood r o o f  s h e a t h i n g .  These modules a r e  i n t e n d e d  t o  be c a p a b l e  
o f  p roduc ing  a n  e l e c t r i c a l  power o u t p u t  o f  80 w/m2 o f  i n s t a l l e d  module 
a r e a  a t  a  module t e m p e r a t u r e  o f  60% w i t h  an  i n s o l a t i o n  o f  1 kw/m2. 
The i n s t a l l e d  we igh t  o f  t h e s e  s h i n g l e  t y p e  modules i s  l e s s  t h a n  250 kg/kW 
o f  peak power o u t p u t .  A s  a  d e s i g n  g o a l  t h e s e  modules a r e  t o  b r i n g  
d e s i g n e d  l e a k - f r e e  s e r v i c e  l i f e  o f  a t  l e a s t  15  y e a r s .  

A s h i n g l e  module, which employs a  tempered g l a s s  c o v e r p l a t e  as t h e  
p r imary  s o l a r  c e l l  s t r u c t u r a l  s u p p o r t ,  h a s  been des igned .  The e v o l u t i o n  
o f  t h i s  d e s i g n  concep t  is t h e  r e s u l t  o f  t h e  i n i t i a l  t a s k  a c t i v i t i e s  
which were completed d u r i n g  t h e  first s i x  months o f  t h e  c o n t r a c t .  Two 
s e p a r a t e  module d e s i g n  c o n c e p t s  were advanced as p o s s i b l e  c a n d i d a t e  
approaches .  The first  o f  t h e s e  i n v o l v e d  embedding t h e  i n t e r c o n n e c t e d  
s o l a r  c e l l s  w i t h i n  a  methyl  m e t h a c r y l a t e  (MMA) c a s t i n g  which provid-  
ed f o r  e n c a p s u l a t i o n  as w e l l  as t h e  s t r u c t u r a l  s u p p o r t  f o r  t h e  s o l a r  
c e l l s .  The second and f i n a l  recommended d e s i g n  sandwiches  t h e  i n t e r c o n -  
n e c t e d  s o l a r  c e l l s . b e t w e e n  a  s h e e t  o f  tempered low-iron g l a s s  on t h e  
f r o n t  s u r f a c e  and a s h e e t  o f  f i b e r g l a s s / e p o x y  on t h e  r e a r  s i d e .  The 
s o l a r  c e l l s  a r e  bonded t o  t h i s  g l a s s  c o v e r p l a t e  w i t h  p o l y v i n y l  b u t y r a l  
(PVB) f i l m  and t h e  i n t e r s t i t i a l  s p a c e  between t h e  c o v e r s  i s  f i l l e d  w i t h  
RTV 77 ,  which f u n c t i o n s  a s  t h e  pr imary e n c a p s u l a n t .  

A s e t  o f  d e t a i l  drawings  was p repared  f o r  each  o f  t h e s e  d e s i g n  
c o n c e p t s  t o  e n a b l e  t h e  f a b r i c a t i o n  o f  a s i n g l e  p r e p r o d u c t i o n  module o f  
each  t y p e  f o r  e v a l u a t i o n  p r i o r  t o  t h e  d e s i g n  review.  An a t t e m p t  t o  embed 
a 1 9 - c e l l  a s sembly ,  which had been p r e v i o u s l y  b u f f e r  c o a t e d  w i t h  RTV 615, 
w i t h i n  a MMA c a s t i n g  proved u n s u c c e s s f u l .  Th i s  t r a n s p a r e n t  s i l i c o n e  
b u f f e r  c o a t i n g ,  which was a p p l i e d  t o  e l a s t i c a l l y  accommodate t h e  the rmal  



induced s t r a i n s  a t  the s o l a r  cell/MMA i n t e r f a c e ,  turned cloudy upon the 
polymerization of the  MMA and crea ted  an unacceptably l a r g e  transmission 
l o s s .  Bulging of the  cas t ing  a t  the  c e l l  l oca t ions  was a l s o  apparent 
upon reheat ing  the  cas t ing .  The volumetric thermal expansion o f  the  
RTV 615 was evident ly  s u f f i c i e n t  t o  cause t h i s  permanent bulging and 
associa ted  delamination a t  the  RTV 615/MMA in te r face .  

The preproduction module of the  tempered g l a s s  covered design 
shown i n  Figure 4-6 was successful ly  produced. 
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Figure 4-4. Ugh Density Modules 



Figure 4-5. Shingle Type Solar Cell 





SECTION V . 

ENGINEERING AREA 

During t h e  q u a r t e r  t h e  Eng ineer ing  Area h a s  c o n t i n u e d  a c t i v i t i e s  
i n  t h e  a r e a s  o f  ( 1 )  a n a l y s i s  and t e s t i n g  o f  s o l a r  a r r a y  modules i n  
c o n j u n c t i o n  w i t h  t h e  development o f  f u t u r e  module and a r r a y  d e s i g n  
c r i t e r i a  and t e s t  methods,  and (2) s u p p o r t  o f  t h e  l a r g e  s c a l e  procure-  
ments i n  t h e  a r e a  of  e n g i n e e r i n g  i n t e r f a c e s .  

Module requ i rement  c o n t r a c t s  w i t h  B e c h t e l  and Boeing s t a r t e d  l a t e  
l a s t  q u a r t e r  and proceeded on s c h e d u l e  through t h e  c u r r e n t  q u a r t e r .  The 
B e c h t e l  c o n t r a c t  is  an add-on t o  its p r e v i o u s  c o n t r a c t  e x p l o r i n g  module 
r e q u i r e m e n t s  f o r  c e n t r a l  power s t a t i o n s  and is emphasiz ing o p t i m i z a t i o n  
w i t h  r e s p e c t  t o  module s t r u c t u r a l  c o s t s .  The Boeing c o n t r a c t  is  e x p l o r i n g  
t h e  a d v a n t a g e s  and d i s a d v a n t a g e s  o f  e n c l o s i n g  modules i n  a s e l f - s u p p o r t i n g  
t r a n s p a r e n t ' e n c l o s u r e .  During t h e  q u a r t e r  Boeing g a t h e r e d  i n f o r m a t i o n  on 
s o l a r  c e l l  c o v e r s  ( e . g . ,  g l a s s  and spray-on p l a s t i c )  i n  o r d e r  t o  s e l e c t  a 
module d e s i g n  f o r  use  i n s i d e  t h e  a i r - s u p p o r t e d  e n c l o s u r e .  Two e n c l o s u r e  
d e s i g n s  have been s e l e c t e d  and ,  based on wind l o a d  e v a l u a t i o n ,  have been 
s i z e d ;  d e t a i l e d  s t r u c t u r e  and t h e r m a l  d e s i g n s  a r e  b e i n g  developed f o r  
t h e s e  d e s i g n s .  Bech te l  has  been c o n t i n u i n g  work on g l a s s  modules.  
It h a s  o b t a i n e d  g l a s s  d a t a  and s o l i c i t e d  m a n u f a c t u r e r ' s  i n f o r m a t i o n  
on a v a i l a b l e  s i z e s  and s i z i n g  c r i t e r i a .  

Both B e c h t e l  and JPL a r e  u s i n g  t h e  non- l inea r  s t r e s s  a n a l y s i s  
computer program ANSYS t o  p rov ide  improved s i z i n g  d a t a  f o r  g l a s s  modules. 
Conven t iona l  l i n e a r ,  s m a l l - d e f l e c t i o n  t h e o r i e s  o v e r e s t i m a t e  t h e  g l a s s  
s t r e s s  f o r  a g iven  wind l o a d i n g  by abou t  a f a c t o r  o f  two. The n o n - l i n e a r  
a n a l y s i s  a l l o w s  a more a c c u r a t e  p r e d i c t i o n  o f  t h e  a c t u a l  p r i n c i p a l .  
stresses, and t h u s  t h e  s e l e c t i o n  o f  t h e  minimum t h i c k n e s s  g l a s s .  T h i s  
work is i n  t h e  p r o c e s s  o f  be ing  documented i n  a non-dimensional  fo rmat  f o r  
u s e  by module d e s i g n e r s .  . 

I n  o r d e r  t o  p rov ide  test hardware t o  s u p p o r t  t h e  development 
o f  improved env i ronmenta l  q u a l i f i c a t i o n  t e s t  p r o c e d u r e s ,  60 reduced 
s i z e  v e r s i o n s  o f  t h e  Block I1 modules have been procured from e a c h  
m a n u f a c t u r e r .  The i n d i v i d u a l  modules,  measur ing a p p r o x i m a t e l y  12 by 
15 i n c h e s ,  produce between 4 and 5 w a t t s  a t  v a r i o u s  v o l t a g e s  depending 
on t h e  number o f  c e l l s .  The manufac tu r ing  p r o c e s s ,  p r o c e d u r e s ,  and 
m a t e r i a l s ;  c e l l  a r rangement ,  s p a c i n g ,  and l o c a t i o n ;  and i n t e r c o n n e c t  
c o n f i g u r a t i o n  were r e q u i r e d  t o  be i d e n t i c a l  t o  t h e  f u l l  s i z e  Block I1 
modules. Shipments  o f  mini-modules have been r e c e i v e d  from a l l  vendors .  
Two mini-modules from each manufac tu re r  were sh ipped  t o  Desert Sunsh ine  
Environmental  T e s t ,  I n c . ,  t o  be i n s t a l l e d  on t h e  l a r g e  s c a l e  concen- 
t r a t o r  developed by DSET under  c o n t r a c t  t o  LeRC. It i s  a n t i c i p a t e d  
t h a t  a minimum o f  f o u r  months exposure  a t  8:1 s o l a r  c o n c e n t r a t i o n  w i l l  
be o b t a i n e d  w i t h  t h e s e  samples .  A s u b s t a n t i a l  c o s t  s a v i n g s  r e s u l t s  
from u s i n g  t h e s e  s m a l l e r  modules i n t e a d  o f  f u l l  s i z e  Block I1 modules 
f o r  d e s t r u c t i v e  tests. 



The t e s t i n g  phase  o f  t h e  h a i l  t e s t  development s t u d y  was concluded 
d u r i n g  t h e  q u a r t e r  w i t h  a  s e r i e s  o f  h igh speed  motion p i c t u r e s  (4000 
f r a m e s / s e c )  t a k e n  o f  i c e  b a l l s  up t o  3 .8  cm (1-1/2 i n c h e s )  i n  d i a m e t e r  
impac t ing  e a c h  o f  t h e  Block I and I1 modules. A r e p o r t  documenting t h e  
t e s t i n g  phase  is  i n  p r e p a r a t i o n  and w i l l  be r e l e a s e d  as a n  Eng ineer ing  
Area t a s k  r e p o r t .  Responses and comments were r e c e i v e d  from h a i l  commu- 
n i t y  e x p e r t s  on t h e  p r e l i m i n a r y  d r a f t  of t h e  h a i l  env i ronment /assessment  
( p r o b a b i l i t y  o f  b e i n g  s t r u c k  by h a i l  o f  a g i v e n  s i z e )  s t u d y  r e p o r t .  
The f i n a l  d r a f t  r e f l e c t i n g  t h e s e  comments was r e l e a s e d  i n  November 
a s  JPL Repor t  5101-45, "Environmental  H a i l  Model f o r  A s s e s s i n g  Risk  . 

t o  S o l a r  C o l l e c t o r s .  I' 

Thermal performance t e s t i n g  of v a r i o u s  module d e s i g n s  i s  con- 
t i n u i n g .  A summary o f  t h e  Nominal Opera t ing  C e l l  Tempera tu res  (NOCT) 
o f  t h e  Block I and Block I1 modules h a s  been p repared  and t y p i c a l  v a l u e s  
f o r  module c o n s t r u c t i o n  r e p r e s e n t e d  by t h e s e  procurements  a r e :  

Module C o n s t r u c t i o n  0 NOCT ( C )  

Finned aluminum s u b s t r a t e  40' 
C l e a r  g l a s s  s u b s t r a t e  41 O 

Aluminum s u b s t r a t e  (no  f i n s )  
~ i b e r g l a s s / p l a s t i c  s u b s t r a t e  
Double pane w i t h  a i r  gap  

A s e r i e s  o f  t h e r m a l  tests h a s  been conducted t o  e v a l u a t e  t h e  f e a s i -  
b i l i t y  o f  combining an a c t i v e  wa te r  c o o l i n g  sys tem i n  t h e  c o n s t r u c t i o n  of 
p h o t o v o l t a i c  modules. The t e s t s  demonstra ted  t h a t  a s i g n i f i c a n t  i n c r e a s e  
i n  module power cou ld  be o b t a i n e d  by c o o l i n g  t h e  modules w i t h  w a t e r .  Power 
irngrovementg of  11% and 20% were o b t a i n e d  w i t h  w a t e r  i n l e t  t e m p e r a t u r e s  o f  
32 C and 15 C r e s p e c t i v e l y .  For t h o s e  a p p l i c a t i o n s  i n v o l v i n g  t h e  movement 
o f  w a t e r  ( i r r i g a t i o n ,  swimming poo l  pumps, e t c . )  c o o l i n g  t h e  modules w i t h  
t h e  wa te r  shou ld  be g i v e n  s e r i o u s  c o n s i d e r a t i o n .  

JPL Repor t  5101-31, "Thermal Performance T e s t i n g  and A n a l y s i s  o f  
P h o t o v o l t a i c  Modules t o  N a t u r a l  S u n l i g h t , "  was r e l e a s e d  f o r  d i s t r i b u t i o n  
t o  t h e  p h o t o v o l t a i c  community. T h i s  r e p o r t  d e s c r i b e s  measurements o f  t h e  
the rmal  performance o f  Block I and I1 modules. The appendix  c o n t a i n s  t h e  
JPL recommended method f o r  d e t e r m i n a t i o n  o f  Nominal O p e r a t i n g  C e l l  
Temperature .  

S t u d i e s  were i n i t i a t e d  t h i s  q u a r t e r  on c a u s e s  o f  d e l a m i n a t i o n  i n  
module d e s i g n s .  The o b j e c t i v e  o f  t h e  d e l a m i n a t i o n  t e s t  program is t o  
c o r r e l a t e  chemica l  o r  p h y s i c a l  p r o p e r t i e s  o f  t h e  i n t e r f a c e  between en- 
c a p s u l a n t  and s u b s t r a t e  w i t h  t h e  o n s e t  o f  d e l a m i n a t i o n .  D e s t r u c t i v e  t e s t s  
measur ing t e n s i l e ,  c l e a v a g e ,  and p e e l  s t r e n g t h  a r e  b e i n g  deve loped .  Delam- 
i n a t e d  and bonded samples  have been s e n t  t o  S u r f a c e  S c i e n c e  L a b o r a t o r y  i n  
P a l o  Al to  f o r  a n a l y s i s  t o  o b t a i n  e l e m e n t a l  and bonding i n f o r m 3 t i o n .  A s  p a r t  
o f  t h e  d e l a m i n a t i o n  s t u d y  a  c o n t r a c t  was p laced  w i t h  T r u e s d a i l  L a b o r a t o r i e s ,  
Los Ange les ,  t o  perform a 1000 hour U V  Weatherometer test .  Samples c o n s i s t e d  
o f  one each  o f  t h e  mini-modules d e s c r i b e d .  Very d e t a i l e d  c o l o r - c o r r e c t e d  
pho tographs  and c o r r e c t  s p e c t r a l l y  matched I V  c u r v e s  were t a k e n  f o r  each  
module befo're i n i t i a t i n g  t h e  t e s t  t o  s e r v e  a s  a b a s e l i n e  f o r  UV induced 
d e l a m i n a t i o n .  T e s t  r e s u l t s  w i l l  be a v a i l a b l e  e a r l y  n e x t  q u a r t e r .  



An i n v e s t i g a t i o n  of  module s o i l i n g  c h a r a c t e r i s t i c s  was a l s o  i n i t i a t e d  
t h i s  q u a r t e r .  A p o r t i o n  o f  t h i s  s t u d y  i n v o l v e s  a c o o p e r a t i v e  e f f o r t  
w i t h  t h e  Los Angeles County A i r  Q u a l i t y  Management D i s t r i c t  (AQMD). 
The AQMD h a s  e i g h t  a i r  q u a l i t y  sampl ing sites which u s e  a  h i g h  volume 
p a r t i c u l a t e  sampler  p rov id ing  d a t a  on t o t a l  suspended p a r t i c u l a t e s  
(TSP). JPL w i l l  p l a c e  d u s t  accumula t ion  samples  r e p r e s e n t i n g  t h e  v a r i o u s  
e n c a p s u l a n t  sys tems  a t  t h e  Pasadena AQMD s i t e .  I f  a  c o r r e l a t i o n  can 
be o b t a i n e d ,  t h e  a b i l i t y  t o  c h a r a c t e r i z e  t h e  d u s t  environment  a t  many 
p o t e n t i a l  p h o t o v o l t a i c  s i t e s  w i l l  be enhanced,  a s  t h e  TSP equipment 
i s  i n  widespread use .  The sample s u p p o r t  r a c k  h a s  been f a b r i c a t e d  
and i n i t i a l  t r a n s m i s s i o n  d a t a  on t h e  accumula t ion  samples  o b t a i n e d .  
I n v e s t i g a t i o n  o f  t h e  a p p l i c a t i o n  o f  a n t i - s t a t i c  c o a t i n g s  and t r e a t m e n t s  
t o  module e n c a p s u l a n t s  h a s  a l s o  been i n i t i a t e d .  One s i l i c o n e  r u b b e r  
e n c a p s u l a t e d  mini-module has  been c o a t e d  w i t h  a  f l u o r o s u r f a c t a n t  a n t i -  
s t a t i c  s o l u t i o n ,  Zonyl FSC, manufactured by DuPont. T h i s  module and 
an i d e n t i c a l  uncoated pane l  w i l l  be exposed t o  t h e  n a t u r a l  d u s t  env i ron-  
ment a t  JPL f o r  up t o  t h r e e  months,  w i t h  compara t ive  d u s t  accumula t ion  
and e l e c t r i c a l  performances  be ing  p e r i o d i c a l l y  moni tored.  S e v e r a l  
o t h e r  c o a t i n g s  and a d d i t i v e s  mixed i n t o  t h e  uncured e n c a p s u l a n t  a r e  
a l s o  b e i n g  i n v e s t i g a t e d .  

Eng ineer ing  a r e a  r e p r e s e n t a t i v e s  p a r t i c i p a t e d  i n  t h e  Department 
o f  Energy P h o t o v o l t a i c  Systems and A p p l i c a t i o n s  Workshop h e l d  i n  Res ton ,  
V i r g i n i a ,  on December 13-15, 1977. A p?.per e n t i t l e d  l t S i l i c o n  Array 
S p e c i f i c a t i o n s  and Near Term Performance E x p e c t a t i o n s n  p r e s e n t e d  t h e  
most i m p o r t a n t  module s p e c i f i c a t i o n s  be ing  used by JPL i n c l u d i n g  e l e c t r i -  
c a l  performance,  d e s i g n  c o n f i g u r a t i o n  ( i n t e r f a c e s ) ,  s a f e t y  c o n s i d e r a t i o n s ,  
and env i ronmenta l  r equ i rements .  JPL Repor t  51 01 -43, I1Module E f f i c i e n c y  
D e f i n i t i o n s ,  C h a r a c t e r i s t i c s ,  and  example^,^^ was a l s o  d i s t r i b u t e d  t h i s  
q u a r t e r .  T h i s  r e p o r t  p r o v i d e s  d e t a i l e d  module e f f i c i e n c y  d e f i n i t i o n s  
f o r  u s e  by t h e  Program. 



SECTION V I  

OPERATIONS AREA 

A.  SUMMARY OF PROGRESS 

1. Large-Scale  P r o d u c t i o n  Task 

a .  Block 11. Module d e l i v e r i e s  i n  t h i s  q u a r t e r  t o t a l e d  10.6 kW. 
I n  t h i s  q u a r t e r ,  S e n s o r  Technology,  I n c . ,  completed its c o n t r a c t  and 
S p e c t r o l a b  p r o d u c t i o n  provided most o f  t h e  d e l i v e r e d  modules.  The 
o v e r a l l  r e c o r d  shows t h a t  98.7 kW o f  t h e  124 kW t o t a l  have  been re- 
c e i v e d  by JPL f o r  a comple t ion  of 70 .3  p e r c e n t .  I n  December, S p e c t r o -  
l a b ,  I n c . ,  announced a c o r p o r a t e  d e c i s i o n  t o  deemphasize work i n  l a r g e  
s c a l e  p r o d u c t i o n  i n  f a v o r  o f  expanded r e s e a r c h  and development and 
concommitant ly  r e q u e s t e d  r e l i e f  from i t s  commitment t o  JPL f o r  t h e  
b l o c k  I1 p r o d u c t i o n .  N e g o t i a t i o n  i n  r e s p o n s e  t o  t h i s  r e q u e s t  was sche-.  
d u l e d  f o r  J a n u a r y .  

b. . Block III. During t h i s  q u a r t e r ,  t h e  s e l e c t i o n  and a l l o -  
c a t i o n  p a r t  o f  t h e  procurement p r o c e s s  f o r  Block 111 was comple ted ,  
t h e  s u c c e s s f u l  c o n t r a c t o r s  were n o t i f i e d ,  and t h e  a l l o c a t i o n  was 
announced.  I n  December, t h e  l a c k  o f  DOE FY 78 f u n d i n g  p e r m i t t e d  t h e  
implementa t ion  o f  c o n t r a c t s  o n l y  t o  A R C 0  S o l a r ,  I n c . ;  M o t o r o l a ,  I n c . ;  
and S o l a r  Power Corp. It is  a n t i c i p a t e d  t h a t  c o n t r a c t s  w i t h  S e n s o r  
Technology,  I n c  . , and S o l a r e x  Corp. w i l l  be implemented i n  J a n u a r y .  

2. Env i ronmenta l  T e s t i n g  

a .  Larne Scale P r o d u c t i o n  (Task 5 )  Modules. Q u a l i f i c a t i o n  
tes ts  f o r  a t o t a l  o f  23 one-kW sample  modules r e p r e s e n t i n g  t h r e e  s u p p l i e r s  
were completed .  R e s u l t s  were g e n e r a l l y  s a t i s f a c t o r y  f o r  a l l  modules.  
Some c e l l  c r a c k s  were found i n  e a c h  t y p e  o f  module,  i n c l u d i n g  t h o s e  o f  
Manufac tu re r  V ,  which has  r e c e n t l y  implemented an  .improved d e s i g n  t o  
r e d u c e  c r a c k i n g .  A s p e c i a l  series o f  p r o g r e s s i v e  t e m p e r a t u r e  c y c l i n g  
tests from +90 C t o  - 4 0 ' ~  was made on f o u r  o f  t h e  earl ier  Type V modules. 
It was hoped t h a t .  a c e n t r a l  band o f  t e m p e r a t u r e s  s a f e  from c r a c k i n g  cou ld  
be found.  However, t h e  i n c i d e n c e  o f  c r a c k i n g  was f a i r l y  well d i s t r i b u t e d  
o v e r  t h e s e  t e m p e r a t u r e s .  

E x p l o r a t o r y  h e a t - r a i n  and wind-driven r a i n  tests were completed  on 
modules from f o u r  vendors  w i t h  a c c e p t a b l e  r e s u l t s .  

b. Task 4 D e v e l o ~ m e n t  Modules. Ten modules from Manufac tu re r  
U were t e s t e d  a t  JPL. F i v e  had aluminum c e l l  back c o n t a c t s  and were i n  
aluminum frames, and f i v e  had e v a p o r a t e d  c o n t a c t  ce l l s  and were i n  
s t a i n l e s s  f r ames .  The former  gave  a p p r e c i a b l y  less power and v o l t a g e .  
A l l  passed t h e  env i ronmenta l  tes ts  s a t i s f a c t o r i l y ,  a l t h o u g h  a t o t a l  of  
f o u r  c e l l s  c r a c k e d  i n  t h e  f i v e  s t a i n l e s s  modules; 



A t  t h e  end of  t h e  q u a r t e r ,  t h e  i n i t i a l .  i s s u e  o f  a  r e p o r t  on Task 
4 t e s t i n g  (JPL Repor t  5101-49) was n e a r l y  complete .  D i s t r i b u t i o n  is  
expec ted  by mid-January.  A d d i t i o n a l  s e c t i o n s  w i l l  be added t o  t h i s  
r e p o r t  as Task 4 modules a r e  r e c e i v e d  and p rocessed .  

c .  Commercial Modules. Of f - the - she l f  modules from two manu- I 

f a c t u r e r s  have been procured and t e s t e d .  S i n c e  t h e s e  were n o t  bought 
to  LSSA d imens ions  and spe-cs,  t h e  q u a l i f i c a t i o n  was a b b r e v i a t e d  t o  
t e m p e r a t u r e  and humid i ty  t e s t i n g  o n l y .  Modules from Manufac tu re r  P  
passed  t h e s e  t e s t s  w i t h  o n l y  minor problems. However, f i v e  modules 
from Manufac tu re r  Q had a 60% f a i l u r e  r a t e  i n  t e s t s .  I n  a d d i t i o n ,  two 
of t h e  t e n  modules r e c e i v e d  had low power o u t p u t  i n i t i a l l y .  

d .  . C m .  Two hundred a d d i t i o n a l  c e l l s  were r e c e i v e d  
from Manufacturer  W. Half  were e v a p o r a t e d  c o n t a c t  type  ( a e r o s p a c e )  
and h a l f  were t h e  improved p r i n t e d  c o n t a c t  t y p e  ( P r o c e s s  B) used i n  
t h e  l a r g e  s c a l e  p r o d u c t i o n .  A f t e r  humidi ty  tests, t h e  a e r o s p a c e  c e l l s  
showed very  l i t t l e  change.  However, t h e  P r o c e s s  B c e l l s t  o u t p u t  
appeared  t o  improve by a few p e r c e n t .  T h i s  phenomenon is  sti l l  under  
s t u d y .  

. 3 .  F i e l d  T e s t i n g  

The p r imary  a c t i v i t y  t h i s  q u a r t e r  c e n t e r e d  around t h e  d a t a  sys tem.  
A f t e r  s e v e r a l  major  m o d i f i c a t i o n s  t o  t h e  system by t h e  sys tem c o n t r a c t o r  
and some minor f i e l d  r e w i r i n g  by JPL, t h e  sys tem i s  now f u n c t i o n i n g  
t o  t h e  p o i n t  where it is p o s s i b l e  t o  o b t a i n  I - V  d a t a  on any module 
i n  t h e  f i e l d .  

I n  e v a l u a t i n g  t h e  dynamic l o a d  p r i o r  t o  t h e  buy o f f ,  s e v e r a l  
tests were performed t o  de te rmine  i f  it was f u n c t i o n i n g  a c c o r d i n g  t o  
t h e  f o l l o w i n g  purchase  s p e c i f i c a t i o n s :  f o r  c u r r e n t  v a l u e s  below 200 mA, 
it must be a c c u r a t e  t o  2 0.5% o f  t h e  c u r r e n t  v a l u e ;  f o r  v o l t a g e  l e v e l s  
below 2 v o l t s ,  it must be a c c u r a t e  t o  10 mV, and above 2  v o l t s ,  w i t h i n  
+ 0 .5% o f  t h e  v o l t a g e .  - 

The c o n c l u s i o n  from t h e s e  t e s t s  is  t h a t  t h e  sys tem mee t s  o r  exceeds  
. .  . t h e  purchase  s p e c i f i c a t i o n s .  On December 19 ,  t h e  sys tem was o f f i c i a l l y  

bought o f f .  Deployment o f  a l l  t h e  Block I and I1 modules a t  JPL, Tab le  
Mountain ,  and Golds tone was completed by dep loy ing  remain ing  S p e c t r o l a b  
Block I1 modules. I n s t a l l a t i o n  o f  t e s t  s t a n d s  a t  P o i n t  Vicen te  was 
d e l a y e d  by p r o c e d u r a l  d i f f i c u l t i e s  r e l a t i n g  t o  off-Lab f a c i l i t i e s  work. 
Completion o f  t h i s  s i t e  is  now expec ted  d u r i n g  t h e  n e x t  q u a r t e r .  



4. Performance Measurements and S t a n d a r d s  

The s o l a r  c e l l  photon i n s t a b i l i t y  problem was s t u d i e d  a t  l e n g t h  
d u r i n g  t h i s  q u a r t e r  r e s u l t i n g  i n  a b e t t e r  u n d e r s t a n d i n g  o f  t h e  problem. 
However, t h e  n e c e s s a r y  changes  r e q u i r e d  i n  t h e  m a n u f a c t u r i n g  p r o c e s s  
t o  e l i m i n a t e  t h e  problem have y e t  t o  be c l e a r l y  i d e n t i f i e d  and imple- 
mented. The t h r e e  vendors  invo lved  a t  t h i s  t ime  a r e  S e n s o r  Tech,  S o l a r  
Power, and ARCO S o l a r .  C e l l s  from S o l a r e x  and Motorola  have n o t  
e x h i b i t e d  t h e  e f f e c t .  The problem a t  t h i s  t ime a p p e a r s  t o  be ~ r i m a r i l y  
r e l a t e d  t o  t h e  f a b r i c a t i o n  p r o c e s s  a s  opposed t o  a b u l k  m a t e r i a l  problem; 
however, e a c h  v e n d o r ' s  c e l l s  e x h i b i t  d i f f e r e n t  t y p e s  o f  e f f e c t s  n e c e s s i -  
t a t i n g  an i n d i v i d u a l  e f f o r t  w i t h  each vendor .  The c u r r e n t  program 
i n v o l v e s :  ( 1 )  s y s t e m a t i c  changes  i n  t h e  f a b r i c a t i o n  p r o c e s s  and (2 )  
t h e  removal of  w a f e r s  from s e l e c t e d  p o r t i o n s  o f  t h e  p r o c e s s  f o r  com- 
p l e t i o n  i n  a  f a b r i c a t i o n  l i n e  known t o  be  c l e a n  a t  a d i f f e r e n t  v e n d o r ' s  
p l a n t .  Both S p e c t r o l a b  and O C L I  a r e  p a r t i c i p a t i n g  i n  t h i s  l a t t e r  e f f o r t  
s i n c e  i t  h a s  been e s t a b l i s h e d  t h a t  t h e i r  p r o c e s s e s  r e s u l t  i n  s t a b l e  
c e l l s .  

S t a n d a r d  c e l l s  from a l l  Block I11 vendors  excep t  ARCO S o l a r  have 
been d e l i v e r e d  t o  LeRC f o r  packaging and c a l i b r a t i o n .  ARCO S o l a r  c e l l s  
have been de layed  due t o  t h e  photon e f f e c t  t h a t  t h e y  have e x h i b i t e d  
t o  d a t e .  Completed s t a n d a r d  c e l l s  a r e  schedu led  t o  be d e l i v e r e d  t o  
JPL from LeRC by t h e  end of  J a n u a r y  f o r  checkou t  and d i s t r i b u t i o n  t o  
t h e  vendors .  

M o d i f i c a t i o n  o f  t h e  e x i s t i n g  Large  Area P u l s e d  S o l a r  S i m u l a t o r  t o  
i n c r e a s e  t h e  d a t a  th roughput  speed by a f a c t o r  o f  t h r e e  h a s  been i n i t i a t e d  
and w i l l  be completed i n  March. The second LAPSS f a c i l i t y  h a s  been o r d e r e d  
and is schedu led  f o r  d e l i v e r y  i n  J u l y .  1 t . i ~  e s t i m a t e d  t h a t  t h e  combined 
LAPSS f a c i l i t y  w i l l  become o p e r a t i o n a l  by t h e  end o f  1978. 

5. F a i l u r e  A n a l y s i s  

Twenty-six Prob lem/Fa i lu re  R e p o r t s  (P/FRs) were f i l e d  d u r i n g  
t h i s  q u a r t e r ,  and seven P/FR a n a l y s e s  were c l o s e d .  About h a l f  t h e  P/FRs 
f i l e d  were r e l a t e d  t o  env i ronmenta l  t e s t i n g  and h a l f  were t h e  r e s u l t  
o f  f i e l d  t e s t  o r  a p p l i c a t i o n s  problems. Details of t h i s  a c t i v i t y  a r e  
g i v e n  i n  t h e  T e c h n i c a l  Data s e c t i o n  which f o l l o w s .  



B. TECHNICAL DATA . . 

1. Large Sca l e  Product ion Task 

a .  Block 11. The product ion d e t a i l  f o r  t h e  q u a r t e r  is shown. 
i n  t h e  t a b l e  below: 

To ta l  t o  be Shipped To ta l  Shipped % . 
Delivered 0ct.-Dec. through Dec. Complete 

kW kW kW kW 

Sensor  Technology, Inc .  4'0 , 0.8 40 100 

S o l a r  Power Corp. 15 0 15 100 

So la rex  Corp. 30 0 3 0 100 

Spec t ro l ab  , Inc . 39.4 9.8 13.7 34.8 

124.4 10.6 98.7 79;3 

Spec t ro l ab  has  requested t h a t  i t  be permit ted t o  te rmina te  shipment 
a f t e r  d e l i v e r y  of  between 900 and 1050 modules o r  23 kW t o  27 kW. 

b: Block 111. During t h e  q u a r t e r ,  t h e  s e l e c t i o n  and a l l o c a t i o n  
p a r t  o f  t h e  procurement process  f o r  Block I11 was completed and t h r e e  . 
of t h e  f i v e  c o n t r a c t o r s  s e l e c t e d  were put  on c o n t r a c t .  I n  e a r l y  November, 
t h e  s e l e c t i o n  and a l l o c a t i o n  a c t i o n  was s e r i o u s l y  complicated by Spectro-- 
l a b  withdrawing its proposal .  This  r equ i r ed  a  reconvening o f  t h e  s e l e c t i o n  
and a l l o c a t i o n  committee t o  review t h e  e n t i r e  s i t u a t i o n  and t o  make 
a  new a l l o c a t i o n .  Th i s  was completed and t h e  c o n t r a c t s  were nego t i a t ed  
as shown in the  t a b l e  below: 

P r i c e  
$ /w $ /w 

Al loca t ion  IV-A977 1-1875 
k W 60 C 28 C 

ARC0 S o l a r ,  I nc .  

Motorola,  Inc . 
Sensor Technology, Inc .  

So l a r  Power Corp. 

So la r ex  Corp. 

To ta l  

* Weighted average 



The p r i c e  c i t e d  in t h e  second' column is t h e  p r i c e  i n  d o l l a r s  
p e r  watt a t  t h e  time o f  c o n t r a c t  n e g o t i a t i o n  d u r i n g  t h e  f o u r t h  q u a r t e r  
of  1977. The power is t h a t  measured o r  quoted a t  60 '~ .  The t h i r d  
column d e f l a t e s  t h e  p r i c e  from f o u r t h  q u a r t e r  1977 t o  first q g a r t e r  
1975 and a p p l i e s  a c o r r e c t i o n  t o  r educe  t h e  t e m p e r a t u r e  t o  28 C. 

2. Environmental  T e s t i n g  

T a b l e  6-1 summarizes env i ronmenta l  test r e s u l t s  f o r  t h e  q u a r t e r  
f o r  Large-Scale  P roduc t ion  (Task 5 )  modules. Tab le  6-2 g i v e s  s i m i l a r  
d a t a  f o r  Automated Array Assembly (Task 4 )  developmental  modules,  and 
Tab le  6-3 a p p l i e s  t o  commercial ly a v a i l a b l e  modules purchased o f f - t h e -  
s h e l f  by t h e  P r o j e c t .  

3. F a i l u r e  A n a l y s i s  

T a b l e  6-4 summarizes t h e  a c t i v i t y  f o r  ~ l b c k  I and Block I1 o f  
Task 5 module t e s t  and a p p l i c a t i o n  e x p e r i e n c e .  

Problem c a t e g o r i e s  f o r  t h e  P/FRs summarized i n  Tab le  6-4 a r e  
shown i n  Tab le  6-5. 

a .  Manufacturer  V.  A n a l y s i s  o f  Block I module from t h e  JPL 
F i e l d  T e s t  showed a n  open c i r c u i t  caused by a f r a c t u r e d  i n t e r c o n n e c t  
a t  t h e  module t e r m i n a l .  

Two Block I1 modules were r e t u r n e d  from Mead, Nebraska (MIT/LL), 
one  w i t h  open c i r c u i t  and t h e  o t h e r  w i t h  degraded o u t p u t .  The open 
c i r c u i t  was caused by bo th  i n t e r c o n n e c t s  t o  t h e  back o f  t h e  c e l l  n o t  
be ing  s o l d e r e d  ( F i g u r e  6-1 ). The o u t e r  module s u f f e r e d  a c racked  
c e l l ,  c a u s i n g  s e v e r e  power d e g r a d a t i o n .  

b.  Manufac tu re r  W. Two Block I modules were r e t u r n e d  from . 
JPL F i e l d  T e s t  because  o f  open c i r c u i t s .  Modules are p r e s e n t l y  sched- 
u l e d '  f o r  a n a l y s i s .  

Four Block I1 modules were r e t u r n e d  from Mead f o r  a n a l y s i s .  One 
module p r e s e n t l y  be ing  ana lyzed  was found t o  have z e r o  o u t p u t ;  t h r e e  
o t h e r s  were r e t u r n e d  because  o f  exposed i n t e r c o n n e c t s .  I n s u f f i c i e n t  
e n c a p s u l a n t  coverage  caused t h e  i n t e r c o n n e c t s  t o  become exposed when 
s u b j e c t e d  t o  c l e a n i n g  i n  t h e  f i e l d .  , 

c .  Manufacturer  Z.  Four Block I modules from JPL F i e l d  T e s t  
were ana lyzed .  A n a l y s i s  o f  one module showed c a u s e  o f  f a i l u r e  as f r a c t u r e d  
i n t e r c o n n e c t s  caused by i n a d e q u a t e  stress r e l i e f .  The remain ing  t h r e e  
modules a p p e a r  t o  have s i m i l a r  symptoms. 



Table 6-1. Environmental  T e s t i n g  a t  JPL, Task 5 . . 
October ' - 'December  1977 '. - . . A * .  , . 

I . . . - * t i ' '  . ' ! ,!. . A , #  :.. * 7 . 

. I .  . , .  . . . . , , 
I .  . . 

. *, .. .. . . . .. 
.., . .. 

Modules . Module E l e c t  . . 
Vendor T e s t e d  Type T e s t  Degrad. ,  % Comments 

V 5 Alum Qua1 . Ave . -1 .6 Two modules showed . .  . s h e e t ,  two c racked  c e l l s  
K-Type each a f t e r  temp. 

c y c l i n g .  . A l l  modules 
. showed t e r m i n a l  d i s -  

co lo ra t i ' on  a f t e r  hu- 
m i d i t y ;  a l s o ,  one 
module h a s  some delam. 
,and s p l i t  e n c a p s u l a n t  . 

. . 
6 P r o c e s s  B Qua1 . OK " 'One  c e l l  c r a c k  a f t e r  

p r i n t e d  temp: ' c y c l i n g .  
c e l l s  

Qua1 . OK Minimal changes -  i n  
temp. and humid i ty .  
Some s m a l l  edge and 
r a d i a l  c r a c k s  i n  two 
modules a f t e r  M I  (wind 

-' s i m u l a t i o n )  . 
V " 4 Type H Heat- ra in  OK Marginal  e l e c t r i c a l  

Wind-rain d e g r a d a t i o n  i n  one 
module a f t e r  h e a t - r a i n .  

W 3 Type G Heat - ra in  " OK " One c e l l  c racked  i n  
Wind-rain h e a t - r a i n .  

h i n d - r a i n  

No changes .  

One - marg ina l  e l e c -  
t r i c a l  degrad ;  one - 
t e r m i n a l  d i s c o l o r a t i o n ;  
one - encapsul 'ant  
s p l i t t i n g .  

A l l  O K .  



Table 6-2. Environmental .Tes t ing  a t  JPL , Task 4.. 
October -' ~ e c e m b e r  1977 . 

Number 
Number Modules Module E l e c t .  

Vendor Modules . Tested Type .Test  Degrad . -Comments 
Rec'd a t  JPL % - .  

U 6 . 5  S t a i n l e s s  Qua1 . OK Three c e l l s  on one 
frame module and one ce l l  

on another  cracked.  

U 6 5 Alum back Qual .  OK Passed environmental . . con tac t  , I@-4% tests well. However, 
a 1  frame t h e s e  had 11% lower 

max power ou tput  than 
t h e  s t a i n l e s s  frame 
type .  Also, alum. 

' modules were i n e f f i -  
c i t n t  a t  15.8V and 
60 C.  They were de- 
r a t e d  t o  14.7V. 



Table 6-3. Environmental  T e s t i n g  a t  JPL , Commercial Modules 
Oc tober  - December 1977 

Number 
Number Modules Module E l e c t  . 

Vendor Modules T e s t e d  Type ~ e s t  ' Degrad . Comments 
Rec d  a t  JPL' % 

P 5 4 T, . H- OK E x t e n s i v e  delam- from 
back s i d e  o f  c e l l s  i n  
temp c y c l i n g .  T h i s  
mos t ly  r e s e a l e d  i n  
humid i ty .  One small 
c e l l  c r a c k .  S e v e r a l  
i n t e r c o n n e c t s  p a r t i a l l y  
l i f t e d  o f f  c e l l s  bo th  
f r o n t  and back. 

Q 6 .  3 Mylar T,  H- 2 OK One c e l l  was c racked  
back 1-55% on r e c e i p t  o f  one 

module. Another c racked  
d u r i n g  temp c y c l i n g  
which p robab ly  r e s u l t e d  
i n  e l e c t r i c a l  f a i l u r e .  

2 F ibe r -  T , H -  1OK T w o m o d u l e s h a d l o w  
g l a s s /  1-98s power o u t p u t  as , 

. , .  r e s i n  r e c e i v e d  ( o n l y  60 and 
back 29% o f  a v e r a g e  power 

o f  t h e  r e m a i n d e r ) .  
One c e l l  i n  one module 
c r a c k e d  d u r i n g  humid i ty  
which p r o b a b l y  r e s u l t e d  
i n  -98% e l e c t .  degrad .  
A l o n g  edge-to-edge 
c r a c k  appeared  i n  c o v e r  
g l a s s  o f  a n o t h e r  module I 

p l u s  encap  delam. 

Note : 

No. M I ,  t h e r m a l  c o e f  f , 
f l e x i n g  t e s t s  were r u n .  
No r i g i d  mount was used.  



Table,'.6-4. Summary o f  P/ER A c t i v i t y  

Manuf. Procurement New Closed '. E n u i r  . F i e l d  A p p l i c a t i o n  
Block P/FRs P/FRs , . T e s t  Te-s t C e n t e r s  

Block I 
Block I1 

Block I11 

Block I 
Block I1 

Block I 
Block I1 

Task 5 

U Task 4 2 2 

A Block I1 module undergoing env i ronmenta l  t e s t i n g  w i l l  be a n a l y z e d  
f o r  power d e g r a d a t i o n  a f t e r  t e s t i n g  h a s  been completed .  

d .  M a n u f a c t u r e d .  ,,These commerc ia l ly  a v a i l a b l e  m o d u l e s . p r o c u r e d  
by Task. 5 were found t o  deve lop  some ,c racked  c e l l s  and d e l a m i n a t i o n  
d u r i n g  q u a l i f i c a t i o n  t e s t i n g .  A n a l y s i s  w i l l  be  conducted  on a time- 
a v a i l a b l e  b a s i s .  

e .  Manufac tu re r  Q. These modules ,  p rocured  by Task 5 f o r  
c o m p a r a t i v e  s t u d y ,  were a l s o  found t o  deve lop  c r a c k e d  ce l l s ,  e l e c t r i c a l  
d e g r a d a t i o n ,  and d e l a m i n a t i o n .  Only a c u r s o r y  a n a l y s i s  o f  c a u s e  i s  
p lanned .  

. . .. 
f .  ~ a n h f a c t u r e r  U .   evel lop mental modules p rocured  by T a s k ' 4  

are b e i n g  ana lyzed  t o  d e t e r m i n e  c a u s e  o f  c e l l  c r a c k i n g  a f t e r  t e m p e r a t u r e  
c y c l e .  



Table '  6-5. ~ r o b l e m / ~ a i l u r e '  C a t e g o r i e s  . . 

Manuf. P roc .  E l e c t r i c a l  Mechanical  M a t e r i a l s  Comments 

.. - 
Open c i r c u i t  

2 Open c i r c u i t ,  degra-  
d a t i o n .  Termina t ion  
hardware cor roded  

W I1 2 Cracked c e l l s  
- 

. Y .I 2 open c i r c u i t  

5 2 S h o r t  c i r c u i t ,  c racked  
ce l l s ,  exposed i n t e r -  
c o n n e c t s ,  t e r m i n a t i o n s .  
Hardware cor roded  

- .  
Z I 4 4 Open c i r c u i t ,  de lami-  

n a t i o n .  F r a c t u r e d  
i n t e r c o n n e c t s  

2 Degradation. ,  te rmina-  
t i o n .  Hardware 
cor roded  

P T 5 2 1 Cracked cell-,  
d e l a m i n a t i o n  

Q T 5 2 2 1 . D e g r a d a t i o n ,  c r a c k e d  
c e l l s ,  d e l a m i n a t i o n  

U T 4 2 . Cracked cells  



C 

Inl~connocts on top of cell 25 1 
Interconnects on bottom of cell 26. Note the r do& areas which Indicate the lack of solder. 

J!- Negative (-) end t a m h d b n  

Figure 6-1. X-Ray Photograph of Manufacturer V Module 




