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SECTION I 

INTRODUCTION AND PROJECT OVERVIEW 

A .  INTRODUCTION 

The p o t e n t i a l  f o r  f u t u r e  wide'spread u s e  of p h o t o v o l t a i c  sys tems  
f o r  t h e  g e n e r a t i o n  o f  e l e c t r i c  power was t h e  m o t i v a t i o n  f o r  t h e  
e s t a b l i s h m e n t ,  i n  J a n u a r y  1975, o f  t h e  P h o t o v o l t a i c  Convers ion  Program 
by ERDAts D i v i s i o n  of  S o l a r  Energy. The Program's  a c t i v i t i e s  a r e  
p lanned t o  deve lop  and t o  promote t h e  u s e  o f  p h o t o v o l t a i c  s y s t e m s  t o  
such .an e x t e n t  t h a t  t h e  p r i v a t e  s e c t o r  w i l l  p roduce and u t i l i z e  c o s t -  
c o m p e t i t i v e  p h o t o v o l t a i c  sys tems.  A s  p a r t  o f  t h e  ERDA Program, t h e  
Low-Cost S i l i c o n  S o l a r  Array P r o j e c t  (LSSA) was e s t a b l i s h e d  i n  J a n u a r y  
1975 6 

T h i s  r e p o r t  d e s c r i b e s  t h e  a c t i v i t i e s  and p r o g r e s s  o f  t h e  LSSA 
P r o j e c t  d u r i n g  t h e  months o f  Oc tober ,  November, and December 1976. 

The P r o j e c t  o b j e c t i v e  is  t o  deve lop  t h e  n a t i o n a l  c a p a b i l i t y  t o  
produce low-cost ,  l o n g - l i f e  p h o t o v o l t a i c  a r r a y s  a t  a r a t e  g r e a t e r  t h a n  
500 megawatts  p e r  y e a r  and a p r i c e  of  l e s s  t h a n  $500* p e r  k i l o w a t t  peak 
by 19b6. The a r r a y  performance g o a l s  i n c l u d e  a n  e f f i c i e n c y  g r e a t e r  
t h a n  10% and an o p e r a t i n g  l i f e t i m e  i n  e x c e s s  o f  20 y e a r s .  

The approach is t o  reduce  t h e  c o s t  o f  s o l a r  c e l l  a r r a y s  by i m p r o v i n ~  
s o l a r  a r r a y  manufac tu r ing  t echno logy  and by i n c r e a s i n g  s o l a r  a r r a y  
p r o d u c t i o n  c a p a c i t y  and q u a n t i t y .  For ty-seven c o n t r a c t s  have been 
awarded t o  d a t e ,  t o  i n d u s t r i a l  firms and u n i v e r s i t y  and independen t  
l a b o r a t o r i e s  f o r  e x p e r i m e n t a l  work, p r o c e s s  development and a n a l y s i s ,  
t echno logy  a s s e s s m e n t ,  and t h e  p r o d u c t i o n  o f  s o l a r - a r r a y  modules. 
Approximately 58 kW o f  s t a t e - o f - t h e - a r t  modules have been d e l i v e r e d ;  
d e s i g n  development is  under way f o r  a  second b lock  of  m o d e r a t e l y  advanced 
modules,  and p l a n n i n g  f o r  subsequen t  module p rocurements  h a s  begun. 

E f f o r t s  of t h e  LSSA P r o j e c t  a r e  o r g a n i z e d  i n t o  a n  A n a l y s i s  and 
I n t e g r a t i o n  Task ,  f o u r  Technology Development Tasks  - c o v e r i n g  t h e  a r e a s  
of  S i l i c o n  M a t e r i a l ,  Large Area S i l i c o n  S h e e t ,  E n c a p s u l a t i o n ,  and 
Automated Array Assembly - and a  Large  S c a l e  Procurement  Task ,  an 
E n g i n e e r i n g  Task,  and an O p e r a t i o n s  Task.  

B.  PROJECT OVERVIEW 

With t h e  p e r i o d  o f  Oc tober ,  November, and December 1976 t h e  LSSA 
P r o j e c t  completed t h e  second c a l e n d a r  y e a r  s i n c e  i t s  i n c e p t i o n .  The 
first y e a r  had been occupied p r i n c i p a l l y  w i t h  p l a n n i n g  and t h e  s o l i c i t a -  
t i o n ,  n e g o t i a t i o n ,  and e x e c u t i o n  ( e x t e n d i n g  i n t o  CY 7 6 )  o f  c o n t r a c t  
e f f o r t s  f o r  t echno logy  development and module p r o d u c t i o n  by i n d u s t r y .  

*In  1975 d o l l a r s .  



The second year, ending with the quarter reported here, saw the major 
part of performance under these contracts and the corresponding planned 
in-house work through the first phase of activity. 

During this quarter, the focus of Project activity emerged in the 
area of economic analysis. The Fourth Project Integration Meeting, held 
in October, applied this perspective to the fabrication and assembly 
processes in discussions based on work-in-process presentations by the 
three technology-assessment contractors of the Array Assembly Task. 
Another session of the meeting discussed economic analyses of various 
crystal growth and ingot/slicing approaches. With these and related 
assessments as points of departure, the various Technology Development 
Task teams iterated their views and conclusions through the quarter, 
and further discussions were held at the next Integration Meeting in 
January. Interaction between these analytical efforts on the one hand, 
and the module-production elements of the Project (notably Large-Scale 
Production contractors) on the other, was vigorous and helped to move 
these discussions forward. 

At the same time, the ~nalykis and Integration team carried 
forward their work in developing a costing methodology, the industry 
simulation, the revised allocation of cost goals, and economic models 
of the industry. This task also performed various planning tasks in 
support of the Program Office, and strengthened its support of the 
Program Planning Group, an ad hoc body formed to develop a national 
PV program plan. 

Deliveries for the initial block procurement of solar-array 
modules (nominal total 46 kW) were completed in October, and a required 
extension to this block had been initiated;.deliveries on this 
extension proceeded through the quarter, to be completed in January. 
Contracts for the second block procurement (nominally 130 kW) had 
previously been executed, and prototype work and design reviews were 
carried out during this quarter, with production scheduled to start 
early in 1977. L 



SECTION I1 

SUMMARY 

A. PROJECT ANALYSIS AND INTEGRATION 

During t h i s  q u a r t e r ,  t h e  P l a n n i n g  and I n t e g r a t i o n  S u b t a s k  c o n t i n u e d  
t o  write a  N a t i o n a l  P h o t o v o l t a i c  Energy Convers ion P l a n  f o r  ERDA 
H e a d q u a r t e r s ,  and c o n t i n u e d  i t s  e f f o r t  t o  improve i n t e r n a l  P r o j e c t  
communications.  The Array Technology Cost  A n a l y s i s  S u b t a s k  made p r o g r e s s  
i n  uniform c o s t i n g  methodology (SAKICS), i n d u s t r y  s i m u l a t i o n  (SAMIS), 
and p r i c e  g o a l  a l l o c a t i o n s .  The Economics and I n d u s t r i a l i z a t i o n  S u b t a s k  
c o n t i n u e d  its involvement  i n  l i f e - c y c l e  c o s t  o f  ene rgy  sys tems  and 
i n d u s t r y  modeling and program p l a n n i n g ,  and i s s u e d  a  r e p o r t  o f  i ts 
a n a l y s i s  o f  c a p i t a l  r e q u i r e m e n t s  impl ied  by Program q u a n t i t y  g o a l s .  

B. SILICON MATERIAL TASK 

I n s t a l l a t i o n  of Union C a r b i d e ' s  m i n i p l a n t  was completed a t  t h e  end 
o f  t h e  q u a r t e r ,  wi th  o p e r a t i o n  t o  beg in  a f t e r  s a f e t y  a p p r o v a l .  The 
B a t t e l l e  c o n t r a c t  was ex tended ,  and w i l l  p roduce d e s i g n s  f o r  a ZnC12 
c o n d e n s a t i o n  sys tem and f o r  a 25-metric-ton f l u i d i z e d  bed r e a c t o r .  The 
Westinghouse c o n t r a c t  t o  s t u d y  t h e  e f f e c t s  o f  i m p u r i t i e s  was b e i n g  
n e g o t i a t e d  f o r  an  18-month e x t e n s i o n .  The Texas  I n s t r u m e n t s  c o n t r a c t  was 
l i m i t e d  t o  a s t u d y  of t h e  r e d u c t i o n  of S i 0 2  by C ,  w h i l e  t h e  Dow Corning 
e f f o r t  on t h e  p u r i f i c a t i o n  o f  S i  by vacuum e v a p o r a t i o n  was d e l e t e d .  
R e s u l t s  from Lamar U n i v e r s i t y  concern ing  vapor  p r e s s u r e  d a t a  f o r  SiH4 as 
a f u n c t i o n  o f  t e m p e r a t u r e  w i l l  be used Xn a n a l y z i n g  Union C a r b i d e ' s  
p r o c e s s ;  formulat i 'ons  of  a  p r o c e s s  f low diagram and m a t e r i a l  b a l a n c e  f o r  
t h e  p r o c e s s  a l s o  began d u r i n g  t h e  q u a r t e r .  ' 

C. LARGE AREA SILICON SHEET TASK 

Rout ine  growth of EFG r i b b o n s  50 mm wide a t  50 m / m i n  was ach ieved  
d u r i n g  t h e  q u a r t e r ,  and o t h e r  p r o c e s s e s  were a b l e  t o  r o u t i n e l y  grow 
somewhat s m a l l e r  r i b b o n s .  Grea t  d i f f i c u l t y  h a s  been e x p e r i e n c e d  u s i n g  
t h e  i n v e r t e d  S tepanov  p r o c e s s ,  and a l t e r n a t i v e  i n v e r t e d  S tepanov  t ech-  

' n i q u e s  are b e i n g  c o n s i d e r e d .  The u s e  o f  an aluminum p e d e s t a l  and 
improved h e a t  s h i e l d i n g  h a s  y i e l d e d  g r e a t e r  c o n t r o l  o f  t h e  d e n d r i t i c , w e b  
p r o c e s s .  A f i n a l  f o r m i n i  l i m i t  diagram p l o t t e d  f o r  t h e  h o t  r o l l i n g  pro- 
c e s s  showed t h a t  de fo rmat ion  o f  s i l i c o n  is q u i t e  p o s s i b l e . .  , ~ a t a  on dip-  
c o a t e d  c e l l s  i n d i c a t e d  a c o r r e c t e d  convers ion '  e f f i c i e n c y  o f  a b o u t  6%. A 
f u s e d  s i l i c a  c o a t i n g  was developed t h a t ' p r e v e n t e d  c r a c k i n g  of t h e  q u a r t z  

. c r u c i b l e  f o r  a  1-1 /2  i n c h  d i a m e t e r  i n g o t .  JPL completed ' t h e  economic 
modeling o f  ~ z o c h r a l s k i  growth.  S t u d i e s  on i n g o t  growth d u r i n g  t h i s  
q u a r t e r  showed t h a t  i t  has  e x c e l l e n t  p o t e n t i a ' l  f o r  p r o v i d i n g  low-cost  
s i l i c o n  o f  a c c e p t a b l e  q u a i i t y .  



D. ENCAPSULATION TASK 

A literature search completed this quarter shows that worldwide 
experience with accelerated/abbreviated lifetime test methods yields 
little useful understanding. Data are now being correlated and inter- 
preted from studies of accelerated/abbreviated test methods, performed 
by a contractor using recently-developed universal test specimens. 
Progress this quarter on electrostatically bonded integral glass covers 
shows them to be quite promising. Work continues to develop a better 
understanding of polymeric properties and aging. Development of an 
in-house JPL test module, and failure analysis of modules from Blocks 
1 and 2 were temporarily suspended due to a manpower shortage. 

E. AUTOMATED ARRAY ASSEMBLY TASK 

Contractors presented a number .of different manufacturing 
sequences during this quarter. Evaluation has led to recommendations 
for modification or more detailed development. A process cost analysis 
chart was prepared by task personnel from contractor data. Three 
contracts were recommended for extension so that process tolerances vs. 
cost ratios can be established. Detailed process technique studies 
continued. Contractors submitted three different encapsulation designs. 

F. ENGINEERING TASK 

During this quarter, work by the Engineering Task was focused on 
the development of requirements for future large-scale procurements. 
The most important accomplishment in this regard was the development of 
a nominal terrestrial environment and a nominal cell o~eratinq tempera- 
ture. These will allow uniform measurements of module performance 
characteristics in test situations that will accurately reflect the 
performance of those modules under field conditions. An improved 
definition of module power output was also created. The procedure 
developed from this, involving average power output at reference 
voltage; was found to be accurate to better than 1%. Work was bequn in 
several .other areas that will underly future designing and requirements. 

G. OPERATIONS TASK 

Qualification testing of late-production Block 1 modules was 
completed this quarter. Modules from a manufacturer not previously 
involved with the Project were also tested. Environmental testing of 
the Block 1 "add-onw modules was begun. Humidity/freezing tests were 
completed for all but one type of Block 1 module. A wind load simula- 
tion apparatus was fabricated. Field installation of 30 more modules at 
Goldstone and Table Mountain was accomplished. Of 26 problem/failure 
reports generated, 25 were analyzed during the quarter. The JPL failure 
laboratory developed a nondestructive method for testing for module 
open circuits. Interlab (JPL/LeRC) measurement comparisons were per- 
formed with large- and small-area pulsed solar simulators; agreement 
was typically within 1%. 



H. LARGE SCALE PRODUCTION TASK 

The Block 1 procurement, including the 15 kW "add-on", was 
completed during this quarter. Conclusions from experiences in this 
procurement include: (1) silicone pottant is very expensive and 
difficult in encapsulation; and (2) manufacturers say fabrication labor 
costs may be reduced through design of larger modules. Preliminary 
design reviews for the Block 2 buy were completed. Modules began 
arriving at JPL in December. Block 2 encountered delays because of (1) 
design changes arising from design reviews, (2) the inability of con- 
tractors to obtain materials in a timely manner, and (3) changes in JPL . 
specifications directed toward improving modules' design or performance 
capability. 



SECTION I11 

PROJECT AhALYSIS AND INTEGRATION TASK 

The Project Analysis and Integration (PA&I) Task supports the 
planning, integration, and decision-making activities of the Project. 
To provide this support, the PA&I Task is organized into three highly 
interrelated functional 'areas: planning and integration; array tech- 
nology cost analysis; and economics and industrialization. Most of the 
PA&I activities are backed up by analytical tools developed for those 
activities. 

A. PLANNING AND INTEGRATION SUBTASK 

During the quarter, the Planning and Integration Subtask focused 
on internal LSSA Project planning activities, e.g., the Project 
Implementation Plan and Annual Operating Plan revisions. In addition, 
at the request of ERDA Headquarters, support was given to several 
planning tasks. The Program Planning Group* continued work on writing a 
National Photovoltaic Energy Conversion Plan. 

Integration efforts to improve internal LSSA technical task 
communications continued. These included supporting the quarterly 
Project Integration Meeting and various other technical task meetings, 
some of which involved non-Project personnel. 

B. ARRAY TECHNOLOGY COST ANALYSIS SUBTASK 

Progress under the Array Technology Cost Analysis Subtask was made 
in three related areas: 

(1) Uniform Costinn Methodolonv. Development of the Solar Array 
Manufacturing Industry Costing Standards (SAMICS) continued 
during the quar-Ler. The methodology wao desoribed at 
Photovoltaic Specialistst Conference in November 1977. The 
need for a worksheet to clarify the calculation procedure 
was identified, and its preparation was begun. 1t soon 
became clear that the uworksheeth should be a nworkbooklt to 
facilitate explanation of the steps to be performed. Pre- 
paration of the SAMICS Workbook was accompanied by further 
development of detailed submodels within that methodology. 
The workbook is now about 75% complete. 

*ERDA Headquarters established a Program Planning Group consisting of 
representatives from all the Photovoltaic Program elements, including 
JPL. The purpose of the group is to write the National Photovoltaic 
Energy Conversion Plan. 



The kind of firm that would be a suitable support contractor 
to assist in the development of standardized data has been 
identified, and initial efforts to obtain such a contractor 
have been made. The JPL Facilities Engineering and 
Construction Section is helping in the selection process. 

Industrv Simulation. The Solar Array Manufacturing 
Industry Simulation (SAMIS) activity also continued during 
the quarter. The methodology is identical with, but 
slightly more general than, that of SAMICS. The SANIS/ 
SAMICS methodology is well understood. The SAMIS I11 
computer program design team is in existence, as is the 
design document. Program design, based on the SAMICS 
Workbook, is under way. 

(3) Price Goal Allocations. The allocation of manufacturing 
price goals for each of the technology development tasks at 
two-year intervals throughout the life of the Project was 
reviewed and updated. Updated price goal allocations were 
presented at the October Project Integration Meeting; 
further updates are being prepared for the January Project 
Integration heeting. 

C. ECONOMICS AND IhDUSTRIALIZATION SUBTASK 

The Economics and Industrialization Subtask made progress in three 
related areas : 

(1) Life-Cvcle Cost of Enernv Svstems. Attention in this area 
centered on the development and testing of small, exportable 
computer programs for the analysis of energy systems, with 
particular emphasis on break-even analysis and the effects 
of incentives. The USES methodology, which forms the con- 
ceptual basis of this effort, was described at the Photo- 
voltaic Specialists1 Conference in November 1977. 

The file of correspondence on the USES methodology has grown 
quite large, and considerable user interest has been 
expressed in broadening its scope. A companion document to 
USES, describing and demonstrating computerized capabilities 
based on USES, is being designed. 

(2') Price/Quantitv Relationshi~s. An analysis was conducted of 
the capital requirements implied in the Program's quantity 
goals for 1986 and 2000. The analysis utilized currently 
available process information from the manufacturing pro- 

' cess contracts being performed under the Automated Array 
Assembly Task. A PA&I report was issued describing 
methodology and results of this analysis. 

An effort is under way to calibrate the capital requirements 
analysis.against the SAMIS modeling effort. A critical.need 
remains for rapid and accurate access to technical informa- 



tion on changes in process equipment and/or parameters. 
This need is shared with the SAMIS effort. 

(3) Industry Modeling and Program Plannina. The Economics and 
Industrialization Subtask continued its heavy involvement 
in program planning activities based on economic models 
of the growth of an energy industry using new technology. 
The major activity in the quarter involved interfacing 
with the staff of the MIT Lincoln Laboratory, newly added 
to the Program, to determine roles and missions for an 
effective division of analytical effort. 

The industry modeling and program planning effort is being 
considerably strengthened, and is expected to become the 
major emphasis of the Task. Another economist has been 
hired to assist in industry modeling, and will start in 
January. The developing interface with economists at MIT 
is considered a high priority, as is the definition of a 
production analytical interface to support the Program 
Planning Group economics effort. The Planning Group has 
resumed meetings, and a plan is under way to produce a 
complete National Photovoltaic Conversion Program by July 
1977. 



SECTION I V  

SILICON MATERIAL TASK 

The object ive  of the S i l i con  Material Task is  t o  e s t ab l i sh  by 1986, 
an i n s t a l l e d  plant  capabi l i ty  f o r  producing s i l i c o n  s u i t a b l e  f o r  s o l a r  c e l l s  
a t  a  r a t e  equivalent t o  500 megawatts (peak) of so l a r  a r rays  per year a t  
a  pr ice  of l e s s  than $10 per kilogram. The program formulated t o  achieve 
t h i s  object ive  is  based on the conclusion t ha t  the p r ice  goal can not be 
reached i f  the process used i s  e s sen t i a l l y  the  same a s  the present  commercial 
process f o r  producing semiconductor-grade s i l i c o n .  Consequently, i t  i s  
necessary t h a t  e i t h e r  a  d i f ferent '  process be developed f o r  producing 
semiconductor-grade s i l i con  or a  l e s s  pure and l e s s  co s t l y  s i l i c o n  
mater ia l  ( i . e . ,  a  solar-cell-grade s i l i c o n )  be shown t o  be u t i l i z a b l e .  

A .  TECHNICAL BACKGROUND 

Solar  c e l l s  a r e  presently fabr ica ted from semiconductor-grade s i l i c o n ,  
which has a  market pr ice  of about $65 per kilogram. A d r a s t i c  reduction i n  
p r ice  of material  i s  necessary t o  meet the economic object ives  of the LSSA 
Project .  One means fo r  meeting t h i s  requirement is  t o  devise a  process 
f o r  producing a  s i l i c o n  material  which i s  s i gn i f i c an t l y  l e s s  pure than 
semiconductor-grade s i l i con ;  the pr ice  goal f o r  t h i s  mater ia l  i s  l e s s  than 
$10 per kilogram. However, the allowance f o r  the  cos t  of s i l i c o n  mater ia l .  
i n  the overa l l  economics of the so l a r  ar rays  fo r  LSSA i s  dependent 
on optimization trade-offs ,  which concomitantly t r e a t  the  e f f e c t s  of 
the pr ice  of s i l i con  material  and the e f f e c t s  of material  proper'-ties 
on the performance of so l a r  c e l l s .  Accordingly, the  program of the 
S i l i con  Material Task is s t ructured t o  provide information fo r  the  
optimization trade-offs  concurrently w i t h  the development of high volume 
and low cost  processes fo r  producing d i f f e r en t  impurity-grades of s i l i con .  

B. O R G A N I Z A T I O N  AND C O O R D I N A T I O N  OF THE SILICON 
MATERIAL TASK EFFnRT 

The S i l i con  Material Task e f f o r t  i s  organized i n t o  f i v e  phases. A s  
Table.4-1 ind ica tes ,  Phase I is divided i n to  four pa r t s .  In Par t  I the 
technical  f e a s i b i l i t y  and p r a c t i c a l i t y  of processes f o r  producing 
semiconductor-grade s i l i con  w i l l  be demonstrated. In Par t  I1 the  e f f ec t s  
of impuri t ies  and of various processing procedures on the  proper t ies  of 
o f -o ing le -a rys ta l  s i l i con  material  and the performance cha rac t e r i s t i c s  of 
s o l a r  c e l l s  w i l l  be investigated.  T h i s  body of in format ion ,wi l l  serve as  a  
guide i n  developing processes ( i n  Par t  111) f o r  the production of so la r -  
cell-grade s i l i con .  The process developments i n  P a r t s  I and I11 w i l l  
be accomplished through chemical react ion,  chemical engineering, energy- 
use, and economic s tudies .  In  Par t  I V  of Phase I ,  the r e l a t i v e  commercial 
po ten t ia l s  of the various silicon-production processes developed under 
P a r t s  I and I11 w i l l  be evaluated. Thus, a t  the end of Phase I a  body 
of information w i l l  have been obtained fo r  optimization trade-off s tud ies  
and the  most promising processes w i l l  have been se lected.  



T a b l e  4-1. O r g a n i z a t i o n  o f  t h e  S i l i c o n  M a t e r i a l  Task  E f f o r t  

P h a s e / P a r t  O b j e c t i v e  

P h a s e  I D e m o n s t r a t e  t h e  t e . c h n i c a 1  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 r o c e s s e s  f o r  p r o d u c i n g  s i l i c o n .  

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  o f  a p r o c e s s  c a p a b l e  
o f  h i g h  volume p r o d u c t i o n  o f  s e m i c o n d u c t o r - g r a d e  
s i l i c o n  a t  a marked ly  r e d u c e d  c o s t  . 

P a r t  I1 I n v e s t i g a t e  t h e  e f f e c t s . o f  i m p u r i t i e s  and o f  v a r i -  
o u s  p r o c e s s i n g  p r o c e d u r e s  on t h e  p r o p e r t i e s  o f  
s i n g l e - c r y s t a l  s i l i c o n  material and t h e  pe r fo rmance  

. c h a r a c t e r i s t i c s  o f  s o l a r  cel ls .  

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 r o c e s s  c a p a b l e  o f  
h i g h  volume p r o d u c t i o n  o f  s o l a r - c e l l - g r a d e  s i l i c o n  
a t  a p r i c e  o f  less t h a n  $10 p e r  k i l o g r a m .  

P a r t  I V  E v a l u a t e  t h e  r e l a t i v e  commercia l  p o t e n t i a l  o f  t h e  
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  d e v e l o p e d  
u n d e r  Phase  I .  1 

P h a s e  I1 O b t a i n  p r o c e s s  s c a l e - u p  i n f o r m a t i o n .  

Phase  I11 Conduct  e x p e r i m e n t a l  p l a n t  o p e r a t i o n s  t o  o b t a i n  
t e c h n i c a l  ahd economic  e v i d e n c e ,  o f  l a r g e - s c a l e  
p r o d u c t i o n  p o t e n t i a l .  

P h a s e  I V  D e s i g n ,  i n s t a l l ,  and o p e r a t e  a f u l l - s c a l e  commerc ia l  
p l a n t  c a p a b l e  o f  m e e t i n g  t h e  p r o d u c t t o n  o b j e c t i v e .  

P h a s e  I1 w i l l  b e  i n i t i a t e d  t o  o b t a i n  s c a l e - u p  i n f o r m a t i o n .  T h i s  
w i l l  be d e r i v e d  from e x p e r i m e n t s  and a n a l y s e s  i n v o l v i n g  mass and e n e r g y  
b a l a n c e s ,  p r o c e s s  f l o w s ,  k i n e t i c s ,  mass t r a n s f e r ,  t e m p e r a t u r e  and p r e s s u r e  
e f fec ts ,  and o p e r a t i n g  c o n t r o l s .  The b a s i c  a p p r o a c h  w i l l  be t o  p r o v i d e  
f u n d a m e n t a l  s c i e n t i f i c  and e n g i n e e r i n g  i n f o r m a t i o n  f rom 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  d e s i g n  c a n  be made; a p p l i c a b l e  s c a l e - u p  
c o r r e l a t i o n s  w i l l  a l s o  b e  used .  T h i s  body o f  s c a l e - u p  i n f o r m a t i o n  w i l l  
t h e n  p r o v i d e  t h e  n e c e s s a r y  b a s i s  f o r  t h e  d e s i g n ,  c o n s t r u c t i o n ,  and 
o p e r a t i o n  of a  l a r g e - s c a l e  p r o d u c t i o n  p l a n t .  

S i n c e  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  o f  a  commerc ia l  c h e m i c a l  
p r o c e s s  p l a n t  t h a t  i n c o r p o r a t e s  a new p r o c e s s  i n v o l v e s  h i g h  r i s k s ,  



e x p e r i m e n t a l  p l a n t s  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 e v i d e n c e  
o f  l a r g e - s c a l e  p r o d u c t i o n  p o t e n t i a l .  I n  t h e  e x p e r i m e n t a l  p l a n t  p h a s e  
( i . e . ,  Phase  1 1 1 )  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  d e s i g n  e r r o r s ;  
t o  d e t e r m i n e  e n e r g y  consumpt ion ;  t o  e s t a b l i s h  p r a c t i c a l  o p e r a t i n g  p roce -  
d u r e s  and p r o d u c t i o n  c o n d i t i o n s ;  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 e q u i r e m e n t s  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 o n - l i n e  a n a l y s e s .  

I n  t h e  f i n a l  p h a s e  o f  t h e  S i l i c o n  Material Task  ( i . e . ,  P h a s e  I V ) ,  
a f u l l - s c a l e  commercia l  p l a n t  c a p a b l e  o f  m e e t i n g  t h e  p r o d u c t i o n  o b j e c t i v e  
w i l l  be d e s i g n e d ,  i n s t a l l e d ,  and o p e r a t e d .  The e x p e r i m e n t a l  p l a n t  and t h e  , 

commercia l  p l a n t  w i l l  b e  o p e r a t e d  c o n c u r r e n t l y  s o  as t o  p e r m i t  t h e  u s e  o f  
t h e  e x p e r i m e n t a l  p l a n t  f o r  i n v e s t i g a t i o n s  o f  p l a n t  o p e r a t i o n s ,  i . e . ,  f o r  
problem s o l v i n g  and f o r  s t u d i e s  o f  p r o c e s s  o p t i m i z a t i o n .  

A d d i t i o n a l  b a s i c  c h e m i c a l  and e n g i n e e r i n g  i n v e s t i g a t i o n s  t o  
r e spond  t o  p rob lem-so lv ing  n e e d s  o f  t h e  S i l i c o n  Material Task  w i l l  be 
c o n d u c t e d  i n  s u p p o r t i n g  e f f o r t s .  These  s u p p o r t i n g  s u b t a s k s  w i l l  b e  
accompl i shed  u n d e r  c o n t r a c t  and by a n  in -house  JPL program.  

C. S I L I C O N  MATERIAL TASK CONTRACTS 

.E leven  c o n t r a c t s  are i n  p r o g r e s s :  t h r e e  f o r  P a r t  I ,  two f o r  
P a r t  11, f i v e  f o r  P a r t  111, and one  f o r  P a r t  I V .  These  c o n t r a c t s  were 
n e g o t i a t e d  a f t e r  c a r e f u l  e v a l u a t i o n s  o f  r e s p o n s e s  t o  a R e q u e s t  f o r  
P r o p o s a l  (RFP)  and o f  u n s o l i c i t e d  p r o p o s a l s .  The c o n t r a c t s  are l i s t e d  
i n  T a b l e  4-2. A d d i t i o n a l  c o n t r a c t o r s  f o r  s u b s e q u e n t  p h a s e s  w i l l  be 
s e l e c t e d  from u n s o l i c i t e d  p r o p o s a l s  and from f u t u r e  RFPs. 

Two c o n t r a c t o r s  (Monsanto,  i n  P a r t  11, and T e x a s  I n s t r u m e n t s ,  i n  
P a r t  1 1 1 )  have  comple t ed  t h e i r  t e c h n i c a l  programs and are p r o c e s s i n g  
f i n a l  r e p o r t s .  



Table 4-2. Si l icon h a t e r i a l  Task Contractors 

Contractor Technology Area 
-- 

SEMICONDUCTOR-GRADE PRODUCTION PROCESSES 
(Pa r t  I of Phase I )  

B a t t e l l e  Memorial I n s t i t u t e ,  S i  from Sic14 reduction by Zn 
Columbus, Ohio 
(JPL Contract No. 954339) 

Union Carbide, S i s t e r s v i l l e ,  S i  from SiH4 derived by 
W .  Virginia r ed i s t r i bu t i on  process 
(JPL Contract No. 954334) 

Fiotorola, Phoenix, Arizona S i  using SiF4 react ion with metal- 
(JPL Contract No. 954442) l u rg i ca l  grade S i  and SiF2 t r an s f e r  

SOLAR-CELL-GRADE SPECIFICATIONS 
(Pa r t  I1 of Phase I )  

Westinghouse E l e c t r i c ,  
Pi t t sburgh,  Pennsylvania 
(JPL Contract No. 954331 ) 

P~onsanto Research, 
S t .  Louis, Wissouri 
(JPL Contract No. 954338) 

Invest igat ion of e f f e c t s  of impur- 
i t i e s  on s o l a r  c e l l  performance 

Invest igat ion of e f f e c t s  of impur- 
i t i e s  on so l a r  c e l l  performance 

SOLAR-CELL-GRADE PRODUCTION PROCESSES 
(Pa r t .  I11 of Phase I )  

Dow Corning, Hemlock, Michigan S i  from purer source mater ia ls  
(JPL Contract No. 954559) using a r c  furnace processing 

Stanford Research I n s t i t u t e  S i  by Na reduction of SiF4 
Menlo Park, Ca l i fo rn ia  
(JPL Contract No. 954471 ) 

Westinghouse E l e c t r i c  
Pi t t sburgh,  Pennsylvania 
(JPL Contract No. 954589) 

S i  by plasma-arc-heater reduction 
of Sic14 w i t h  H2 and a l k a l i  
metals a s  reducing agents 



Table 4-2. Si l icon Material Task Contractors 
(Continuation 1 )  

Contractor Technology Area 

AeroChem Research Laboratories,  S i  by use of a  nonequilibrium 
Princeton,  New Jersey plasma j e t  
(JPL Contract No. 954560) 

Texas Instruments, Dallas,  Texas S i  from C reduction of Si02 using 
(JPL Contract No. 954412) plasma processing 

COMMERCIAL POTENTIAL OF PROCESSES 
(Par t  1 V  of Phase I )  

Lamar University, 
Beaumont, Texas 
(JPL Contract No. 954343) 

Evaluate r e l a t i v e  commercial poten- 
t i a l s  of Si-production processes 
developed under the  S i l i con  
Material  Task 

D .  SILICON MATERIAL TASK TECHNICAL ACTIVITY 

The object ives  of Phase I of the  S i l i con  Material  Task a r e  a s  follows: 

Part  I - Establish the p r a c t i c a l i t y  of a  process capable 
of the high volume production of semiconductor-grade s i l i con  
a t  a  markedly reduced cos t .  

Pa r t  I1 - Invest igate  the e f f e c t s  of impuri t ies  and process- 
s t eps  on the proper t ies  of s ing le -c rys ta l  s i l i c o n  .material  
and the performance cha rac t e r i s t i c s  of s o l a r  c e l l s .  

Part  I11 - Establish the p r ac t i c a l i t y  of a  process capable 
of the high volume production of solar-cell-grade s i l i c o n  
a t  a prioe of l e s s  than $10 p e r  kilogram. 

Par t  I V  -'Evalvat,e the r e l a t i v e  commercial p r a c t i c a l i t y  of 
the silicon-production processes developed under Phase I 
of the S i l i con  Material  Task. 

1 .  Processes for  Producing Semiconductor-Grade S i l i con  

The approach fo r  Par t  I incorporates t heo re t i c a l  s tud ies  involving 
thermodynamics, reaction chemistry, and chemical eng inee~ ing ;  chemical 

I 



r e a c t i o n  i n v e s t i g a t i o n s  c o n s i s t i n g  of  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 s  o f  
r e a c t i o n  k i n e t i c s  y i e l d s ,  and s u i t a b l e  p r o c e s s  c o n d i t i o n s ;  a  chemica l  
e n g i n e e r i n g  e f f o r t  f o r  s e c u r i n g  an e x p e r i m e n t a l  d a t a  b a s e  f o r  p r e l i m i -  
n a r y  p r o c e s s  model ing;  and energy-use and economic c a l c u l a t i o n s  f o r  pre-  
l i m i n a r y  p r o c e s s  models.  I n  each c a s e  t h e  c o n t r a c t  r e q u i r e s  a  demon- 
s t r a t i o n  o f  t e c h n i c a l  f e a s i b i l i t y  and a  p r o j e c t i o n  o f  commercial  
p r a c t i c a l i t y ,  i n v o l v i n g  t h e  p r e l i m i n a r y  a n a l y s i s  o f  s u i t a b i l i t y  f o r  a 
s c a l e - u p  s t u d y .  The p r o c e s s e s  f o r  t h e  Phase  I1 s c a l e - u p  s t u d i e s  w i l l  be 
s e l e c t e d  o v e r  a p e r i o d  o f  t i m e ,  t h e  d e c i s i o n  p o i n t  f o r  e a c h  p r o c e s s -  
development  b e i n g  dependen t  upon t h e  m a t u r i t y  o f  t h a t  p r o c e s s .  The 
s c a l e - u p  s t u d i e s  f o r  t h e  most mature  p r o c e s s e s  w i l l  b e g i n  i n  e a r l y  FY 1977. 

S e m i c w c t o r  S i  P r o d u c t i o n  bv Zn Reduc t ion  o  a.  -Grade f S i c k  
B a t t e l l e  h e m o r i a l  I n s t i t u t e .  The c o n t r a c t  w i t h  B a t t e l l e  Memorial 
I n s t i t u t e  i s  f o r  t h e  development o f  t h e  r e a c t i o n  f o r  t h e  Zn r e d u c t i o n  
of S i c 1 4  u s i n g  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  
p r o d u c i n g  S i .  C a l c u l a t i o n s  based on a  wel l -developed f l o w  diagram 
have i n d i c a t e d  a t o t a l  p roduc t  c o s t  between $9.12 and $9.60/kg f o r  
a 1000 m e t r i c  t o n s / y e a r  p l a n t  and a n  energy  consumption e q u i v a l e n t  
t o  a  2 .2  month payback p e r i o d .  

A m i n i p l a n t  was o p e r a t e d  t o  o b t a i n  p a r e m e t r i c  d a t a .  S i  was 
d e p o s i t e d  i n  d e n s e  c o a t i n g  on seed  p a r t i c l e s  a t  r a t e s  o f  a b o u t  130 g / h r  
and w i t h  a  n e t  e f f i c i e n c y  o f  abou t  73%,  t a k i n g  i n t o  a c c o u n t  i n a d v e r t e n t  
blow-over caused  by t h e  p e c u l i a r  o p e r a t i o n  of  t h e  r e a c t o r .  Examinat ion 
o f  t h e  Zn/ZnC12 c o n d e n s e r  r e v e a l e d  c l e a n  s u r f a c e s ,  i n d i c a t i n g  no i n t e r -  
f e r e n c e  wi th  h e a t  t r a n s f e r .  Thus, t h e  e a r l i e r  problem o f  d e p o s i t i o n s  
o f  S i  i n  t h i s  u n i t  h a s  been s o l v e d  by t h e  changes  i n  p o s i t i o n i n g  t h e  
u n i t .  A m u l t i p l e - i n l e t  d e s i g n  was shown t o  o p e r a t e  w i t h  g r e a t e r  mass- 
f low c a p a c i t y  s h o r t  o f  s l u g g i n g .  T h i s  d e s i g n  w i l l  be r e f i n e d  t o  i n s u r e  
r e a c t a n t  mixing w i t h i n  t h e  bed r a t h e r  t h a n  a t  t h e  i n l e t  o r i f i c e s .  

I n  a d d i t i o n ,  a p r e l i m i n a r y  f low diagram f o r  a  25 m e t r i c  t o n s / y e a r  
e x p e r i m e n t a l  p r o d u c t i o n  f a c i l i t y  was drawn; f e a t u r e s  o f  p r o c e s s  o u t -  
l i n e s  from B a t t e l l e  and Lamar were used;  t h e  p r o c e s s  concep t  w i l l  be 
r e f i n e d  u s i n g  t h e  d a t a  from t h e  m i n i p l a n t .  

P r o d u c t i o n  o f  SiH4 bv R e d i s t r i b u t i o n  o  b. f C h l o r i n a t e c L S i l a n e s  - 
Union Carb ide  C o r ~ o r a t i o n .  The Union Carb ide  c o n t r a c t  i s  f o r  t h e  d e v e l -  
opment of p r o c e s s e s  f o r  t h e  p r o d u c t i o n  of SiH4 and f o r  t h e  d e p o s i t i o n  
of S i  from SiH4. The SiH4 p r o c e s s  i n c l u d e s  s y s t e m s  f o r  t h e  r e d i s t r i -  
b u t i o n  o f  c h l o r o h y d r o s i l a n e s  and t h e  h y d r o g e n a t i o n  of SiC14. Techniques  
i n c o r p o r a t i n g  a  f r e e  s p a c e  r e a c t o r  o r  a  f l u i d i z e d  bed r e a c t o r  a r e  b e i n g  
i n v e s t i g a t e d  as t h e  means f o r  S i  d e p o s i t i o n .  

The r e d i s t r i b u t i o n s  o f  c h l o r o h y d r o s i l a n e s  a r e  d e s c r i b e d  by t h e  
f o l l o w i n g  e q u a t i o n s :  



t h e  o v e r a l l  r e a c t i o n  be ing  

The g e n e r a l  c h a r a c t e r i s t i c s  of  t h e  r e a c t i o n s  have been s t u d i e d  u s i n g  
SiH2C12 a s  t h e  f e e d s t o c k .  A r e c e n t  concern  was t h e  p o t e n t i a l  f o r  a  
d e c r e a s e d  c a t a l y s t  a c t i v i t y  wi th  e x t e n s i v e  o p e r a t i o n .  In a s e r i e s  of  
r u n s  i t  was shown t h a t  t h e  a c t i v i t y  d e c r e a s e  o f  abou t  5 . 5 % ,  which 
o c c u r r e d  i n  t h e  f irst  9  hours  of  u s e ,  was due t o  t h e  e v a p o r a t i v e  l o s s  
.of  p h y s i c a l l y  absorbed  a c t i v e  t e r t i a r y  amines ,  and t h a t  t h e  remain ing  
c h e m i c a l l y  bonded a c t i v e  t e r t i a r y  amines y i e l d e d  e s s e n t i a l l y  c o n s t a n t  
p r o d u c t i v i t y  of  70% o f  t h e  o r i g i n a l  o v e r  ex tended  o p e r a t i o n s ;  and t h a t  
t h e r e  was no ev idence  of  a c t i v i t y  l o s s  due t o  s u r f a c e  p o i s o n i n g .  
C a l c u l a t i o n s  based on t h e  e x p e r i m e n t a l  d a t a ,  which a r e  n o t  f o r  op t imized  
c o n d i t i o n s ,  l e d  t o  t h e  d e s c r i p t i o n  of  a  r e s i n  bed 2  f e e t  i n  d i a m e t e r  
and 15 f e e t  t a l l  c a p a b l e  of  p roduc ing  222 kg of SiH4 p e r  hour ;  t h i s  
p r o d u c t i o n  r a t e  is  rough ly  e q u i v a l e n t  t o  1000 m e t r i c  t o n s  p e r  y e a r  a t  
60% e f f i c i e n c y .  

A s t u d y  of t h e  e f f e o t s  of  extended r e a c t i o n  t i m e s  on t h e  
r e a c t i v i t y  o f  t h e  Cu/Si c o n t a c t  mass f o r  t h e  f l u i d i z e d  bed r e a c t i o n  f o r  
t h e  hydrogena t ion  of  S i c 1 4  ( 3  S i c 1 4  + 2  H2 + S i  Gu 4  SiHC13) was 
conducted f o r  a t o t a l  o f  40 hours .  The c o n v e r s i o n  y i e l d  was abou t  14% 
p e r  p a s s  and remained n e a r l y  c o n s t a n t  f o r  s e v e r a l  r u n s ,  i n d i c a t i n g  t h e  
maintenance o f  c a t a l y t i c  a c t i v i t y  under a H2/SiC14 a tmosphere  d u r i n g  
shutdowns.  A good agreement of  91% was o b t a i n e d  f o r  a  comparison of  
t h e  r e a c t i o n  s t o i c h i o m e t r y  and a  mass b a l a n c e  c a l c u l a t e d  from e x p e r i -  
menta l  d a t a .  

The r e a c t i o n  f o r  t h e  d i r e c t  s y n t h e s i s  of SiH2C12 i n  a  f l u i d i z e d  
bed r e a c t o r  u s i n g  a  Cu/Si mass was i n v e s t i g a t e d  i n  a s e r i e s  o f  e x p e r i -  
ments. The r e a c t o r  t e m p e r a t u r e s  were low ( <  270°c),  t o  a v o i d  h o t  s p o t s  
which might r e s u l t  from t h e  h i g h l y  exo the rmic  r e a c t i o n ;  i n  a d d i t i o n ,  
t h e  decompos i t ion  of t h e  SiH2C12 produc t  would be low a t  t h e s e  tempera- 
t u r e s .  D i s c o u r a g i n g l y  low y i e l d s  of  1  t o  1 .5% of SiH2Ci2 were o b t a i n e d ;  
t h e  c o n c e n t r a t i o n  o f  h e a v i e s  i n c r e a s e d  markedly under  t h e s e  c o n d i t i o n s .  
Thus, t h e r e  is s t r o n g  ev idence  a g a i n s t  c o n t i n u i n g  t o  d e v e l o p  t h i s  r e a c t i o n  
f o r  use  i n  t h e  o v e r a l l  p r o c e s s .  

The c o n s t r u c t i o n  and i n i t i a l  checkout  of  t h e  m i n i p l a n t ,  which 
i s  t o  be used f o r  t h e  s t u d i e s  o f  s t e a d y - s t a t e  o p e r a t i o n  o f  t h e  o v e r a l l  
p r o c e s s  u s i n g  SiH2C12 as t h e  f e e d  m a t e r i a l ,  was completed.  A c r i t i q u e  
of  t h e  i n s t a l l a t i o n ,  o p e r a t i n g  p r o c e d u r e s ,  and s a f e t y  c o n s i d e r a t i o n s  
was made by a  Union Carb ide  P r e - S t a r t u p  S a f e t y  Review Team. The team 
h a s  approved t h e  c o r r e c t i v e  a c t i o n s  f o r  problem a r e a s ,  i n c l u d i n g  a 
f l a m e l e s s  method f o r  v e n t i n g  SiH4. 

A computer program was w r i t t e n  t o  a i d  i n  d a t a  r e d u c t i o n  and i n  t h e  
a n a l y s i s  of  u n i t  o p e r a t i o n .  Data w i l l  be c o n v e r t e d  t o  a  s t a n d a r d  b a s e ,  
and o v e r a l l  m a t e r i a l  b a l a n c e s ,  as w e l l  a s  component m a t e r i a l  b a l a n c e s  
around t h e  main d i s t i l l a t i o n  column, w i l l  be . c a l c u l a t e d .  



c .  Semiconductor-Grade S i  P r o d u c t i o n  bv SiF4/SiF2 T r a n s ~ o r t  - 
M o t o r o l a  C o r ~ o r a t i o n .  The Motorola  c o n t r a c t  is  f o r  t h e  development o f  a 
p r o c e s s  f o r  t h e  c o n v e r s i o n  of  m e t a l l u r g i c a l - g r a d e  S i  i n t o  semiconductor-  
g r a d e  S i  u s i n g  t h r e e  S i F 2  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 .  The 
e f f o r t  f o r  t h i s  q u a r t e r  invo lved  f i v e  a r e a s :  equipment m o d i f i c a t i o n s ,  
k i n e t i c  e x p e r i m e n t s ,  t h e r m a l  decompos i t ions  o f  polymers ,  S i  p roduc t  
a n a l y s e s ,  and an economic assessment  o f  t h e  o v e r a l l  p r o c e s s .  

I n v e s t i g a t i o n s  o f  m o d i f i c a t i o n s  o f  a p p a r a t u s  t o  p r e v e n t  contamina- 
t i o n  o f  t h e  S i  p r o d u c t  p r o g r e s s e d .  The f e a s i b i l i t y  o f  a h i g h  vacuum 
seal between c o n i c a l  q u a r t z  and M u l l i t e  f l a n g e s  u s i n g  a T e f l o n  s e a l a n t  
was shown, b u t  t h e  a d a p t a b i l i t y  f o r  sca le -up  a p p a r a t u s  is y e t  t o  be 
d e m o n s t r a t e d .  The c o n s t r u c t i o n  c o s t s  were e s t i m a t e d  t o  be w i t h i n  t h e  
c o s t s  o f  o t h e r  t y p i c a l  chemica l  p r o c e s s i n g  equipment.  

Exper iments  were conducted t o  d e t e r m i n e  t h e  t e m p e r a t u r e  and o t h e r  
c o n d i t i o n s  a t  which t h e  SiF2 'polymer  decomposes and t o  e v a l u a t e  t h e  
p r o d u c t s  of  t h e  r e a c t i o n ;  S i ,  S i F 4 ,  and h i g h e r  homologues o f  S i F 2  were 
e x p e c t e d  t o  r e s u l t  from t h e  the rmal  decompos i t ion .  The decompos i t ion  
was found t o  o c c u r  i n  s t a g e s  a t  t h r e e  t e m p e r a t u r e  r a n g e s ,  100 t o  200°c, 
a b o u t  350°c, and 800 t o  9 0 0 ~ ~ .  Although o n l y  S iF4  was obse rved  a t  
350°c, t h e  p r o d u c t s  a t  t h e  o t h e r  t e m p e r a t u r e s  have n o t  been d e f i n e d .  
There  was no e v i d e n c e  t h a t  t h e  r a p i d  decompos i t ion  o f  t h e  polymer 
would c a u s e  a n  e x p l o s i o n .  

A F i g u r e  o f  M e r i t ,  d e f i n e d  as 

FM = log w e n t r a t l o n  i n  m e t a l l i c  m a d e  S i  
c o n c e n t r a t i o n  i n  p r o d u c t  S i  

was used t o  e v a l u a t e  p u r i t y .  The c a l c u l a t e d  v a l u e s  u l t i m a t e l y  depend 
e n t i r e l y  on measured v a l u e s .  There  is  concern  a b o u t  t h e  r e l i a b i l i t y  of 
t h e  d a t a  from a commercia l  l a b o r a t o r y .  An economic a n a l y s i s  was per-  
formed t o  e s t i m a t e  t h e  t o t a l  p roduc t  c o s t  and t h e  c a p i t a l  e x p e n d i t u r e  
f o r  a 2000 m e t r i c  t o n s  p e r  y e a r  p l a n t .  The major  a s sumpt ions  were 
( 1 )  t h e  p roduc t  S i  is 85% of  t h e  i n p u t  S i ;  ( 2 )  i n p u t  S iF4  i s  g e n e r a t e d  
from HF and m e t a l l u r g i c a l  g r a d e  S i ;  and ( 3 )  80% o f  t h e  was te  f l u o r i d e s  
are r e c o n v e r t e d  t o  S i F 4 .  The e s t i m a t e ,  based on t h e  u s e  o f  J a n u a r y  
1975 d o l l a r s ,  is a s  f o l l o w s :  



I n s t a l l e d  Equipment 

F ixed  C a p i t a l  

Working C a p i t a l  

T o t a l  C a p i t a l  

M a t e r i a l s  

D i r e c t  Expenses 

' I n d i r e c t  Expenses 

T o t a l  Manufac tu r ing  Cost  

A d m i n i s t r a t i o n  and S e l l i n g  
Expenses 

T o t a l  P roduc t  Cost  

2 .  De te rmina t 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 -S tep  
on P r o p e r t i e s  of  S i l i c o n  and t h e  Performance of  S o l a r  C e l l s  - 
h e s t i n g h o u s e  E l e c t r i c  C o r p o r a t i o n  

The Phase  I approa'ch f o r  P a r t  I1 i n v o l v e s  s e t t i n g  up a  m a t r i x  
o f  i m p u r i t i e s  and c o n c e n t r a t i o n s ;  p r e p a r i n g  c r y s t a l s ,  u s i n g  t e c h n i q u e s  
f o r  C z o c h r a l s k i ,  f l o a t  zone,  and dendr i t i c -web  c r y s t a l s ,  which c o n t a i n  
t h e  b a s e l i n e  dopant  B and s e l e c t e d  c o n c e n t r a t i o n s  o f  s p e c i f i c  e l e m e n t s ;  
pe r fo rming  a  s e r i e s  of  c h e m i c a l ,  m i c r o s t r u c t u r a l ,  and e l e c t r i c a l  t e s t s ;  
and a n a l y z i n g  t h e  d a t a  f o r  t h e  purpose  of  c o r r e l a t i n g  t h e  i m p u r i t i e s  
and c o n c e n t r a t i o n s  w i t h  m a t e r i a l  p r o p e r t i e s  and s o l a r  c e l l  performance.  
The c o n c l u s i o n s  from t h e  Phase  I i n v e s t i g a t i o n s  w i l l  form a  p r e l i m i n a r y  
d e s c r i p t i o n  upon which t h e  more comprehensive ,  d e t a i l e d  p l a n  f o r  Phase  
I1 w i l l  be o t r u o t u r e d .  

Phase I of t h e  c o n t r a c t u a l  e f f o r t  by Westinghouse t o  d e t e r m i n e  t h e  
e f f e c t s  of  i m p u r i t i e s  on t h e  performance o f  s o l a r  c e l l s  h a s  been 
completed.  I n  t h i s  phase 52 C z o c h r a l s k i  i n g o t s  and 44 d e n d r i t i c  web 
specimens  were   re pa red. The i n p u r i t i e s  i n c o r p o r a t e d  i n  t h e s e  were 
C r ,  Cu, Fe ,  Mn, N i ,  T i ,  V ,  Z r ,  Zn, kg and A l ;  t h e s e  a r e  t h e  e l e m e n t s  
u s u a l l y  found i n  . m e t a l l u r g i c a l  g r a d e  S i ,  a  raw m a t e r i a l  f o r  most o'f t h e  
p o l y c r y s t a l  S i  p r o c e s s  developments .  The c o n c e n t r a t i o n s  were measured 
u s i n g  Spark  Source  Mass Spec t roscopy  a n d ' N e u t r o n  A c t i v a t i o n  A n a l y s i s  
methods,  w i t h  t h e  v a l u e s  r a n g i n g  between 0 .6  and 200 ppba and t h e  
measurement s e n s i t i v i t y  be ing  dependent  upon t h e  s p e c i f i c  e l ement  a s  
w e l l  as t h e  method of  measurement. E s t i m a t e s  of  t h e  compos i t ion  below 
t h i s  c o n c e n t r a t i o n  range  were c a l c u l a t e d  u s i n g  s e g r e g a t i o n  c o e f f i c i e n t s .  
The c o n c e n t r a t i o n s  of  u n i n t e n t i o n a l l y  added i m p u r i t i e s  i n  t h e  base  
m a t e r i a l  were determined t o  be below 0.02 t o  0 .2  ppba,  t h e  l e v e l  of  . 

d e t e c t i o n  by N A A .  



Based upon t h e  c o n c e p t  t h a t  t h e  m i n o r i t y  c a r r i e r  r ecombina t ion  
l i f e t i m e  c o u l d  be used t o  a s s e s s  t h e  s u i t a b i l i t y  o f  m e t a l  doped i n g o t s  
f o r  t h e  f a b r i c a t i o n  of  s o l a r  c e l l s  having s a t i s f a c t o r y  performance,  
a c o n c e r t e d  e f f o r t  was made t o  d e t e r m i n e  t h e  r e l a t i o n s h i p  and a p p l i c a b i -  
l i t y  o f  l i f e t i m e  measurements t o  c e l l  c h a r a c t e r i s t i c s .  The development 
o f  a t h e o r e t i c a l  model f o r  r e l a t i n g  Is, and T r  was performed t o  d e s c r i b e  
t h e  e x p e r i m e n t a l  d a t a  and t o  p r o v i d e  t h e  c a p a b i l i t y  f o r  e x t r a p o l a t i n g  
v a l u e s  beyond t h e  r a n g e  o f  u n r e l i a b l e  e x p e r i m e n t a l  d a t a .  A r e a s o n a b l e  
c o r r e l a t i o n  between Is, and T r  was found f o r  d i f f u s e d  m a t e r i a l  whereas  
no s u c h  c o r r e l a t i o n  was o b t a i n e d  when Tr was measured b e f o r e  d i f f u s i o n .  
T h i s  o b s e r v a t i o n  means t h a t  t h e  l i f e t i m e  of t h e  S i  i n  a  f a b r i c a t e d  
s o l a r  ce l l  c a n n o t  be  p r e d i c t e d  by measurements o f  t h e  l i f e t i m e  o f  t h e  
as-grown i n g o t  owing t o  t h e  dominance o f  p r o c e s s i n g  e f f e c t s .  Consequent ly ,  
c o r r e l a t i o n s  w i t h  Is, for  f i n i s h e d  c e l l s  can o n l y  be made under  con- 
t r o l l e d  c o n d i t i o n s  o f  c a l i b r a t e d  p r o c e s s i n g  s t e p s  from t h e  i n g o t  th rough  
t h e  completed c e l l .  

A p r e l i m i n a r y  model was developed f o r  l i f e t i m e s  of  m u l t i p l y  doped 
materials u s i n g  t h e  assumpt ion  of  independen t  r ecombina t ion  c e n t e r s ,  
i . e . ,  t h a t  t h e r e  are no i n t e r a c t i o n s  between i m p u r i t y  atoms which a f f e c t  
e n e r g y  l e v e l s ,  c a p t u r e  c r o s s - s e c t i o n s ,  o r  r ecombina t ion  r a t e s .  T h i s  
model was d e r i v e d  a f t e r  t h e  c o n c l u s i o n  t h a t  a l t h o u g h  upper  l i m i t s  i n  t h e  
c o n c e n t r a t i o n s  o f  s i n g l e  i m p u r i t i e s  cou ld  be o b t a i n e d ,  t h e  l a r g e  
number of  p e r m u t a t i o n s  o f  c o n c e n t r a t i o n s  and i m p u r i t i e s  f o r  m u l t i p l y  
doped m a t e r i a l s  made t h e  e x t r a p o l a t i o n s  i n  t h e s e  c a s e s  i m p r a c t i c a l  i f  
n o t  i m p o s s i b l e .  The model was e v a l u a t e d  by comparing t h e  c a l c u l a t e d  and 
measured lifetimes f o r  s e v e r a l  m u l t i p l y  doped i n g o t s .  A r e a s o n a b l e  
agreement  of  v a l u e s  was o b t a i n e d  e x c e p t  i n  a  few c a s e s ;  a d d i t i o n a l  d a t a  
w i l l  be s e c u r e d  t o  examine t h e  d e v i a t i o n s  and t o  i n c r e a s e  c o n f i d e n c e  i n  
t h e  c o r r e l a t i o n s .  

The e f f e c t s  of  i m p u r i t i e s  on s o l a r  c e l l s  were de te rmined  from 
measurements u s i n g  w a f e r s  comprised of 1  cm2 s o l a r  c e l l s ,  6  van d e r  
Pauw ( f o r  measur ing  d i f f u s e d  l a y e r  s h e e t  r e s i s t a n c e ) ,  6 s m a l l  t e s t  
d i o d e s ,  4  small c e l l s  (0.0576 cm2), and a t e s t  p a t t e r n  f o r  measur ing 
s p e c i f i c  c o n t a c t  r e s i s t a n c e .  Based on d a t a  from more t h a n  60 e x p e r i -  
men ta l  r u n s ,  b a s e l i n e  c e l l  ( w i t h o u t  AR c o a t i n g s )  e f f i c i e n c i e s  averaged 
10.26 + 0.24% and y i e l d s  were between 80 and 90%. The a p p l i c a t i o n  o f  
SiO AR c o a t i n g s  r e s u l t e d  i n  an  average  i n c r e a s e  o f  36% i n  Is, and i n  
c e l l  e f f i c i e n c i e s  between 13 and 14%. 

The I - V  d a t a  f o r  t h e  c e l l s  were ana lyzed  u s i n g  a doub le  expo- 
t e n t i a l  model t o  d e s c r i b e  t h e  c e l l .  The c o n c l u s i o n s  were t h a t  ( 1  ) t h e  
s h u n t  r e s i s t a n c e  term is n e g l i g i b l e  e x c e p t  where p r o c e s s i n g  f a u l t s  
o c c u r ;  ( 2 )  t h e  s a t u r a t i o n  c u r r e n t  and t h e  n - f a c t o r s  i n c r e a s e ,  a s  
e x p e c t e d ,  w i t h  t h e  a d d i t i o n  of  i m p u r i t i e s  b u t  t h e  changes  a r e  n o t  
s e n s i b l y  c o r r e l a t a b l e  w i t h  c o n c e n t r a t i o n s  o r  w i t h  o t h e r  c e l l  p a r a m e t e r s ,  
and ( 3 )  t h e  most e f f e c t i v e  pa ramete r s  f o r  t h e  c h a r a c t e r i z a t i o n  of t h e  
e f f e c t s  o f  i m p u r i t i e s  a r e  Isc, V o c ,  peak power, and e f f i c i e n c y .  

The r e d u c t i o n  of  t h e  c e l l  c o n v e r s i o n  e f f i c i e n c y  was shown t o  be 
measurab le  by t h e  d e c r e a s e  i n  t h e  m i n o r i t y  l i f e t i m e  v a l u e s .  The func- 
t i o n a l  r e l a t i o n s h i p  between Isc and t h e  e f f e c t i v e  c e l l  l i f e t i m e  was 
o b t a i n e d  by s o l v i n g  t h e  c a r r i e r  t r a n s p o r t  e q u a t i o n s  u s i n g  a p p r o p r i a t e  



boundary c o n d i t i o n s  and m a t e r i a l  and s p e c t r a l  p a r a m e t e r s .  The p l o t  of  
r e l a t i v e  Isc as a  f u n c t i o n  o f  c o r r e c t e d  (open c i r c u i t  v o l t a g e  decay)  
l i f e t i m e  showed t h a t  t h e  d a t a  a r e  d e s c r i b e d  q u i t e  w e l l  by t h e  d e r i v e d  
e q u a t i o n .  

The mathemat ica l  model was c o n t i n u e d  t o  d e s c r i b e  t h e  dependence 
o f  IS, i n  m u l t i p l y  doped c e l l s .  The c a l c u l a t e d  v a l u e s  o f  ISc were i n  
f a i r l y  good agreement w i t h  t h e  measured v a l u e s ,  d e s p i t e  t h e  u n c e r t a i n t i e s  
o f  some o f  t h e  c o n c e n t r a t i o n s . ~  The e q u a t i o n  c o n t a i n s  c o n s t a n t s  which 
a r e  ve ry  s e n s i t i v e  t o  t h e  e f f e c t s  of  c e l l  p r o c e s s i n g ;  t h e  dependence 
o f  t h e  model p r e d i c t i o n s  on a w e l l - c o n t r o l l e d  p r o c e s s  was emphasized.  

The mathemat ica l  t r e a t m e n t  was extended t o  d e r i v e  a r e l a t i o n s h i p  
between t h e  normal ized  Voc and Is, f o r  doped c e l l s .  The f u n c t i o n a l  
r e l a t i o n s h i p  was i n  good agreement,  wi th  t h e  d a t a .  However, an  i n c o n s i -  
s t e n c y ,  which a r o s e  between t h e  measured open c i r c u i t  v o l t a g e  decay  
l i f e t i m e  and t h e  i m p l i e d  l i f e t i m e  deduced from Voc d a t a ,  may i n d i c a t e  a  
l i m i t a t i o n  o f  t h e  model used.  

Some p r e l i m i n a r y  c o n c l u s i o n s  were d e r i v e d  from e x p e r i m e n t s  t o  
d e t e r m i n e  t h e  e f f e c t s  of  c e l l  p r o c e s s i n g  u s i n g  i m p u r i t y  doped m a t e r i a l  
on c e l l  performance.  High t e m p e r a t u r e  P - g e t t e r i n g  a t  1200°C wa's found . 
t o  r e d u c e  t h e  l i f e t i m e s  of  b a s e l i n e  and Mn-containing c e l l s  b u t  t o  
improve t h e  l i f e t i m e s  o f  cel ls  c o n t a i n i n g  T i  o r  V .  S u s t a n t i a l  improve- 
ment i n  t h e  l i f e t i m e s  of  a l l  o f  t h e  i m p u r i t y  doped c e l l s  were o b t a i n e d  
f o r  damage-ge t t e r ing  u s i n g  60-pm g r i t  as t h e  l a p p i n g  a g e n t .  The 
s a l i e n t  c o n c l u s i o n  from t h i s  work is  t h a t  f u r t h e r  s y s t e m a t i c  s t u d i e s  
o f  t h e  e f f e c t s  of  c e l l  p r o c e s s i n g  s t e p s  on c e l l  performance need t o  be 
done and t h a t  t h e  p r o c e s s i n g  o f  c e l l s  must be d e f i n e d  and w e l l  c o n t r o l l e d  
t o  a s s u r e  uniform c e l l s .  

A first s t e p  was t a k e n  i n  t h e  e v a l u a t i o n  o f  t h e  impac t  o f  
i m p u r i t i e s  on o v e r a l l  economics,  i n v o l v i n g  a s p e c t s  of  c r y s t a l  growth 
t e c h n i q u e ,  c e l l  f a b r i c a t i o n  p r o c e s s e s ,  and c e l l  performance c r i t e r i a .  
Two i n t e r a c t i o n s  a r i s i n g  i n  c r y s t a l  growth were c o n s i d e r e d :  t h e  
r e l a t i o n s h i p  between c r y s t a l  growth f e e d s t o c k  and s o l a r  c e l l  performance 
and t.ho e f f e c t  o f  f e e d s t o o k  i m p u r i t y  on t h e  y i e l d  sf the  c r y s t a l  gruwth 
p r o c e s s .  The a n a l y s i s  was a p p l i e d  t o  t h e  C z o c h r a l s k i  i n g o t  growth and 
t h e  paramount pa ramete r  was t h e  e f f e c t i v e  d i s t r i b u t i o n  c o e f f i c i e n t  f o r  
each i m p u r i t y .  The c o n d i t i o n s  o f  normal f r e e z e  w i t h o u t  r e p l e n i s h m e n t  
of  t h e  m e l t ,  s e q u e n t i a l  me l t  r e p l e n i s h m e n t ,  and c o n t i n u o u s  mel t  r e p l e n -  
i shment  were used.  E q u a t i o n s  were d e r i v e d  f o r  each  c a s e  and t h e n  modi- 
f i e d  f o r  t h e  f u r t h e r  c o n d i t i o n  o f  very  small d i s t r i b u t i o n  c o e f f i c i e n t s .  
F a m i l i e s  of  c u r v e s  can be c o n s t r u c t e d  r e l a t i n g  i m p u r i t y  c o n c e n t r a t i o n  
i n c r e a s e s  i n  t h e  m e l t  o r  c r y s t a l  a s  f u n c t i o n s  o f  volumes of  c r y s t a l  
grown by t h e  s e q u e n t i a l  o r  c o n t i n u o u s  mel t  r e p l e n i s h m e n t  p r o c e d u r e s .  
The c o m p o s i t i o n s  of t h e  C z o c h r a l s k i  c r y s t a l  i n g o t  were shown t o  be 
s t r o n g l y  dependent  on t h e  method of  me l t  r e p l e n i s h m e n t .  D i f f e r e n t  
dependenc ies  would, i n  g e n e r a l ,  be o b t a i n e d  f o r  c r y s t a l  growth p r o c e s s e s  
i n  which o t h e r  p h y s i c a l  c o n s i d e r a t i o n s  governed t h e  i m p u r i t y  d i s t r i b u -  
t i o n s .  Thus, t h e  economic a n a l y s i s  is a  f u n c t i o n  o f  t h e  c o n d i t i o n s  f o r  
a  p a r t i c u l a r  p r o c e s s ,  t h e  f e e d s t o c k  compoa i t lon ,  and t h e  s t r a t e g y  f o r  
me l t  r e p l e n i s h m e n t .  



The ca lcu la t ions  f o r  the compositions of c r y s t a l  ingots  were 
then coupled w i t h  the  data  f o r  the e f f e c t s  of various impuri t ies  on c e l l  
performance t o  der ive  maximum to le rab le  spec i f i c  'element concentrat ions 
i n  the  melt f o r  the  prcduction of so l a r  c e l l s ,  which a r e  90% as  e f f i -  
c i e n t  a s  baseline c e l l s .  Obviously, the calculated values depend on the 
choices of the  c r y s t a l  growth process, the melt replenishment, and the 
acceptable c e l l  e f f i c iency .  

A f u r t he r  considerat ion was the der ivat ion of an equation 
descr ib ing the  dependence of the c r i t i c a l  impurity concentration i n  the 
melt ( t h e  l imi t ing  concentrat ion f o r  maintaining s i ng l e  c ry s t a l  growth) 
on the  r a t e  of growth f o r  Czochra.lski ingots.  The c r i t i c a l  impurity 
concentrat ion fo r  c r y s t a l  breakdown was shown to  vary inversely  w i t h  
the growth r a t e  a t  low r a t e s  and t o  decrease rapidly  as  the maximum r a t e  
is approached. A reasonable agreement was obtained between experi- 
mental data f o r  breakdown concentrations and values calculated from the 
equation.  The conclusions were ( 1 )  t ha t  the c r i t i c a l  impurity con- 
cen t ra t ions  a r e  s t rongly  dependent on growth r a t e  but ra the r  insensi -  
t i v e  t o  the c r y s t a l  radius  magnitude; ( 2 )  t h a t ,  s ince  i t  appears from 
t h i s  emphasis t ha t  t o t a l  impurity concentrations bver lo19 atoms/cc 
ca.n be to le ra ted  fo r  stea.dy-state Czochralski growth, concentration 
l i m i t s  w i l l  be determined by the degrees of the e f f e c t s  of impuri t ies  
on c e l l  performance ( i t  has been shown t h a t  c e l l s  w i t h  e f f i c i enc i e s  
908 of baseline can be fabr ica ted from Czochralski ingo ts ,  which a re  
prepared from feedstock material  containing 1018 t o  lo19 atoms/cc of 
most impuri t ies  b u t  not g rea te r  than about 6 x  1017 atoms/cc fo r  T i  
or  V ) ;  and ( 3 )  t h a t  the cos t s  of discarding feedstock material  rendered 
unusable by the  buildup of impurity concentrations a r e  important f ac to rs  
i n  defining t o l e r ab l e  feedstock compositions. 

3.  Processes f o r  Producing Solar-Cell-Grade S i l i con  

The approach used f o r  Par t  I11 of Phase 1 ( s ee  Table 4-11 
incorporates t heo re t i c a l  s tud ies  involving  thermodynamic^, reaction 
chemistry, and chemical engineering; chemical reaction.  inves t iga t ions  
consis t ing of experimental determinations of react ion k ine t i c s ,  y ie lds ,  
and su i t ab l e  process condit ions;  .a chemical engineering e f f o r t  f o r  
securing an experimental data base for  preliminary process modeling; and 
energy-use and economic calcula t ions  fo r ,p re l iminary  process models. 
In  each case the contract  requires a  demonstration o f ' t e chn i ca l  f eas i -  
b i l i t y  and a  project ion of commercial p r a c t i c a l i t y ,  involving the  
preliminary ana lys i s  of the s u i t a b i l i t y  fo r  a  scale-up study. Each 
process candidate w i l l  be evaluated on a  separate  milestone schedule. 
Select ions  fo r  the next phase of scale-up s tud ies  w i l l  be made a t  times 

a which a re  appropr ia te  f o r  individual  or  co l l e c t i ve  assessments. 

a .  Solar-Cell-Grade S i  Production tisina Submer~ed Arc Furnace, 
Vacuum Eva~ora t i on .  and Unidirectional So l i d i f i c a t i on  Processes - Dow 
Corninn Cor~o ra t i on .  The contract  a t  Dow Corning involves improving 
metal lurgical  grade S i ,  the use of purer raw mater ia ls ,  and the fu r the r  
pur i f i ca t ion  of S i  by unidi rect ional  s o l i d i f i c a t i o n  t o  y ie ld  solar-  
cell-grade S i .  I n  t h i s  quar ter  there was progress i n  e f f o r t s  f o r  raw 



materials, i d e n t i f i c a t i o n  and s e l e c t i o n ,  arc f u r n a c e  s t u d i e s ,  vacuum 
e v a p o r a t i o n  s t u d i e s ,  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  s t u d i e s ,  S i  a n a l y s e s ,  
and i n  e n e r g y  a n a l y s i s .  

S o u r c e s  f o r  h i g h  p u r i t y  raw materials were  i d e n t i f i e d  i n  s u r v e y s  
o f  r e s o u r c e s  i n  t h e  U .S. and wor ldwide .  La rge  d i f f e r e n c e s  i n  t h e  
c o n c e n t r a t i o n s  o f  t h e  e l e m e n t s  were found i n  c o m p a r i s o n s  of q u a r t z  and 
c a r b o n  s u p p l i e s  f o r  t h e  commercia l  p r o c e s s  w i t h  e x p e r i m e n t a l  raw 
materials. The C - r e d u c t a n t  can  be c h a r c o a l ,  which c a n  be p u r i f i e d  by 
v a r i o u s  p r o c e s s e s  t o  d i f f e r e n t  l e v e l s  o f  p u r i t y .  The g r a p h i t e  e l e c -  
t r o d e s  can  be s i m i l a r l y  p u r i f i e d .  Q u a r t z  w i t h  s i g n i f i c a n t l y  l o w e r  
c o n c e n t r a t i o n s  o f  6 and P was found to  be a v a i l a b l e  w i t h i n  t h e  U.S. 

The e x p e r i m e n t a l  e l ec t r i c  arc fu rna . ce  is 40 kW; it was m o d i f i e d  
t o  d e c r e a s e  t h e  l i k e l i h o o d  o f  c o n t a m i n a t i o n  f rom materials o f  con- 
s t r u c t i o n .  T h r e e  e x p e r i m e n t s  were run  t o  show t h e  f e a s i b i l i t y  o f  u s i n g  
c h a r c o a l  and t o  d e t e r m i n e  an  i m p u r i t y  b a l a n c e .  The e n e r g y  u s e  i n  t h e s e  
c a s e s  was a b o u t  60 t o  85% g r e a t e r  ( 3 0  kWh/kg S i  v e r s u s  13 kWh/kg S i )  t h a n  
f o r  s m e l t i n g  q u a r t z i t e  w i t h  t h e  u s u a l  r e d u c t a n t s  o f  c o a l ,  c o k e ,  and wood 
c h i p s .  R e d u c t i o n  by c h a r c o a l  was s u c c e s s f u l .  Some d e c r e a s e s  i n  
i m p u r i t y  c o n t e n t  were f o u n d ,  a l t h o u g h  no marked improvements  were  made. 
C h a r c o a l  i s  b e l i e v e d  t o  be t h e  s o u r c e  f o r  B,  Ca, and P c o n t a m i n a t i o n  i n  
t h e s e  r u n s .  

E x p e r i m e n t s  f o r  t h e  p u r i f i c a t i o n  o f  m e t a l l u r g i c a l  g r a d e  S i  by vacuum 
e v a p o r a t i o n  gave  no e v i d e n c e  o f  m e a s u r a b l e  s u c c e s s .  No f u r t h e r  work 
w i l l  be done  i n  t h i s  area. 

Semiconduc to r -g rade  p o l y c r y s t a l l i n e  S i  backdoped w i t h  i m p u r i t i e s  
is b e i n g  u s e d  t o  s i m u l a t e  t h e  t y p e  o f  material which would be s u b j e c t e d  
t o  p u r i f i c a t i o n  by u n i d i r e c t i o n a l  f r e e z i n g .  T h i s  c h o i c e  f o l l o w e d  t h e  
c o n c l u s i o n s  d e r i v e d  f rom t h e  work u n d e r  t h e  c o n t r a c t  w i t h  Wes t inghouse  
( w i t h  Dow Corn ing  as a s u b c o n t r a c t o r )  f o r  t h e  d e t e r m i n a t i o n  of t h e  
e f f e c t s  o f  i m p u r i t i e s  on t h e '  p r o p e r t i e s  o f  S i  materials and s o l a r  ce l l s .  
I n  t h a t  c o n t r a c t  t h e  maximum m e l t  i m p u r i t y  c o n c e n t r a t i o n s  a t  breakdown 
o f  growth  i n t e r f a c e  d u e  t o  c o n s t i t u t i o n a l  s u p e r c o o l i n g  were d e r i v e d  f o r  
a s e r i e s  o f  e l e m e n t s .  The l o s s  o f  c r y s t a l  s t r u c t u r e  o c c u r r e d  i n  t h e  
c o n c e n t r a t i o n  r a n g e  o f  0.31 t o  0 .73  p e r c e n t  a t o m i c .  The  c o n c l u s i o n  was 
t h a t  t h e  r e l a t i v e l y  h i g h  i m p u r i t y  c o n c e n t r a t i o n s  i n  m e t a l l u r g i c a l  g r a d e  
S i  s e v e r e l y  l i m i t  t h e  c o n d i t i o n s ,  and t h e r e f o r e  t h e  i n f o r m a t i o n ,  which 
c o u l d  be o b t a i n e d  by a s t u d y  of  u n i d i r e c t i o n a l  f r e e z i n g  o f  a r c - f u r n a c e -  
produced S i .  

The i n i t i a l  e x p e r i m e n t s  were conduc ted  t o  v e r i f y  p r e d i c t i o n s  o f  
g rowth  rate  and t h e  o n s e t  of c o n s t i t u t i o n a l  s u p e r c o o l i n g .  Mn and Cu 
backdoped S i  i n g o t s  were used  s i n c e  t h e i r  e f f e c t i v e  s e g r e g a t i o n  c o e f f i -  
c i e n t s  s p a n  t h e  r a n g e .  C z o c h r a l s k i  p u l l s  a t  t h r e e  ra tes  h a v e  been  done .  
The o n s e t  o f  c o n s t i t u t i o n a l  s u p e r c o o l i n g  w i t h  a t t e n d a n t  p o l y c r y s t a l l i n e  
g rowth  was shown t o  be p r o p o r t i o n a l  t o  t h e  ra te .  F o r  t h e s e  d a t a ,  t h e r e  
are s i g n i f i c a n t  d i f f e r e n c e s  between t h e  e x p e r i m e n t a l  and c a l c u l a t e d  v a l u e s  
a t  h i g h  melt i m p u r i t y  c o n c e n t r a t i o n s .  The e f f e c t i v e  s e g r e g a t i o n  c o e f f i -  
c i e n t s  a s  a f ~ i n c t i o n  of growt.h r a t e  were a l s o  d e t e r m i n e d ;  t h e  d a t a  f o r  
2 .5  cm/hr a r e  o n l y  s l i g h t l y  d i f f e r e n t  from t h o s e  a t  6.8 cm/hr.  The l o s s  
of c r y s t a l  s t r u c t u r e  r e s u l t s  i n  l a r g e  i n c r e a s e s  i n  c o n c e n t r a t i o n s  and 



increases  i n  the values of the e f fec t ive  segregation coe f f i c i en t s  of 
severa l  orders  of magnitude. The conclusions derived were ( 1 )  a.s long 
a s  cons t i t u t i ona l  supercooling does not occur, s i ng l e  c r y s t a l  growth i s  
achievable w i t h  only minor growth-rate-dependent va r ia t ions  i n  e f fec t ive  
segregation coe f f i c i en t s  and ( 2 )  a  simple thermal model describes the 
onset  of cons t i t u t i ona l  supercooling a t  melt concentrat ions l e s s  than 
1020 atoms/cc. Czochralski pul l  experiments using S i  having t o t a l  
impurity concentrat ions lo2 lower than metal lurgical  grade S i  showed 
t h a t  a  multigrained ingot  was a t ta ined and t h a t ,  a t  the 40% of melt 
pulled point ,  the impur i t i e s ,  except f o r  A l ,  were below the  detect ion 
l i m i t s  by spark source mass spectroscopy. 

b .  Solar-Cell-Grade S i  Production From Na7SiF6 Source Material 
Usina Na Reduction of SiFh and the  SiFb/SiF7 T r a n s ~ o r t  Process - 
S . The contract  w i t h  Stanford Research 
I n s t i t u t e  is f o r  the development of a  two-step process f o r  the produc- 
t i on  of solar-cell-grade S i .  The s teps  are :  ( 1 )  the  reduction of SiF4 
w i t h  Na to  produce high pur i ty  S i  and ( 2 )  the  f u r t he r  pur i f i ca t ion  of 
t h i s  droduct by react ion w i t h  SiF4 t o  form SiF2 followed by the  d i s -  
proport ionation of the SiF2 t o  y ie ld  solar-cell-grade S i  w i t h  the 
regeneration of SiF4. The work t o  date has dea l t  e n t i r e l y  w i t h  the 
f i r s t  r eac t ion .  

The reduction react ion was studied i n  a  s e r i e s  of experiments 
under control led  condit ions t o  permit SiF4 pur i f i ca t ion  and t r an s f e r  
i n t o  the reac to r  a s  well a s  a  parametric inves t iga t ion  w i t h  temperature, 
mole r a t i o  of reac tan t s ,  and pressure a s  the  var iables .  NaF, Na2 SiF6, 
and S i  were detected as  react ion products. Emission spectrographic 
analyses of the  product S i  revealed a  high res idua l  content of Na; 
w i t h  the  exceptions of Cu, Mg, and A l ,  the o ther  elements of i n t e r e s t ,  
Ba, C u ,  Fe, T i ,  V ,  C r ,  and 2 r ,  were not detected;  i n  most of these 
cases the l i m i t  of d e t e c t a b i l i t y  ranges between 10 t o  50 ppmw. 

The following observations were made: ( 1 )  t'he reduction reaction 
i s  i n i t i a t e d  below 1 7 5 ~ ~ ~  is exothermic, and goes t o  completion; ( 2 )  
the S i  product i s  a  f i ne  powder; ( 3 )  the react ion r a t e  and the form 
of the  S i  a r e  dependent upon the p a r t i a l  pressure  cf SiF4; ( 4 )  the 
preliminary conversion e f f i c iency  is about 90%; ( 5 )  the  separation of 
the products i s  a major problem; and ( 6 )  experimental condit ions must 

' 

be ca re fu l ly  control led  t o  reac t  the Na completely. An atomic absorp- 
t i on  technique is  being explored fo r  the measurements of impuri t ies  i n  
the product a t  concentrat ions l e s s  than 1 ppma. 

c .  p S -C -G S ' P  u P sma 
Process f o r  t h e  Reduction of SiClh w i t h  Na. Mg.or H2 - - Westin~house 
E l e c t r i c  C o r ~ o r a t i m .  T h i s  contract  w i t h  Westinghouse i s  f o r  the 
development of an e l e c t r i c  arc  heater  f o r  the production of S i  using 
react ions  f o r  the reduction of Sic14 by e i t h e r  Na, M.g, H o r  Zn. The 
f i r s t  phase cons i s t s  of a  review of the chemical and engineering f e a s i b i l i t y  
and the designing of a  system fo r  experimental ve r i f i c a t i on ;  i t  includes 
four subtasks: react ion analys is ,  plasma r eac to r ,  r eac to r  storage 
and i n j ec t i on ,  and product col lec t ion and e f f luen t  d isposal .  



I n  t h e  s u b t a s k  f o r  r e a c t i o n  a n a l y s i s ,  thermochemical  a n a l y s e s  
f o r  each  r e a c t i o n  sys tem were completed.  T h e o r e t i c a l  r e a c t i o n  y i e l d s ,  
e n e r g y  r e q u i r e m e n t s .  and r e a c t a n t  f e e d  r a t i o s  were d e t e r m i n e d .  A compar ison 
of  t h e s e  r e s u l t s  l e d  t o  t h e  c o n c l u s i o n  t h a t  Zn shou ld  be e l i m i n a t e d  
a s  a  c a n d i d a t e  r e d u c t a n t .  The assessment  p rocedure  was c o n t i n u e d  u s i n g  
a s e t  o f  economic and t e c h n i c a l  c r i t e r i a ,  and Na was s e l e c t e d  as t h e  
pr imary r e d u c t a n t ,  a l t h o u g h  Mg was c a l c u l a t e d  t o  be v e r y  advan tageous  
based on t o t a l  c o s t / k g  S i  and e n e r g y  requ i rement  c o n s i d e r a t i o n s .  The 
c h o i c e  o f  Na was based i n  p a r t  on t h e  judgment t h a t  t h e  t e c h n o l o g y  
f o r  c o n t r o l l i n g  and u s i n g  Na is much b e t t e r  e s t a b l i s h e d  t h a n  t h a t  f o r  
Mg; H2 remains  as a  backup, a l s o .  

The problems of  t h e  v a p o r i z a t i o n  o f  mol ten  S i  d r o p l e t s ,  S i  
p a r t i c l e  growth,  r e a c t o r  w a l l  a n a l y s i s ,  c y c l o n e  s e p a r a t i o n  d e s i g n ,  and 
m a t e r i a l s  c o m p a t i b i l i t y  were i n v e s t i g a t e d  i n  t h e  s u b t a s k  f o r  t h e  plasma 
r e a c t o r .  The c r i t i c a l  r equ i rement  f o r  a h igh  d e g r e e  o f  v a p o r i z a t i o n  o f  
t h e  m e t a l  r e d u c t a n t  p r i o r  t o  t h e  i n t r o d u c t i o n  o f  S i c 1 4  was r e c o g n i z e d .  
A model was f o r m u l a t e d  t o  d e t e r m i n e  t h e  v e l o c i t y ,  t e m p e r a t u r e ,  and 
r a d i u s  of  t h e  meta l  d r o p l e t  a s  w e l l  a s  t h e  v e l o c i t y ,  t e m p e r a t u r e ,  and 
compos i t ion  of  t h e  g a s  as f u n c t i o n s  o f  a x i a l  d i s t a n c e  a l o n g  t h e  r e a c t o r .  
The dependence of  r e a c t o r  l e n g t h  f o r  v a r i o u s  d e g r e e s  o f  Na v a p o r i z a t i o n  
on r e a c t o r  d i a m e t e r s ,  d r o p l e t  d i a m e t e r s ,  and Na f low r a t e s  w i l l  be  
c a l c u l a t e d  u s i n g  a  computer program. The a n a l y s i s  o f  t h e  r e a c t o r  w a l l  
makes u s e  o f  t h e  assumpt ion of  a c r o s s - s e c t i o n  o f  s o l i d  S i  w i t h  a n  i n n e r  
w a l l  o f  l i q u i d  S i  t o  minimize c o n t a m i n a t i o n .  A h e a t  t r a n s f e r  model was 
d e v e l o p e d ,  and v a l u e s  were c a l c u l a t e d  f o r  t h e  o u t e r  wall h e a t  f l u x ,  t h e  
r a t i o  of  r a d i a t i o n  t o  c o n v e c t i v e  h a a t  t r a n s f e r  a t  t h e  i n n e r  w a l l ,  t h e  
g a s / p a r t i c l e  t e m p e r a t u r e ,  and t h e  e q u i l i b r i u m  i n s i d e  d i a m e t e r  as a 
f u n c t i o n  o f  t h e  a x i a l  p o s i t i o n .  The c o n c l u s i o n s  were t h a t  ( 1 ) r a d i a -  
t i o n  remains  t h e  dominant h e a t  t r a n s p o r t  o v e r  most o f  t h e  r e a c t o r  
l e n g t h ,  (2) a  h i g h e r  S i  f low r a t e  s i g n i f i c a n t l y  r e d u c e s  t h e  n e c e s s a r y  
w a l l  t h i c k n e s s ,  and ( 3 )  t h e  wall t h i c k n e s s  d e c r e a s e s  markedly  w i t h  S i  
t e m p e r a t u r e  e n t e r i n g  t h e  growth s e c t i o n .  

A s i m p l i f i e d  a n a l y s i s  was conducted t o  e s t i m a t e  p a r t i c l e  growth 
r a t e s  as t h e  first s t e p  i n  d e a l i n g  w i t h  t h e  e x t r e m e l y  c o m p l i c a t e d  
siLuaLioa of t h e  fo rmat ion  sf p a r t i c l c o  i n  t h e  r e a o t i o n  sys tem o f  a 
plasma r e a c t o r .  It  was shown t h a t  under  q u i e s c e n t  c o n d i t i o n s  t h e  main 
p a r t i c l e  growth is  dependent  upon t h e  c o a g u l a t i o n  p r o c e s s  and t h a t ,  i n  
t h e  f low t ime  assumed t o  be a v a i l a b l e ,  t h e  p a r t i c l e  growth is e n t i r e l y  
t o o  slow. E f f e c t s  induced by t h e  r e a c t o r  o p e r a t i o n  a r e  e x p e c t e d  t o  
i n c r e a s e  t h e  r a t e  t o  p r a c t i c a l  v a l u e s .  

The a r c  h e a t e r  r e a c t i o n  environment  of' h i g h  t e m p e r a t u r e ,  v e r y  
r e a c t a n t  v a p o r s ,  l i q u i d  S i  and p o s s i b l e  r e a c t a n t  by-products  n e c e s s i t -  
a t e s  t h a t  t h e  m a t e r i a l s  of c o n s t r u c t i o n  f o r  each  subsystem be a n a l y t i -  
c a l l y  and e x p e r i m e n t a l l y  s t u d i e d .  The s e l e c t i o n  o f  m a t e r i a l s  w i l l  be 
based upon t h e  c r i t e r i a  of  chemica l  s t a b i l i t y  a t  t e m p e r a t u r e s  o f  abou t  
2 4 0 0 ' ~  i n  t h e  p r e s e n c e  of  c o r r o s i v e  S i  compounds, i m p u r i t y  c o n t e n t ,  
c o s t ,  and a v a i l a b i l i t y .  The p o t e n t i a l l y  s u i t a b l e  m a t e r i a l s  p r i m a r i l y  
b e i n g  c o n s i d e r e d  a r e  r e f r a c t o r y  m e t a l s ,  c e r a m i c s ,  and g r a p h i t e s .  I n  
g e n e r a l ,  t h e  r e f r a c t o r y  metals a r e  c o s t l y ;  i m p u r i t y  c o n t e n t  and r e a c t -  
i v i t y  a r e  o t h e r  drawbacks,  a l t h o u g h  t h e  u s e  o f  a  p r o t e c t i v e  s k i n  is  
p o s s i b l e .  Most c e r a m i c s  a l s o  cou ld  p o t e n t i a l l y  c o n t a m i n a t e  t h e  S i  



p r o d u c t ;  S i c  may be u s a b l e  as a l i n e r  m a t e r i a l .  P u r i f i e d  g r a p h i t e  i s  
a l s o  a c a n d i d a t e  as a l i n e r  m a t e r i a l .  Thus, t h e  a n a l y s i s  h a s  shown t h a t  
t h e  prime c a n d i d a t e s  f o r  t h e  m e t a l  con ta inment  are two Mo a l l o y s  (HT 
and T2M) and t h a t  a l i n e r  made from S i c  o r  g r a p h i t e  may be  n e c e s s a r y .  

P r e l i m i n a r y  d e s i g n s  were completed f o r  t h e  S i c 1 4  and Na s t o r a g e  
and f e e d  subsys tems .  Flow d iagrams  were rev iewed ,  and t h e  compar isons  
of  t h e  r e a c t a n t s  were  a s s e s s e d .  Techniques  f o r  h a n d l i n g  r e a c t a n t s ;  
m o n i t o r i n g  p u r i t y ;  c o n t r o l l i n g  i n j e c t i o n ;  and i n s t r u m e n t i n g  s t o r a g e ,  
i n j e c t i o n ,  and c o n t a i n m e n t  were a n a l y z e d ;  t h e  r e q u i r e m e n t s  o f  t h e s e  sub- 
s y s t e m s  a r e  b e i n g  d e f i n e d .  

I n  t h e  subsys tem f o r  p roduc t  c o l l e c t i o n  a n d . e f f l u e n t  d i s p o s a l ,  
c o n c e p t u a l  d e s i g n s  were f o r m u l a t e d  and p r e l i m i n a r y  f l o w  d iagrams  were 
d e v i s e d .  The S i  c o l l e c t i o n  c o n s i s t s  o f  a s e p a r a t o r ,  which may be  a 
c y c l o n e  chamber,  t o  a g g r e g a t e  t h e  S i  and b o i l  o f f  t h e  by-products ,  
and a n  i n g o t  caster. The S i  c o n t a i n e r  i s  t o  be d e s i g n e d  t o  ho ld  a b o u t  
100 kg.  It w i l l  have a ce ramic  v a l v e  g a t e ,  which h a s  t h e  a d v a n t a g e s  o f  
proven d e s i g n ,  economy, and e a s e  o f  r ep lacement ,  and a l l o w s  a n  i s o l a t i o n  
i n t e r f a c e  between t h e  r e a c t o r  and t h e  c a s t e r .  A c a r o u s e l  mold is  
e n v i s i o n e d  f o r  t h e  s o l i d i f i c a t i o n  assembly.  The schemes f o r  by-product 
c o l l e c t i o n  b e i n g  e v a l u a t e d  a r e  a w a t e r  s p r a y  c o l l e c t i o n  t a n k  and a 
s e r i e s - c o n n e c t e d  s e c o n d a r y  condense r  w i t h  a s c r a p e r .  

d .  P r o d u c t i o n  o f  SiH4 4 
Jet f o r  t h e  R e d u c t i o n  of S i C l h  - rochem Research C o r ~ o r a u  The 
o b j e c t i v e  o f  t h e  c o n t r a c t  wi th  AeroChem is t o  d e t e r m i n e  t h e  f e a s i b i l i t y  
of  u s i n g  a n o n e q u i l i b r i u m  plasma jet t o  produce SiH4 o r  S i .  T h i s  pro- 
c e s s ,  which i n v o l v e s  a glow d i s c h a r g e  i n  H2 t o  c r e a t e  t h e  hydrogen 
a toms,  seems f e a s i b l e  based upon thermodynamic and k i n e t i c  ag reements .  
P r e l i m i n a r y  e s t i m a t e s  i n d i c a t e  a s u i t a b i l i t y  f o r  low-cost ,  high-volume 
p r o d u c t i o n .  

The first phase  is  a s t u d y  t o  a s c e r t a i n  whether  hydrogen a toms can 
be produced a t  s u f f i c i e n t  c o n c e n t r a t i o n s  and a t  a r e a s o n a b l e  e n e r g y  
y i e l d  t o  i n d i c a t e  t h e  p r o c e s s  can be economica l ly  p r a c t i c a l .  Some 
e x p l o r a t o r y  e x p e r i m e n t s  o f  t h e  r e a c t i o n  o f  t h e  H/H2 s t r e a m  w i t h  S i c 1 4  
were c a r r i e d  o u t .  I n  f o l l o w i n g  phases  t h e  r e a c t i o n  p a t h s  t o  SiH4 o r  S i  
and t h e  a d j u s t m e n t  o f  t h e  plasma jet c o n d i t i o n s  f o r  o p t i m i z i n g  y i e l d s  
w i l l  be i n v e s t i g a t e d .  

A s  a  p a r t  o f  t h e  hydrogen atom s t u d y  t h e  c o n d i t i q n s  f o r  d i s c h a r g e  
s t a b i l i t y  were examined by first c o n s i d e r i n g  v a r i o u s  n o z z l e  s i z e s .  
T h i s  w i l l  be ex tended  t o  c o n s i d e r  n o z z l e  geometry and m a t e r i a l  e f f e c t s .  

Complete e n e r g y  b a l a n c e  d a t a  were o b t a i n e d  f o r  t h e  d i s c h a r g e s  a t  
v a r i o u s  H2 p r e s s u r e s .  The energy  t o  h e a t  t h e  g a s  was c a l c u l a t e d  from 
e n t h a l p y  d i f f e r e n c e s  at  two t e m p e r a t u r e s ,  assuming t h a t  t h e  f low i s  ' 
i s e n t r o p i c ,  no h e a t  is  l o s t  t o  t h e  n o z z l e ,  and a l l  o f  t h e  e n e r g y  is 
added ups t ream of  t h e  n o z z l e  e n t r a n c e s ;  c o n s i d e r a b l e  d e v i a t i o n s  from 
t h e s e  a s s u m p t i o n s  may o c c u r .  The p r e l i m i n a r y  c a l c u l a t i o n s  i n d i c a t e  H atom 
c o n c e n t r a t i o n s  of  2.7% by volume w i t h  30% e n e r g y  c o n v e r s i o n  i n t o  H 
a toms.  For t h i s  c a s e ,  assuming i s e n t r o p i c  expans ion  and a downstream 
p r e s s u r e ' o f  30 T o r r ,  t h e  g a s  t e m p e r a t u r e  would be 420 '~;  t o  a c h i e v e  



an  e q u i v a l e n t  H atom c o n c e n t r a t i o n ,  an e q u i l i b r i u m  t e m p e r a t u r e  of a b o u t  
2200 '~  is  r e q u i r e d .  T h i s  compar ison i l l u s t r a t e s  t h e  n o n e q u i l i b r i u m  
c h a r a c t e r i s t i c  o f  t h e  je t .  I n i t i a l  s t u d i e s  of  t h e  r e a c t i o n  o f  t h e  H 
a toms w i t h  S i c 1 4  y i e l d e d  small amounts o f  d e p o s i t s .  The c h a r a c t e r i s t i c s  
and masses depended on t h e  mode o f  o p e r a t i o n .  Q u a l i t a t i v e  t e s t s  o f  a  
powdery d e p o s i t  i n d i c a t e d  it t o  be amorphous S i .  

Solar -Cel l -Grade S i  P r o d u c t i o n  bv e. . C Reduc t ion  o f  Si02 
, U i  s na a n  I n d u c t i o n  Plasma - Texas  I n s t r u m e n t s  C o r ~ o r a t  i o n .  T h i s  i n v e s t i -  

g a t i o n  o f  t h e  t e c h n i c a l  f e a s i b i l i t y  o f  a  p r o c e s s  f o r  t h e  C r e d u c t i o n  o f  
S i 0 2  u s i n g  a  l a b o r a t o r y - s c a l e  plasma r e a c t o r  h a s  been comple ted .  I n  a 
series o f  e x p e r i m e n t s  which e x p l o r e d  t h e  o p t i m i z a t i o n  o f  r e a c t i o n  cond i -  
t i o n s ,  a  maximum y i e l d  of  33% S i  was o b t a i n e d  and i m p u r i t y  c o n c e n t r a -  
t i o n s  were found t o  be d e c r e a s e d  by two o r d e r s  o f  magn i tudes .  Because 
of t h e  v e r y  i n e f f i c i e n t  e n e r g y  u t i l i z a t i o n  and low S i  y i e l d s ,  i t  was 
concluded t h a t  t h e  p r o c e s s  is  economica l ly  u n s a t i s f a c t o r y  a s  a n  approach  
t o  t h e  p r o d u c t i o n  of s o l a r - c e l l - g r a d e  S i .  

4. E v a l u a t i o n  of 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  - 
Lamar U n i v e r s i t y  

The o b j e c t i v e  o f  t h i s  c o n t r a c t  is  t o  e v a l u a t e  t h e  p o t e n t i a l s  o f  t h e  
p r o c e s s e s  b e i n g  deve loped  i n  t h e  S i l i c o n  M a t e r i a l  Task program. The 
economic e v a l u a t i o n s  w i l l  be based upon a n a l y s e s  o f  p rocess - sys tem 
p r o p e r t i e s ,  chemica l  e n g i n e e r i n g  c h a r a c t e r i s t i c s ,  and cos t ing-economics .  
The e v a l u a t i o n s  w i l l  be performed f o r  each  s t a g e  o f  t h e  S i l i c o n  M a t e r i a l  
Task - t e c h n i c a l  f e a s i b i l i t y ,  s c a l e - u p ,  e x p e r i m e n t a l  p l a n t s ,  and commercial  
p l a n t  - u s i n g  i n f o r m a t i o n  which becomes a v a i l a b l e  from t h e  v a r i o u s  
p r o c e s s  development c o n t r a c t s .  

Major a c t i v i t i e s  d u r i n g  t h e  r e p o r t  p e r i o d  were f o c u s e d  on p r o c e s s  
sys tem p r o p e r t i e s ,  chemica l  e n g i n e e r i n g  and economic a n a l y s e s .  

a .  P r o c e s s  Svstem P r o ~ e r t ~ m .  Analyses  of p r o c e s s  s y s t e m  
p r o p e r t i e s  were c o n t i n u e d  i n c l u d i n g  i n v e s t i g a t i o n  o f ' e s t i m a t i o n  methods 
f o r  c r i t i c a l  c o n s t a n t s  o f  s i l i c o n  s o u r c e  m a t e r i a l s  under  c o n s i d e r a t i o n  
f o r  s o l a r - c e l l - g r a d e  s i l i c o n .  P r o p e r t y  v a l u e s  f o r  c r i t i c a l  t e m p e r a t u r e ,  
p r e s s u r e ,  volume, c o m p r e s s i b i l i t y  f a c t o r  and d e n s i t y  were e s t i m a t e d  and 
p r e s e n t e d  f o r  S i F 4  and S i I 4 .  .The recommended v a l u e s  w i l l  be used i n  
pe r fo rming  t h e - ' ~ r e l i m i n a r ~  p l a n t  d e s i g n  f o r  t h e s e  s o l a r - c e l l - g r a d e  

' 

s i l i c o n  proce33e3.  

I n  a d d i t i o n a l  a n a l y s e s ,  c o r r e l a t i o n  a c t i v i t i e s  were i n i t i a t e d  f o r  
p r o c e s s  sys tem p r o p e r t i e s  o f  s i l i c o n  s o u r c e  m a t e r i a l s .  I n i t i a l  c o r -  
r e l a t i o n  e f f o r t s  focused  on vapor  p r e s s u r e  d a t a ,  which a r e  e x t r e m e l y  
i m p o r t a n t  i n  phase  e q u i l i b r i a  i n  a chemica l  p l a n t  p r o c e s s i n g  s i l i c o n  
s o u r c e  m a t e r i a l s .  The vapor  p r & s s u r e  o f  s i l a n e  a s  a f u n c t i o n  o f  . 
t e m p e r a t u r e  was c o r r e l a t e d  by t h e  r e a c t i o n  



The v e r s a t i l e  c o r r e l a t i o n  covers  both low and high p r e s s u r e  r eg ions  
and is  a p p l i c a b l e  over  t h e  complete range from t h e  t r i p l e  p o i n t  t o  
t h e  c r i t i c a l  p o i n t .  The agreement of c o r r e l a t i o n  and d a t a  va lues  i s  
good. These resu l t s - -vapor  p re s su re  co r r e l a t i on - -wi l l  be u t i l i z e d  
i n  performance of t h e  chemical engineer ing  a n a l y s i s  f o r  t h e  SiH4 process  
(Union Carb ide) .  

I n  t h e  i n v e s t i g a t i o n  f o r  SiF4 gene ra t i on  from t h e  r e l a t i v e l y  
inexpens ive  f e r t i l i z e r  i n d u s t r y  by-product h y d r o f l u o s i l i c  a c i d ,  t h e  
c o n d i t i o n s  f o r  p r e c i p i t a t i o n  of BaSiF6 (p recu r so r  t o  SIF4) were 
determined.  It was found t h a t  BaSiFg could be ob ta ined  i n  good y i e l d s  
by t h e  r e a c t i o n s  of BaC12 and BaF2 s o l u t i o n s  with H2SiF6. S l i g h t l y .  
more e f f i c i e n t  r e s u l t s  were ob ta ined  us ing  BaC12. 

The thermal  decomposition of BaSiFg t o  gene ra t e  SiF4 was a l s o  
i n v e s t i g a t e d .  Parameters  such a s  temperature  and r e a c t i o n  time were 
s t u d i e d  and it was determined t h a t  t h e  r e a c t i o n  proceeds r e a d i l y  above 
4 0 0 ~ ~ .  E s s e n t i a l l y  q u a n t i t a t i v e  y i e l d s  of SiF4 can be ob ta ined  by 
h e a t i n g  BaSiFg t o  5 0 0 ' ~  f o r  5 t o  10 minutes.  

b. ChemicalEnaineerina. Major chemical engineer ing  a n a l y s i s  
a c t t v i t i e s  were devoted t o  pre l iminary  process  des ign  f o r  a 1000 me t r i c  
t on /yea r  p l a n t  f o r  so l a r - ce l l -g rade  s i l i c o n  u t i l i z i n g  S i I 4  decomposition 
technology developed by B a t t e l l e .  The process  f low diagram, m a t e r i a l  
ba l ance ,  energy ba lance ,  and equipment des ign  a r e  e s s e n t i a l l y  complete.  
R e s u l t s  a r e  presen ted  f o r  t h e  r e a c t i o n  chemistry,  raw m a t e r i a l s ,  u t i l i t i e s ,  
major p roces s  equipment and product ion l a b o r  requirements .  

I n  a d d i t i o n a l  so l a r - ce l l -g rade  s i l i c o n  p roces se s ,  technology 
developed by Union Carbide f o r  t h e  product ion of  SiH4 us ing  hydrogen and 
me ta l l u rg i ca l -g rade  s i l i c o n  a s  raw m a t e r i a l s  is being i n v e s t i g a t e d .  
The p roces s  f low diagram and m a t e r i a l  balance a r e  p r e s e n t l y  being 
developed.  

c. Economic A n a l v a .  Economic a n a l y s i s  f o r  t h e  B a t t e l l e  
p roces s  f o r  S i I 4  decomposition was completed. A p l a n t  investment  c o s t  
( f i x e d  c a p i t a l )  of $77,098,000 and t o t a l  product c o s t  of  $48.08/kg f o r  
s o l a r - c e l l - g r a d e  s i l i c o n  were determined f o r  t h e  process .  These c o s t  
economics exceed t h e  t a r g e t  g o a l  of  $10/kg of s i l i c o n  and confirm t h e  
B a t t e l l e  r e s u l t s  l e ad ing  t o  t h e  d i s c a r d i n g  of t h e  i o d i n a t i o n  process .  
Also ,  t h e  v a r i a t i o n  of  t o t a l  product  c o s t  (wi thout  p r o f i t )  wi th  p l a n t  
investment  ( f i x e d  c a p i t a l )  was determined f o r  so l a r - ce l l -g rade  s i l i c o n  
v i a  t h e  Zn/SiC14 process  ( B a t t e l l e  technology) .  The t a r g e t  g o a l  of  
$10/kg of  s i l i c o n  is a t t a i n e d  only  when f i x e d  c a p i t a l  p l a n t  investment 
does no t  exceed approximately $11,000,000. 



5. JPL In-House Activities 

Studies of fluidized bed reactor technology and silane pyrolysis 
make up a major section of the in-house program. The program plan consists 
of (1) theoretical thermodynamic and kinetic analyses of fluidized bed 
deposition and pyrolysis reactions using SiH , (2) formulation of practi- 
cal models based on fluid mechanics and massfheat transfer phenomena, and 
(3) experiments to determine operating characteristics to supplement and 
support the developments on JPL contracts. The contractual efforts at 
Union Carbide and the Battelle Memorial Institute will benefit directly 
from this work; an extension, using the more complex conditions of turb- 
ulence and the involvement of chlorosilanes as reactants, will be under- 
taken to support other contracts. 

Two technical reports have been written to describe the results of 
the analyses. A JPL technical memorandum, "Modeling of Fluidized Bed Sili- 
con Deposition Process," initiated by Dr. Kibong Kim, was reviewed by Dr. 
Ananda Praturi and is being edited for publication. The memorandum "Chem- 
ical Vapor Deposition from Silane Pyrolysis" was authored by Dr. Praturi. 
This report, which covers mass transport, homogeneous reaction and nucle- 
ation, adsorption of silane, surface reactions and desorption of hydrogen, 
and heterogeneous nucleation, is being reviewed. 

Apparatuses for the SiH pyrolysis and the fluidized bed experiments 
4 were assembled and checked out. The SiH pyrolysis system includes (1) a 

4 multifunctional pyrolysis reactor, (2) a porous wall H film thermowall, 
2 

(3) a four-nozzle gas manifold with particulate inlet, (4) a Si dust hop- 
per, and (5) an electrostatic precipitator. Modifications were made to 
eliminate leaks. The experimental plan will proceed with determinations 
of the effects of pressure and temperature. The fluidization reactor is 
being modified to correct functional problems. Bed voidage measurement 
techniques suggested by Professor T. Fitzgerald, a consultant to the Sili- 
con Material Task, will be explored to ensurc the incorporation of instru- 
mentation which will provide satisfactory data. The two experimental pro- 
grams will be altered as needed to allow cooperative efforts which closely 
track the JPL contracts. 



SECTION V 

LARGE-ARE.A SILICON SHEETS 

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 i s  t o  d e v e l o p  
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  o f  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  of s i l i c o n  s h e e t  material s u i t a b l e  f o r  low-cos t ,  
h igh.  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  energy  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  p roduc ing  l a r g e  a r e a s  o f  c r y s t a l l i z e d  s i l i c o n .  The f i n a l  
sheet -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  an automated s o l a r - a r r a y  p r o c e s s i n g  scheme. 

A.  TECHNICAL BACKGROUND 

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  s i l i c o n  
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  (up  
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  i n n e r - d i a m e t e r  (ID) diamond 
saws. T h i s  method o f  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 l i c o n  w a f e r s  i s  
t a i l o r e d  t o  t h e  needs  o f  l a r g e  volume semiconduc to r  p r o d u c t s  ( 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  d e v i c e s  o t h e r  t h a n  
s o l a r  c e l l s ) .  I n d e e d ,  t h e  small market  o f f e r e d  by p r e s e n 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 o f  s i l i c o n  " r e a l  e s t a t e t t  p r o d u c t i o n  
t e c h n i q u e s  which would r e s u 1 t . h  low-cost  e l e c t r i c a l  ene rgy .  

Growth o f  s i l i c o n  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  
n o t  r e q u i r e  c u t t i n g  t o  a c h i e v e  p roper  t h i c k n e s s  i s  a n  obv ious  way t o  
e l i m i n a t e  c o s t l y  p r o c e s s i n g  and m a t e r i a l  was te .  Growth t e c h n i q u e s  
such  as edge-def ined f i lm-fed growth (EFG), w e b - d e n d r i t i c  g rowth ,  chemica l  
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  o a n d i d a t e s  f o r  t h e  growing 
o f  s o l a r  c e l l  material. The growing o f  l a r g e  i n g o t s  w i t h  optimum s h a p e s  
f o r  s o l a r  c e l l  needs  ( e . g . ,  hexagonal.cross-sections), r e q u i r i n g  v e r y  
l i t t l e  manpower and machinery ,  would a l s o  a p p e a r  p l a u s i b l e .  However, 
i t ;  appea ras  that ;  Lhe cu t t ing  of t h e  l a r g e  i n g o t s  i n t o  w a f e r s  must be  
done u s i n g  m u l t i p l e  r a t h e r  t h a n  s i n g l e  b l a d e s  i n  o r d e r  t o  b e  c o s t -  
e f f e c t i v e .  

Research and development on r i b b o n ,  s h e e t ,  and i n g o t  growth 
p l u s  m u l t i p l e - b l a d e  and m u l t i p l e - w i r e  c u t t i n g ,  i n i t i a t e d  i n  1975-1976, 
is  i n  p r o g r e s s .  

B. ORGANIZATION AND COORDINATION OF THE LAROE-AREA 
SILICON SHEET TASK EFFORT 

A t  t h e  t ime  t h e  LSSA P r o j e c t  was i n i t i a t e d  ( J a n u a r y  1975) a 
number o f  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 l i c o n  c r y s t a l s  
f o r  s o l a r  c e l l  manufac tu re  were known. Some o f  t h e s e  were under  develop- 
mcnt; o t h c r o  e x i o t c d  o n l y  i n  c o n c e p t .  Devclopmcnt work on t h e  most 
promis ing methods is  now be ing  funded.  A f t e r  a p e r i o d  o f  a c c e l e r a t e d  
development ,  t h e  v a r i o u s  methods w i l l  be  e v a l u a t e d  and t h e  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 ,  manu- 
f a c t u r i n g  p l a n 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  ce l ls  c a n  be  manufactured.  

The Large-Area S i l i c o n  Shee t  Task e f f o r t  i s  o r g a n i z e d  i n t o  f o u r  
p h a s e s :  r e s e a r c h  and  development on s h e e t  growth methods (1975-77); 
advanced development of s e l e c t e d  growth methods (1977-80); p r o t o t y p e  
p r o d u c t i o n  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  of p r o d u c t i o n  growth p l a n t s  (1983-86). 

C. LARGE-AREA SILICON SHEET TASK CONTRACTS 

The p u r s u i t  o f  o p t i m a l  t e c h n i q u e s  f o r  growing s i l i c o n  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  c e l l  p r o d u c t i o n  has  l e d  t o  t h e  awarding o f  R&D c o n t r a c t s  
t o  11 o r g a n i z a t i o n s .  The p r o c e s s e s  be ing  developed by t h e  Phase 2 
c o n t r a c t o r s  are shown i n  Tab le  5-1. F i g u r e  5-1 shows t h e  s c h e d u l e .  
f o r  e a c h  c o n t r a c t  a s  i t  was i n i t i a l l y  n e g o t i a t e d .  Follow-on w o r k s a n t i -  
c i p a t e d  f o r  e a c h  c o n t r a c t  i s  i n d i c a t e d  by t h e  c ross -ha tched  h o r i z o n t a l  
b a r s .  During t h e  r e p o r t  p e r i o d  most o f  t h e  m a n u f a c t u r e r s '  c o n t r a c t s  
were ex tended .  Research  and development work w i l l  c o n t i n u e  th rough  
t h e  end o f  FY 1977, by which t ime  i t  is  expec ted  t h a t  t e c h n i c a l  f e a s i -  
b i l i t v  w i l l  have been demons t ra ted .  S e l e c t i o n  o f  " p r e f e r r e d w  growth 
methods f o r  f u r t h e r  development d u r i n g  FY.1978-80 is planned f o r  l a t e  
FY 1977 o r  e a r l y  FY 1978. By 1980, bo th  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 demons t ra ted  by i n d i v i d u a l  growth methods. 

F i g u r e  5-1 a l s o  i n d i c a t e s  t h e  r e c e i p t  o f  s i l i c o n  ' ' sheet"  samples  
and s o l a r  c e l l s  from t h e  v a r i o u s  growth-process  R&D programs. Shee t  
samples  a r e  now b e i n g  c h a r a c t e r i z e d  a t  JPL, w i t h  s o l a r  c e l l  e v a l u a t i o n  
t o  f o l l o w ,  

D. LARGE-AREA SILICON SHEET TASK TECHNICAL ACTIVITY 

1 .  S i l i c o n  Ribbon Growth: EFG Method - Mobil-Tyco 
S o l a r  Energy C o r p o r a t i o n  

The edge-def ined f i lm-fed  growth (EFG) t e c h n i q u e  i s  based on 
f e e d i n g  molten s i l i c o n  th rough  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 i g u r e  5-21. I n  t h i s  t e c h n i q u e ,  t h e  shape o f . t h e  r i b b o n  i s  determined 
by t h e  c o n t a c t  o f  mol ten s i l i c o n  w i t h  t h e  o u t e r  edge o f  t h e  d i e .  The 
d i e  i s  c o n s t r u c t e d  from m a t e r i a l  which i s  wet ted  by mol ten s i l i c o n  
(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 
e x t e n d i n g  t h e  c a p a c i t y  o f  t h e  EFG p r o c e s s  t o  a speed o f  7.5 cm/min 
and a width  o f  7 .5  cm. I n  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 b b o n s ,  t h e  program i n c l u d e s  ec0nomi.c 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 b b o n ,  p r o d u c t i o n  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  the rmal  and stress c o n d i t i o n s .  

During t h i s  q u a r t e r  Mobil-Tyco ach ieved  r o u t i n e  growth of 50 m 
wide r i b b o n s  a t  a  50 mm/min r a t e .  S u b s t a n t i a l  s t r e s s  r e d u c t i o n s  were 
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Table  5-1. Large-Area S i l i c o n  Shee t  Task Con t r ac to r s  

C o n t r a c t o r  Technology Area 

RIBBON GROWTH PROCESSES 

Mobil-Tyco, Waltham, Massachu- Edqe-defined , fi lm-fed growth 
set ts  

(JPL Con t r ac t  No. 954355) 

IBM, Hopewell J u n c t i o n ,  New York Edge-defined , fi lm-fed growth 
(JPL Con t r ac t  No. 954144) 

. R C A ,  P r i n c e t o n ,  New J e r s e y  
(JPL c o n t r a c t  No. 954465) 

Inve r t ed  ~ t e p a n o v  growth 

Univ. of So. C a r o l i n a ,  Columbia, Web-dendritic growth 
So. Ca ro l ina  
(JPL Con t r ac t  No. 954344) 

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

Laser  zone r ibbon growth 

SHEET GROWTH PROCESSES. 

Honeywell, Bloomington, Dip-coating o f  low-cost sub- 
Minnesota s t r a t e s  

(JPL Cont rac t  No. 954356) 

Rockwell, Anaheim, C a l i f o r n i a  Chemical vapor d e p o s i t i o n  on 
(JPL Cont rac t  No. 954372) low-cost s u b s t r a t e s  

. . 
General  E l e c t r i c ,  Schenectady, Chemical vapor d e p o s i t i o n  on 

N e w  York f l o a t i n g  s i l i c o n  s u b s t r a t e  
(JPL Con t r ac t  No. 954350) 

Univ. of  Pennsylvania ,  Ph i la -  Hot-forming o f  s i l i c o n  s h e e t  
d e l p h i a ,  Pennsylvania  

( JPL Cont rac t  No. 954506) 

INGOT GROWTH PROCESS 

C r y s t a l  Systems, Salem, 
Massachuset ts  

(JPL Con t r ac t  No. 954373) 

Heat-exchanger i n g o t  c a s t i n g  



T a b l e  5-1. Large-Area S i l i c o n  S h e e t  Task  C o n t r a c t o r s  
( C o n t i n u a t i o n  1 )  

C o n t r a c t o r .  Techno logy  Area 

INGOT CUTTING 

C r y s t a l  S y s t e m s ,  Salem, 
M a s s a c h u s e t t s  

(JPL C o n t r a c t  No. 954373) 

M u l t i p l e  wire sawing* 

V a r i a n ,  L e x i n g t o n ,  M a s s a c h u s e t t s  B r e a d k n i f e  s awing  
(JPL C o n t r a c t  No. 954374) 

* S i n g l e  c o n t r a c t  p r o v i d e s  f o r  b o t h  i n g o t  c a s t i n g  and  m u l t i p l e  wire 
sawing .  

a c c o m p l i s h e d  by i n c l u d i n g  a f t e r h e a t e r s  i n  t h e  g rowth  p r o c e s s .  D i f f i c u l t i e s  
have  a r i s e n  from t h e  i n c o r p o r a t i o n  o f  metall ic i m p u r i t i e s  i n t o  t h e  melt: 
The s o u r c e  h a s  been  i d e n t i f i e d  as t h e  r e s i s t a n c e  h e a t e r .  When a n  RF , 
h e a t e r  was u s e d ,  t h e  c o n t r a c t o r  n o t e d  a s u b s t a n t i a l  chanqe  i n  r i b b o n  
q u a l i t y ,  as i n d i c a t e d  by e lectr ical  pe r fo rmance .  

CAPILLARY . 

MOLTEN 
SILICON 

F i g u r e  5-2. C a p i l l a r y  D i e  G r o w t h  , 

(EFG and  CAST) - 
Mobil-Tyco and  IBM 



2. S i l i c o n  Ribbon Growth: CAST Method - IBM 
The c a p i l l a r y  a c t i o n  shaping technique  (CAST) i s  based on t h e  

same p r i n c i p l e  a s  EFG growth '(I?igure 5-2) ; i.e., i t  u t i l i z e s  a d i e  
c o n s t r u c t e d  from m a t e r i a l  which is  wetted by molten s i l i c o n .  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  o f  t h e  t e c h n i c a l  
and economic p o t e n t i a l  o f  CAST f o r  t h e  p repa ra t i on  o f  s i l i c o n  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  
effects 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 ibbon ,  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  per- 
formance; and ( 3 )  economic a n a l y s i s  o f  s i l i c o n  growth by t h i s  and o t h e r  
growth techniques .  

The IBM i n v e s t i g a t o r s  have been a b l e  t o  grow 50 mm wide r ibbons .  
During t h e  q u a r t e r  t hey  developed a  process  f o r  r o u t i n e l y  growing 
38 mm wide r i b b o n s  a t  3  cm/min wi th  almost  no s t r e s s e s .  The scale-up 
t o  a 50 mm dimension was delayed because o f  f a i l u r e s  o f  fu rnace  p a r t s  
and t h e  u n a v a i l a b i l i t y  o f  replacements.  C h a r a c t e r i z a t i o n  o f  t h e  r ibbons  
c o n t i n u e s  t o  i n d i c a t e  t h e  adverse  e f f e c t s  o f  d i s l o c a t i o n s ,  g r a i n  
boundar ies ,  and incohe ren t  twins ,  and t h e  r e l a t i v e  unimportance of  t h e  
cohe ren t  tw ins .  

3 .  S i l i c o n  Ribbon Growth: Inve r t ed  Stepanov Technique - RCA 

I n  t h i s  program emphasis is placed on developing a  technique 
f o r  growing ribbon-shaped s i l i c o n  using a  "nonwettedW d i e  (F igu re  5-3).  
The use  of t h e  "nonwettedn d i e  provides  t h e  p o s s i b i l i t y  of minimizing 

. t h e  r e a c t i o n  between t h e  molten s i l i c o n  and t h e  d i e  m a t e r i a l .  React ion 
between molten s i l i c o n  and wetted d i e s  i s  one sou rce  o f  degrada t ion  
i n  t h e  c r y s t a l l o g r a p h i c  q u a l i t y  o f  s i l i c o n  grown us ing  a  wetted d i e  
( i . e . ,  t h e  edge-defined fi lm-fed growth method). The i n t r o d u c t i o n  
o f  t h e  feed from above and t h e  growth o f  t h e  s i n g l e  crystal .  i n  a  downward 
d i r e c t i o n  ( t h e  i n v e r t e d  Stepanov technique)  i n  p a r t  compensates f o r  t h e  
hydrodynamic d rag  i n  t h e  s l o t  and f o r  t h e  l a c k  o f  c a p i l l a r y  r i s e .  
(The c a p i l l a r y  rise f e e d s  t h e  m a t e r i a l  t o  t h e  d i e  edge i n  t h e  EFG method.) 
The i n v e r t e d  geometry a l s o  l e a d s  t o  cons ide rab l e  f l e x i b i l i t y  i n  t h e  
growth c o n f i g u r a t i o n  when t h e  feed i s  in t roduced  from a  molten zone 
a t  t h e  end o f  a  s o l i d  s i l i c o n  rod. 

The primary o b j e c t i v e  o f  t h e  program i s  t o  i n v e s t i g a t e  t h e  b a s i c  
seed ing  and growth p roces se s  involved i n  t h e  growth o f  s i l i c o n  s h e e t  
from "nonwetted" d i e s .  The goa l  is  t o  e s t a b l i s h  whether o r  no t  s i g n i -  
f i c a n t  improvement i n  t h e  c r y s t a l l o g r a p h i c  p r o p e r t i e s  o f  t h e  s i l i c o n  
can be r e a l i z e d  by t h e  use  of  "nonwettedff r a t h e r  than "wetted" shaping 
d i e s .  S i l i c a  and boron n i t r i d e  shaping d i e s  w i l l  be used, Methods 
will be sought t o  compensate f o r  t h e  l a c k  o f  mechanical s t r e n g t h  o f  
s i l i c a  a t  t h e  growth temperature .  Although boron n i t r i d e  l e a d s  t o  
unacceptab le  doping o f  t h e  grown s i l i c o n  r i bbon ,  i t  i s  more r i g i d  than 
s i l i c a  and is t h e r e f o r e  u s e f u l  i n  t h e  i d e n t i f i c a t i o n  of  fundamental 
l i m i t i n g  f a c t o r s  i n  t h e  Stepanov growth method. 
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F i g u r e  5-3. Inverted Stepanov Technique - RC.A 

During t h e  q u a r t e r  RCA e x p e r i e n c e d  g r e a t  d i f f i c u l t y  u s i n g  t h e  
SiO2 d i e  ( F i g u r e  5-4).  T h i s  was a s s o c i a t e d  w i t h  t h e  e v o l u t i o n  o f  gases 
as t h e  r e s u l t  o f  r e a c t i o n  between s i l i c a  amd mol ten  s i l i c o n ,  y i e l d i n g  
mechanical  v i b r a t i o n  o f  t h e  m e l t  and e r r a t i c  w e t t i n g  b e h a v i o r .  RCA 
h a s  a l s o  t r i e d  a p p l y i n g  a mechanical  p r e s s u r e  d i f f e r e n t i a l  t o  f o r c e  
t h e  mol ten  s i l i c o n  th rough  t h e  d i e .  E f f o r t s  a r e  b e i n g  made t o  minimize  
o v e r h e a t i n g  o f  t h e  l i q u i d  s i l i c v r l  arid 3 i 0 2  die. A p~.ogl*am p l a n  change 
was i n i t i a t e d  w i t h  RCA t o  c o n s i d e r  d i f f e r e n t  d i e  m a t e r i a l s ,  e s p e c i a l l y  
t h o s e  i n v o l v i n g  c o a t i n g  t h e  d i e s  w i t h  CVD n i t r i d e  o r  CVD o x y - n i t r i d e ,  
t o  avo id  t h e  S i -S i02  i n t e r f a c e  and r e a c t i o n  p roduc ing  SiO gas .  A g r e a t  
d e a l  o f  work was done t o  model t h e  t h e r m a l  environment  o f  t h e  d i e .  

4. S i l i c o n  Ribbon Growth: Web-Dendritic Method - U n i v e r s i t y  
o f  South  C a r o l i n a  

.. ' 

Web-dendritic growth makes i t s  own g u i d e s  o f  s i l i c o n ,  whereas  
most o t h e r  r i b b o n  p r o c e s s e s  must r e l y  on m a t e r i a l s  o t h e r  t h a n  s i l i c o n  
f o r  t h e  g u i d e s  ( i . e . ,  d i e s )  ( F i g u r e  5-5).  The g u i d e s  are t h i n  d e n d r i t e s  
t h a t  grow ahead o f  t h e  s h e e t  and s u p p o r t  t h e  mol ten  s i l i c o n  between 
them t o  form t h e  s h e e t .  The d e n d r i t e  g u i d e s  grow i n  a v e r y  p r e c i s e  
o r * i e n t a t i o n  d i c t a t e d  by t h e i r  un ique  growth h a b i t .  Thus t h e  o r i e n t a t i o n  
o f  t h e  s h e e t  which grows between them t a k e s  on t h i s  p r e c i s e  o r i e n t a t i o n .  
The twin p l a n e  r e e n t r a n t  edge mechanism (TPREM) c o n t r o l s  t h e  growth 
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F i g u r e  5-4. Model 1 I S T  Growth Appara tus  - 
U n i v e r s i t y  o f  South  C a r o l i n a  

of t h e  edge d e n d r i t e s ,  g i v i n g  them t h e i r  un ique  and i n t e r n a l l y - c o n t r o l l e d  
growth d i r e c t i o n ,  a l l o w i n g  them t o  grow ahead of  t h e  s h e e t  and t h u s  
a c t  as g u i d e s .  

The b a s i c  s t e p s ,  t h e n ,  i n  web s h e e t  growth a r e  ( 1 )  d i p  a seed  
o f  t h e  p r o p e r  o r i e n t a t i o n  i n t o  a  s l i g h t l y  undercoo led  m e l t ,  ( 2 )  ho ld  
t h e  s e e d  s t a t i o n a r y  w h i l e  growth t a k e s  p l a c e  l a t e r a l l y  on t h e  s u r f a c e  

i 
o f  t h e  m e l t ,  fo rming  what i s  t e h e d  t h e  "bu t ton" ,  and ( 3 )  when t h e  la tera l  
growth has  proceeded t o  t h e  d e s i r e d  w i d t h ,  s t a r t  t h e  p u l l i n g .  A s  t h e  
p u l l i n g  p r o c e e d s ,  two c o p l a n a r  d e n d r i t e s - g r o w  downward from each end 
o f  t h e  b u t t o n ,  p r o p a g a t i n g  t o  a  d e p t h  o f  1-3 mm benea th  t h e  s u r f a c e  
o f  t h e  melt. A s  t h e  b u t t o n  and i t s  d e n d r i t e s  emerge from t h e  m e l t ,  
s i l i c o n  is  p u l l e d  up between them by s u r f a c e  t e n s i o n ,  and t h e  r e s u l t i n g  
s h e e t  s o l i d i f i e s  j u s t  above t h e  m e l t  s u r f a c e .  The un ique  o r i e n t a t i o n  
and s l i g h t  u n d e r c o o l i n g  t o  i n s u r e  f a c e t e d  growth g i v e  t h e  s h e e t  i t s  
a l m o s t  m i r r o r - f l a t  s u r f a c e  f i n i s h .  The o v e r a l l  g o a l  of t h i s  c o n t r a c t  
i s  t o  d e v e l o p  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  web-dendr i te  p r o c e s s  and 
d e f i n e  i n  g r e a t e r  d e t a i l  t h e  b a s i c  l i m i t a t i o n s  t o  t h e  p r o c e s s  ( e s p e c i a l l y  
t h e  maximum growth r a t e  and w i d t h ) .  

During t h i s  q u a r t e r ,  t h e  U n i v e r s i t y  o f  Sou th  C a r o l i n a  i n v e s t i g a t o r s  
i n t r o d u c e d  a major  change i n  f u r n a c e  geometry i n  t h e  form o f  an  aluminum 
p e d e s t a l  and improved h e a t  s h i e l d i n g .  ~ h e r m a l  p r o f i l e  measurements 
were made f o r  d i f f e r e n t  p o s i t i o n s  o f  t h e  h e a t i n g  c o i l  r e l a t i v e  t o  t h e  
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F i g u r e  5-5. Web-Dendritic Growth - U n i v e r s i t y  o f  
South  C a r o l i n a  

s u s c e p t o r ,  and growth r u n s  were a t t e m p t e d  a t  each  o f  t h e s e  p o s i t i o n s .  
Thermal measurements i n d i c a t e d  g r e a t e r  c o n t r o l  t h a n  p r e v i o u s  t h e r m a l  
p r o f i l e s  i n  t h e  mel t .  I n  growth s t u d i e s ,  t h e  f u r n a c e  was found t o  . 
be u n r e l i a b l e  because  o f  a  c u r r e n t - l i m i t i n g  r e s i s t o r .  When t h i s  was 
c o r r e c t e d ,  t h e  c o n t r a c t o r  was a b l e  t o  %row web-dendr i t i c  r i b b o n s  con- 
t a i n i n g  o n l y  two d e n d r i t e s ,  up t6 1 cw wide and 38 cm I n  l e n g t h .  
T h i s  was accomplished by modifying t h e  p o s i t i o n  o f  t h e  work c o i l  w i t h  
r e s p e c t  t o  t h e  s u s c e p t o r  and l i n e r .  

5 .  S i l i c o n  Ribbon Growth: L a s e r  Zone Growth i n  a 
Ribbon-to-Ribbon P r o c e s s  - Motorola 

The r ibbon- to - r ibbon  p r o c e s s  i s  b a s i c a l l y  a  f l o a t - z o n e  c r y s t a l  
growth method i n  which t h e  f e e d s t o c k  is  a p o l y c r y s t a l l i n e  s i l i c o n  r i b b o n  
( F i g u r e  5-6). The p o l y s i l i c o n  r i b b o n  i s  f e d  i n t o  a  p r e h e a t e d  r e g i o n  
which i s  a d d i t i o n a l l y  h e a t e d  by a  focused  l a s e r  beam, m e l t e d ,  and 
c r y s t a l l i z e d .  The l i q u i d  s i l i c o n  is  h e l d  i n  p l a c e  by i ts  own s u r f a c e  
t e n s i o n .  The shape  of t h e . r e s u l t i n g  c r y s t a l  i s  d e f i n e d  by t h e  s h a p e  
o f  t h e  f e e d s t o c k  and t h e  o r i e n t a t i o n  is  de te rmined  by t h a t  o f  a seed  
s i n g l e - c r y s  La1 rilsbot'l. 
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Figu re  5-6, Laser  Zone C r y s t a l l i z a t i o n  - Motorola 

Motorola has  e s t a b l i s h e d  a  r o u t i n e  process  f o r  producing 2.5 cm 
wide r i bbons  a t  a  22.5 mm/min r a t e .  The product ion  of wider r ibbons  
is l i m i t e d  by l a s e r  power and scanning frequency. JPL's c h a r a c t e r i z a t i o n  
of  t h e  r i bbons  is  proceeding on schedule .  

6. S i l i c o n  Shee t  Growth: Dip-Coating on Low-Cost 
S u b s t r a t e s  - Honeywell 

This program i s  d i r e o t e d  toward t h e  formation of  t h i n  s i l i c o n  
f i l m s  by withdrawing s u i t a b l y  prepared ceramic s u b s t r a t e s  from a  pool 
of  molten s i l i c o n  (F igu re  5-7).  Ceramics were s e l e c t e d  because o f  
t h e i r  s u p e r i o r  thermal  expansion match with s i l i c o n  and t h e  g r e a t e r  
e a s e  w i th  which t h i s  expansion may be a d j u s t e d .  The ceramics  a r e  coa ted  
wi th  a f i l m  of carbon o r  s i l i c o n  c a r b i d e  t o  enhance adhesion.  The 
concept  has been demonstrated prev ious ly .  The t o t a l  program inc ludes  
c o n s t r u c t i o n  of a  d ipp ing  f a c i l i t y ,  s e l e c t i o n  and eva lua t ion  of  s u b s t r a t e s  
and a s s o c i a t e d  c o a t i n g s ,  product ion of d i p  f i l m s  and t h e i r  c h a r a o t e r i z a t i o n  
by va r ious  s t r u c t u r a l ,  chemical ,  and s o l a r  c e l l  performance ,methods. 
The s o l a r  c e l l s  w i l l  r e q u i r e  some s p e c i a l i z e d  techniques  because o f  
t h e  nonconductive n a t u r e  of t h e  s u b s t r a t e .  
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F i g u r e  5-7. Cross -Sec t iona l  S k e t c h  o f  B a s i c  S h e e t  Dip 
Coat ing Growth F a c i l i t y  - Honeywell 

Var ious  s u b s t r a t e s  have been used t o  d a t e ,  i n c l u d i n g  m u l l i t e  I 

(2SiO2 3A12031, aluminum o x i d e ,  z i r con ium s i l i c a t e ,  c a l c i u m  a l u m i n a t e  ,' 
c a r b o n - s i n t e r e d  S i 0 2 ,  and p r e s s e d  f i b r o u s  i n s u l a t i o n .  The m u l l i t e  
s u b s t r a t e s  have proved t o  be  t h e  most s a t i s f a c t o r y  a n d ,  s i n c e  t h i s  
material o f f e r s  t h e  a d d i t i o n a l  advan tage  of b e i n g  low i n  c o s t ,  emphasis 
ha3 been p l a c c d  on i t o  uoe. 

Honeywel l ' s  s t u d i e s  t o  d e f i n e  t h e  p r o c e s s  p a r a m e t e r s  f o r  f i l m  
f o r m a t i o n  i n d i c a t e  t h a t  50-micron-thick l a y e r s  a r e  a v a i l a b l e  a t  8 ' ~  
above t h e  m e l t i n g  p o i n t ,  a t  a  p u l l i n g  r a t e  o f  6 cm/min. Higher  tem- 
p e r a t u r e s  o r  p u l l  r a t e s  t end  t o  r e d u c e  t h e  f i l m  t h i c k n e s s ,  and lower  
t e m p e r a t u r e s  produce d e n d r i t i c  growth.  Thermal tr imming was n o t  
e v a l u a t e d .  Contaminat ion o f  s i l i c o n  by t h e  m u l l i t e  s u b s t r a t e  is  sub- 
s t a n t i a l l y . r e d u c e d  when a g l a s s  ca rbon  c o a t i n g  is used on t h e  m u l l i t e .  
I n i t i a l  e f f o r t s  have been d i r e c t e d  toward improving s o l a r  c e l l  p r e p a r a t i o n  
and c h a r a c t e r i z a t i o n  c o n s i s t e n t  w i t h  a  r e c e n t l y - i s s u e d  c o n t r a c t  modi f i -  
c a t i o n  i n  t h a t  a r e a .  Data on small mesa-cons t ruc t ion  c e l l s  i n d i c a t e d  
raw d a t a  between 4% and 5% w i t h  c o r r e c t e d ' d a t a  a t  a b o u t  6% c o n v e r s i o n  
e f f i c i e n c y .  A p r o p o s a l  t o  expand and ex tend  t h i s  program was r e c e i v e d  
and reviewed.  It i s  expec ted  t h a t  agreement  on t h i s  a d d i t i o n a l  work ' 

w i l l  be r eached  i n  January, 



7. S i l i c o n  S h e e t  Growth: Chemical Vapor D e p o s i t i o n  on 
Low-Cost S u b s t r a t e s  - Rockwell I n t e r n a t i o n a l  

The p u r p o s e  o f  t h i s  c o n t r a c t  is  t o  e x p l o r e  t h e  chemica l  vapor  
d e p o s i t i o n  (CVD) method f o r  t h e  growth o f  s i l i c o n  s h e e t  on i n e x p e n s i v e  
s u b s t r a t e  materials ( F i g u r e  5-8).  A s  a p p l i e d  t o  s i l i c o n  s h e e t  g rowth ,  
t h e  method i n v o l v e s  p y r o l y s i s ,  o r  r e d u c t i o n ,  o f  a s u i t a b l e  s i l i c o n  
compound a t  e l e v a t e d  t e m p e r a t u r e  and a p p r o x i m a t e l y  a t m o s p h e r i c  p r e s s u r e .  
A l a b o r a t o r y - t y p e  CVD r e a c t o r  sys tem w i t h  a f low-through (open- tube)  
v e r t i c a l  d e p o s i t i o n  chamber is used f o r  t h e s e  i n v e s t i g a t i o n s .  The sub- 
s t ra te  i s  mounted on a s i l i c o n  c a r b i d e - c o a t e d  c a r b o n  p e d e s t a l  h e a t e d  
by an RF c o i l  e x t e r n a l  t o  t h e  chamber. The r e a c t o r  sys tem h a s  been 
e x t e n s i v e l y  m o d i f i e d  by i n s t a l l a t i o n  o f  mass f l o w  c o n t r o l l e r s ,  a u t o m a t i c  
p r o c e s s  sequence  timers, and s p e c i a l  be l lows-sea led  a i r - o p e r a t e d  v a l v e s .  
T h i s  sys tem,  which h a s  a c a p a c i t y  o f  30 cm2, i s  used a s  a r e s e a r c h  
v e h i c l e  i n  a n  a t t e m p t  t o  r e a c h  t h e  g o a l s  o f  100 pm g r a i n s  d e p o s i t e d  
20 t o  100 pm t h i c k  on i n e x p e n s i v e  s u b s t r a t e s . a t  r a t e s  up t o  5 pm p e r  
minu te .  
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F i g u r e  5-8. Chemical Vapor D e p o s i t i o n  on Low-Cost 
s u b s t r a t e s  - Rockwell I n t e r n a t i o n a l  



The p r o p e r t i e s  o f  t h e  s i l i c o n  s h e e t  a r e  d e t e r m i n e d ' b y  d e p o s i t i o n  
t e m p e r a t u r e ,  r e a c t a n t  c o n c e n t r a t i o n s ,  t h e  n a t u r e  o f  t h e  c a r r i e r  g a s ,  
t h e  s i l i c o n  s o u r c e  compound u s e d ,  growth r a t e ,  doping i m p u r i t i e s  (added 
by i n t r o d u c t i o n  o f  a p p r o p r i a t e  compounds i n t o  t h e  c a r r i e r  q a s  s t r e a m ) ,  
and , t h e  p r o p e r t i e s  o f  t h e  s u b s t r a t e .  

A number o f  two-step p r o c e s s e s  have been proposed i n  which t h e  
n u c l e a t i o n  and growth a r e  done under d i f f e r e n t  c o n d i t i o n s  i n  hopes  
o f  a c h i e v i n g  l a r g e r  g r a i n  s i z e .  The first o f  t h e s e  i n v o l v e d  d e p o s i t i n g  
a  t h i n  f u l l - c o v e r a g e  l a y e r  from SiH4 and t h e n  add ing  H C 1  t o  t h e  s t r e a m  
t o  p r e f e r e n t i a l l y  e t c h  t h e  s m a l l e r  g r a i n s ,  b u t  no d r a m a t i c  improvement 
was s e e n .  

During t h i s  q u a r t e r  Rockwell began e x p e r i m e n t s  u s i n g  t h e  second 
two-step p r o c e s s ,  i n  which a p a r t i a l - c o v e r a g e  l a y e r  o f  s i l i c o n  is  
d e p o s i t e d  and h y d r o c h l o r i c  a c i d  i s  t h e n  added t o  p r e v e n t  new n u c l e a t i o n .  
Under t h e  u s u a l  c o n d i t i o n s  used f o r  a lumina s u b s t r a t e s ,  t h a t  is, 1 0 2 5 ~ ~  
i n  hydrogen,  p a r t i a l  coverage  took  l e s s  t h a n  1 second o f  e x p o s u r e ;  
c o n s e q u e n t l y ,  t h e  p r o c e s s  c o n d i t i o n s  w i l l  be  changed t o  a l l o w  f o r  more 
c o n t r o l .  ~ u c l e a t i o n  i s  more c o n t r o l l a b l e  under  t h e  c o n d i t i o n s  used 
f o r  g l a s s ,  t h a t  is,  850°C i n  hel ium.  P a r t i a l  coverage  was t h e r e f o r e  
e a s i l y  a c h i e v e d ,  b u t  g l a s s  may n o t  s u r v i v e  t h e  s u b s e q u e n t  H C 1  treatment. 
The problem o f  t h e  c o n t a m i n a t i o n  i n t r o d u c e d  by some o f  t h e  g l a s s e s  
w i l l  be a d d r e s s e d .  'New c l e a n i n g  p rocedures  may s o l v e  i t .  N u c l e a t i o n  
s t u d i e s  o f  l a r g e - g r a i n  a lumina show n u c l e i  e v e n l y  d i s t r i b u t e d  on each  
g r a i n .  Annealing and H C 1  e t c h i n g  w i l l  now be used i n  a n  a t t e m p t  t o  
g e t  b i g g e r  n u c l e l ,  f u r t h e r  a p a r t .  An e x p e r i m e n t a l  c u r v e  o f  c a r r i e r  
c o n c e n t r a t i o n  vs .  doping l e v e l  t o  p o l y c r y s t a l l i n e  films shows a s h a r p ,  
n o n l i n e a r  i n c r e a s e  i n  c a r r i e r s  as dop ing  g o e s  from 1016 t o  1018 atoms/cm3. 
T h i s  d a t a  makes i t  p o s s i b l e  t o  p r e d i c t  t h e  r e q u i r e d  B2H6.flow rates 
f o r  d e s i r e d  s o l a r  c e l l  base  l a y e r  r e s i s t i v i t i e s .  

8. S i l i c o n  S h e e t  Growth: Chemical Vapor D e p o s i t i o n  on a F l o a t i n 3  
S i l i c o n  S u b s t r a t e  - Genera l  E l e c t r i c  

The purpose  o f  t h i s  c o n t r a c t  i s  t o  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  growing s i l i c o n  s h e e t  on a f l o a t i n g  s i l i c o n  s u b s t r a t e  ( F i g u r e  5 - 9 ) .  
I n  t h e  p r o c e s s  s i n g l e  c r y s t a l  s i l i c o n  i s  formed by d i r e c t  e p i t a x i a l  
c o n v e r s i o n  from gaseous  s i l a n e .  I n  a n  a p p r o p r i a t e  r e a c t o r ,  s i l a n e  
i s  passed  over  s i l i c o n  s u b s t r a t e  which i s  s u p p o r t e d  on a  t h i n  f i l m  
o f  mol ten  t i n .  S i n g l e  c r y s t a l  s i l i c o n  grows t o  t h e  d e s i r e d  t h i c k n e s s  
by vapor  phase  e p i t a x y .  N u c l e a t i o n  o f  f r e s h  s u b s t r a t e  s i l i c o n  t a k e s  
p l a c e  a t  .one end o f  t h e  r e a c t o r  where t h e  edge o f  t h e  growing s h e e t  
is  i n  c o n t a c t  w i t h  a r e g i o n  o f  t h e  t i n  which i s  s u p e r s a t u r a t e d  w i t h  
s i l i c o n .  The p r o c e s s  l e n d s  i t s e l f  t o  c o n t i n u o u s  o p e r a t i o n ,  wi.th t h e  . 

f i n i s h e d  s h e e t  be ing  withdrawn from t h e  o p p o s i t e  end o f  t h e  growth 
zone.  The major'  p o r t i o n  o f  t h e  program w i l l  f o c u s  on n u c l e a t i o n  s t u d i e s  
and t h e  r a p i d  growth o f  s i l i c o n  s u b s t r a t e  from s u p e r c o o l e d .  melts. 
These e f f o r t s  shou ld  l e a d  t o  a s h e e t  growth d e m o n s t r a t i o n  by t h e  end 
o f  t h e  f i r s t  c o n t r a c t  y e a r  and a  d e s i g n  and c o s t  a n a l y s i s  f o r  a p r o t o t y p e  , 
s h e e t  growth a p p a r a t u s  by c o n t r a c t  c l o s e .  



S e s s i l e  d rop  experiments  by GE t o  determine t h e  c a p a b i l i t i e s  
o f  v a r i o u s  t r a y  m a t e r i a l s  f o r  t h e  molybdenum suscep to r  were begun i n  
a h o r i z o n t a l  fu rnace .  Pre l iminary  experiments  wi th  t i n  drops on a 
s i l i c o n  s u b s t r a t e  i n  a "c leanu  atmosphere show i n d i c a t i o n s  of  s u r f a c e  
contamina t ion  a s s o c i a t e d  with t h e  s i l i c o n  and/or  t h e  t i n .  The first 
ser ia l  growth experiment  with t h e  new molybdenum suscep to r  was at tempted 
u s i n g  a q u a r t z  l i n e r .  The t i n  s u r f a c e ,  under a hydrogen atmosphere,  
appeared very  c l ean .  A seed was in t roduced  and growth was s u s t a i n e d  
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Figure  5-9. S i l i c o n  Sheet  Growth Through Chemical Vapor 
Deposi t ion on F loa t ing  S i l i c o n  S u b s t r a t e  - 
General  E l e c t r i c  



t o  abou t  11 mm. Advance e f f o r t s  were d i r e c t e d  a t  s e l e c t i n g  s e v e r a l  
m a t e r i a l s  f o r  u s e  as s u s c e p t o r  l i n e r s .  For  each  o f  t h e  materials 
s e l e c t e d ,  s e r i a l  growth. w i t h  hydrogen ambien t  w i l l  be a t t e m p t e d .  
Sessile d r o p  exper iments  w i t h  t i n  on s i l i c o n ,  s a p p h i r e ,  and s p i n e l  
s u b s t r a t e s  were c o n t i n u i n g .  There  was d e f i n i t e  e v i d e n c e  o f  a f i l m  
on t h e  t i n  d r o p  bo th  i n  t h e  hydrogen a tmosphere  and i n  vacuum. The 
f i l m  i s  s t a b l e  a t  t e m p e r a t u r e s  up t o  a b o u t  8 0 0 ' ~  and p r e v e n t s  normal 
i n t e r a c t i o n  o f  t h e  mol ten  t i n  w i t h  t h e  s u b s t r a t e .  A t  800° t o  9 0 0 ~ ~  
t h e  f i l m  b r e a k s  up a n d ,  i n  t h e  c a s e  o f  t h e  s i l i c o n  s u b s t r a t e ,  w e t t i n g  
o c c u r s .  The o r i g i n  and n a t u r e  o f  t h e  f i l m  was n o t  de te rmined .  

9 .  S i l i c o n  S h e e t  Growth: Hot-Forming o f  S i l i c o n  - 
U n i v e r s i t y  o f  Pennsy lvan ia  _ 

T h i s  c o n t r a c t  i s  des igned  t o  d e t e r m i n e  t h e  f e a s i b i l i t y  o f  h o t -  
forming s i l i c o n  i n  a  c o s t - e f f e c t i v e  manner. The p r o c e d u r e  t o  be  fo l lowed  
is  h i g h - s t r a i n - r a t e  ( ; > I ) ,  high-compression d e f o r m a t i o n  o f  s i l i c o n .  
From t h i s  i n f o r m a t i o n ,  one can  c o n s t r u c t  t h e  hot- forming diagram f o r  
s i l i c o n  and make some e x t r a p o l a t i o n s  of t h e  economics o f  t h e  p r o c e s s .  
The program a l s o  i n c l u d e s  e v a l u a t i o n s  o f  m e t a l l u r g i c a l  p r o p e r t i e s  such  
as hot- forming t e x t u r e ,  r e c r y s t a l l i z a t i o n  t e x t u r e  and g r a i n  s i z e ,  and 
o f  e l e c t r i c a l  p r o p e r t i e s .  

During t h e  q u a r t e r ,  t h e  U n i v e r s i t y  o f  Pennsy lvan ia  i n v e s t i g a t o r s  
performed s t r e s s / s t r a i n  r a t e  measurements,  e x t e n d i n g  t h e  measurements 
t o  a s t r a i n  r a t e  o f  13 cm/sec i n  a t e m p e r a t u r e  i n t e r v a l  o f  1 3 0 0 ~ ~  t o  
1 3 8 0 ~ ~ .  They obse rved  c r y s t a l l i t e  s i z e s  up t o  1  mm i n  r e c r y s t a l l i z a t i o n  
s t u d i e s  o f  samples  deformed a t  1 2 5 0 ~ ~ .  Based on t h e  p r e l i m i n a r y  r o l l i n g  
s c h e d u l e ,  a n  economic a n a l y s i s  was made. D i s c u s s i o n s  are now under  
way w i t h  a r o l l i n g  m i l l  manufac tu re r  t o  o b t a i n  f u r t h e r  economic d a t a .  
Enough d a t a  was o b t a i n e d  t o  p l o t  t h e  f i n a l  forming l i m i t  diagram. 
The d a t a  i n d i c a t e  t h a t  s i l i c o n  can  b e  deformed. The r e c r y s t a l l i z a t i o n  
s t u d i e s  have p r o g r e s s e d ,  b u t  t h e  d a t a  o b t a i n e d  t h u s  f a r  a r e  i n c o n c l u s i v e .  

10. I n g o t  Growth: Heal; Exchar~gel; Mel;hod - C r y s t a l  
Systems 

The Schmid-Vicchnicki  t e c h n i q u e  (hea t -exchanger  method) h a s  been 
developed t o  grow large s i n g l e - c r y s t a l  s a p p h i r e  ( F i g u r e  5-10).  Heat  
is  removed from t h e  c r y s t a l  by means o f  a h igh- tempera tu re  h e a t  exchanger .  
The h e a t  removal is  c o n t r o l l e d  by t h e  f low o f  hel ium g a s  ( t h e  c o o l i n g  
medium) t h r o u g h  t h e  h e a t  exchanger .  T h i s  e l i m i n a t e s  t h e  need f o r  mot ion 
o f  t h e  c r y s t a l ,  c r u c i b l e ,  o r  h e a t  zone. I n  e s s e n c e  t h i s  method i n v o l v e s  
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  m e l t  where t h e  t e m p e r a t u r e  g r a d i e n t  
i n  t h e  s o l i d  might  b e  c o n t r o l l e d  by t h e  h e a 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  f u r n a c e  t e m p e r a t u r e .  

. . 

The o v e r a l l  g o a l  o f  t h i s  program i s  t o  d e t e r m i n e  i f  t h e  h e a t -  
exchanger  i n g o t  c a s t i n g  method can  grow l a r g e  s i l i c o n  c r y s t a l s  ( 6  i n c h e s  
i r i  d ial i ieter  by 4 inches i n  h e i g h t )  i n  a  form o u i t a . b l e  f o r  t h e  e v e n t u a l  
f a b r i c a t i o n  o f  s o l a r  c e l l s .  T h i s  g o a l  is  t o  be  accomplished by t h e  
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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 i n  nearly ellipsoidal fashion. 
( ) Liquid-solid interface breaks liquid surface. (1) Crystal growth completed. 

F i g u r e  5-10. C r y s t a l  Growth Using t h e  Heat Exchanqer 
Method - C r y s t a l  Systems 

t r a n s f e r  o f  s a p p h i r e  growth t e c h n o l o ~ y  (50-pound i n q o t s  have a l r e a d y  
been g rown) ,  and t h e o r e t i c a l  c o n s i d e r a t i o n s  o f  s e e d i n ? ,  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 h e a t  f low f o r  s i l i c o n .  

During t h e  q u a r t e r  C r y s t a l  Systems e x p e r i e n c e d  c r a c k i n g  o f  c r u c i b l e s  
because  o f  t h e  t h e r m a l  expans ion  mismatch between t h e  s i l i c o n  and t h e  
s i l i c a  c r u c i b l e .  P r e l i m i n a r y  exper iments  u t i l i z i n g  s i l i c a  c o a t i n g s  
and 1 .5- inch-diameter  s i l i c a  c r u c i b l e s  p e r m i t t e d  s e p a r a t i o n  of t h e  
s i l i c o n  and t h e  s i l i c a  w i t h o u t  c r a c k i n g  t h e  s i l i c o n  d u r i n g  cool-down. 
For  l a r g e  d i a m e t e r  i n g o t s ,  s i n g l e  c r y s t a l l i n i t y  h a s  been ex tended  l a t e r a l l y  
t o  t h e  w a l l s .  Work i s  p r o g r e s s i n g  toward ( 1 )  o b t a i n i n g  s i n g l e  c r y s t a l  
growth and ( 2 )  e l i m i n a t i n g  t h e  c r a c k i n g  problem. I n c r e a s e d  s o l i d i f i c a t i o n  
r a t e s  f o r  i n g o t s  weighing up t o  2 .5  kg y i e l d e d  l a r g e r  a r e a s  o f  s i n g l e  
c r y s t a l l i n e  m a t e r i a l  compared t o  t h e  lower  s o l i d i f i c a t i o n  r a t e s  pre-  
v i o u s l y  used.  



11. I n g o t  C u t t i n g :  M u l t i p l e  Wiring Sawing - C r y s t a l  
Systems 

Today most s i l i c o n  i s  s l i c e d  i n t o  w a f e r s  w i t h  a n  i n s i d e  d i a m e t e r  
saw, one wafe r  a t  a time b e i n g  c u t  from t h e  c r y s t a l .  T h i s  i s  a  b i g  
c o s t  f a c t o r  i n  producing s o l a r  c e l l s .  The l e s s e r - u s e d  m u l t i b l a d e  s l i c e r  
can  be u t i l i z e d  t o  s l i c e  s i l i c o n .  The m u l t i b l a d e  s l i c e r  h a s  n o t  been 
developed f o r  t h e  semiconductor  i n d u s t r y  s i n c e  t h i s  method p roduces  
bow and t a p e r  u n a c c e p t a b l e  f o r  i n t e g r a t e d - c i r c u i t  a p p l i c a t i o n 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  o p t i m i z e  m u l t i b l a d e  
( w i r e )  s i l i c o n  s l i c i n g ,  i n v e s t i g a t i n g  t h e  f o l l o w i n g  p a r a m e t e r s  i n  
p a r t i c u l a r :  

( 1 )  R a t e  o f  m a t e r i a l  removal and k e r f  removal.  

( 2 )  S l i c e  t h i c k n e s s ,  w i r e  b l a d e  d imens ions ,  c u t t i n g  f o r c e s ,  
w i r e / b l a d e  t ens ion ' ,  and o t h e r  machine v a r i a b l e s .  

( 3 )  Wires v e r s u s  b l a d e s  a s  a  c u t t i n g  t o o l .  

( 4 )  V a r i a t i o n  o f  r o c k i n g  mot ion.  

( 5 )  I n t r o d u c t i o n  o f  a b r a s i v e  d u r i n g  s l i c i n g  o p e r a t i o n .  

( 6 )  E f f e c t  o f  s u r f a c e  c o n d i t i o n  o f  t o o l ,  i n c l u d i n g  
c o n s i d e r a t i o n  o f  h a r d n e s s  and method o f  p l a t i n g .  . 

( 7 )  E f f e c t  o f  diamond a b r a s i v e  p a r t i c l e  s i z e  and t y p e ;  

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

The s l i c i n g  o p e r a t i o n  employs a r o c k i n g  motion and u t i l i z e s  50 
& m i l  w i r e s .  These a r e  6-mil s t e e l  w i r e s  su r rounded  by a l-mil  copper  
s h e a t h ,  which i s  impregnated w i t h  diamond as a n  a b r a s i v e .  The s h a p e  
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  w i t h  t h e  copper  and s t e e l  i s  
a n  unknown v a r i a b l e  and w i i 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  wires 
w i t h i n  a  m u l t i p l e  w i r e  package a r e  e q u i t e n s i o n e d  by t h e  u s e  o f  a  s i n g l e  
j i g  i n  t h e  form o f  a weaving machine. 

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 independen t  v a r i a b l e s  a r e  f eed  f o r c e ,  s p e e d ,  r o c k i n g  a n g l e ,  and 
phase  a n g l e ;  t h e  dependent  v a r i a b l e s  a r e  c u t t i n g  rate,  d e f l e c t i o n ,  
d e g r a d a t i o n  o f  diamond, and c u t  p r o f i l e  o f  y v e r s u s  x. 

During t h e  q u a r t e r ,  12 s l i c i n g  r u n s  were completed w i t h  new w i r e  
g u i d e s  and s u p p o r t  sys tem.  I n c r e a s i n g  t h e  diamond c o n c e n t r a t i o n s  
by a  f a c t o r  o f  2  h a s  p e r m i t t e d  a  l a r g e  i n c r e a s e  i n  w i r e  l i f e .  Copper- 
p l a t e d  w i r e s  w i t h  i n c r e a s e d  diamond c o n c e n t r a t i o n s  were a l s o  u t i l i z e d ,  
and improved b l a d e  l i f e  was a p p a r e n t .  Blade wander was i d e n t i f i e d  
a s  a  major problem. 



12. I n g o t  C u t t i n g :  B r e a d k n i f e  Sawing - Var ian  C o r p o r a t i o n  

The p u r p o s e  o f  t h i s  c o n t r a c t  i s  t o  deve lop  a m u l t i p l e - b l a d e  sawing 
p r o c e s s  t h a t  w i l l  s i g n i f i c a n t l y  r e d u c e  t h e  c o s t  o f  c u t t i n g  w a f e r s  from 
i n g o t s  o r  b l o c k s  o f  s i n g l e  c r y s t a l  s i l i c o n  f o r  s o l a r  c e l l  f a b r i c a t i o n  
and h a s  t h e  p o t e n t i a l  t o  be s c a l e d  up f o r  e v e n t u a l  l a r g e  p r o d u c t i o n  
env i ronments .  The major  p o r t i o n  o f  t h e  program c o n s i s t s  o f  a s y s t e m a t i c  
e x p e r i m e n t a l  i n v e s t i g a t i o n  o f :  

( 1 )  V a r i a t i o n  i n  c u t t i n g  l o a d s .  

(2) Speed o f  s l i c i n g  head.  

( 3 )  Blade  d imens ions .  

( 4 )  A b r a s i v e ,  s i z e ,  and c o n c e n t r a t i o n s .  

( 5 )  B l a d e  m a t e r i a l  p r o p e r t i e s  and c o s t s .  

( 6 )  L u b r i c a n t s .  

( 7 )  Specimen mount ings .  

Dur ing t h e  r e p o r t  p e r i o d ,  Var ian  r a n  6 0 0 - g r i t  boron c h l o r i d e  
c u t t i n g  t e s t s  under  s t a n d a r d  c o n d i t i o n s .  C u t t i n q  t i m e  was reduced  
by a b o u t  30% b u t  s i d e  l o s s e s  were v e r y  h i g h  ( a p p r o x i m a t e l y  0.008 cm). 
S l i c e  a c c u r a c i e s  were comparable  t o  similar s i l i c o n  c a r b i d e  s t u d i e s .  
When t h e  s l u r r y  f l o w  ra te  was i n c r e a s e d  by 5  l i t e r s / s e c ,  t h e  s l i c i n g  
t y p i c a l l y  r e s u l t e d  i n  <0.005 cm s i d e  l o s s ,  w i t h  f a i r  s l i c e  a c c u r a c y .  
E x p e r i m e n t s ' i n  which t h e  s l i d i n g  speed was reduced  by one-ha l f  showed 
t h e  c u t t i n g  s p e e d  t o  be reduced by s l i g h t l y  more t h a n  one-ha l f .  How- 
e v e r ,  s l i c e  a c c u r a c y  and b l a d e  wear were t h e  b e s t  y e t  a t t a i n e d .  C u t t i n g  
e x p e r i m e n t s  w i t h  4-mil b l a d e s  c o n t i n u e d  t o  have d i f f i c u l t y .  

13. J P L  In-House A c t i v i t i e s  

a .  J P L  R e f r a c t o r v  M a t e r i a l s  Proaram. The o b j e c t i v e  o f  t h i s  
program i s  t o  make a  p r e l i m i n a r y  e v a l u a t i o n  o f  t h e  c o m p a t i b i l i t y  o f  
s e l e c t e d  h i g h  t e m p e r a t u r e  r e f r a c t o r y  m a t e r i a l s  w i t h  mol ten  s i l i c o n .  
The program i n v o l v e s  t h e  measurement o f  w e t t i n g  a n g l e s  o f  s e s s i l e  d r o p s  
o f  mol ten  s i l i c o n  on s e l e c t e d  r e f r a c t o r i e s .  Approximate ly  50 s e s s i l e  
d r o p  e x p e r i m e n t s  w i l l  be conducted t o  p r o v i d e  a b a s i c  c o r e  o f  d a t a ,  
and t o  p e r m i t  c o n c l u s i o n s  t o  be drawn c o n c e r n i n g  t h e  i n f l u e n c e  o f  p h y s i c a l  
and chemica l  v a r i a b l e s  o f  t h e  r e f r a c t o r i e s .  

The b a s i c  e x p e r i m e n t s  be ing  conducted i n v o l v e  measur ing t h e  c o n t a c t  
C 

a n g l e  o f  d r o p s  o f  mol ten  s i l i c o n  on s o l i d  s u b s t r a t e s  a t  a  t e m p e r a t u r e  
j u s t  above t h e  m e l t i n g  t e m p e r a t u r e  o f  s i l i c o n .  A pho tograph ic  sys tem 
is  u t i l i z e d  t o  p e r m i t  a c t u a l  measurements t o  be  made from a s e r i e s  
o f  pho tographs  d e p i c t i n g  p r e - s e l e c t e d  t ime  and t e m p e r a t u r e  c o n d i t i o n s .  
These  pho tographs  s e r v e  as permanent r e c o r d s  and r e c o r d s  f o r  compar ison 
where some m o d i f i c a t i o n s  a r e  made, such  a s  a changed a tmosphere ,  i n  
o t h e r w i s e  i d e n t i c a l  t e s t  c o n d i t i o n s .  



During t h e  q u a r t e r ,  JPL performed 10 s e s s i l e  drop experiments  
with s u b s t r a t e  m a t e r i a l s  of reaction-bonded s i l i c o n  n i t r i d e ,  hot-pressed 
boron n i t ~ i d e ,  g l a s s y  carbon,  m u l l i t e ,  and b lack  g l a s s .  The b lack  
g l a s s  samples d i d  no t  maintain a  f l a t  s u r f a c e  geometry a t  t e s t  t empera tures  
of 1430 + 15'~.  E f f o r t s  t o  s o l v e  t h e  problem a r e  con t inu ing .  Exce l l en t  
photographic  r e s u l t s  have been obtained f o r  a l l  o t h e r  samples.  

b. JPL S t r u c t u r a l  and E l e c t r i c a l  C h a r a c t e r i z a t i o n .  During 
t h e  q u a r t e r  cons ide rab l e  work was done i n  t h i s  a r e a  a t  JPL. A 37 mm 
wide CAST r ibbon  from IBM was eva lua ted  f o r  r e s i s t i v i t y  un i fo rmi ty  
both on t h e  s u r f a c e  and i n  a  t r a n s v e r s e  s e c t i o n .  A s e c t i o n  o f  r ibbon  
was eva lua ted  t h a t  was formed by remel t ing  CAST r ibbon  i n  t h e  laser 
zone mel t ing  f a c i l i t y  a t  Motorola. A d e t a i l e d  i n v e s t i g a t i o n  o f  t h e  
s t r u c t u r e  of  RTR r ibbons  grown with p o l y s i l i c o n  f eeds tock  was performed. 
Reports  were prepared from eva lua t ions  of  q u a n t i t a t i v e  microscopy 
a s  a  t o o l  f o r  c h a r a c t e r i z i n g  s i l i c o n  r ibbon ,  and of t h e  Bond technique  
f o r  measuring s t r e s s  i n  s i l i c o n  r ibbons.  

c .  I n a o t  Technoloav. It now appea r s ,  from an economic a n a l y s i s  
performed by JPL, t h a t  i ngo t  technology has  e x c e l l e n t  p o t e n t i a l  f o r  
producing low-cost s i l i c o n ,  provided t h a t  c u r r e n t  e f f o r t s  t o  reduce  
c r u c i b l e  and machine c o s t s  succeed,  o r , .  i n  o t h e r  words, provided t h a t  
t h e  technology f o r  cont inuous i n g o t  growth i s  developed and t h e  wafer ing ,  
g o a l s  p r e s e n t l y  s e t  f o r  mul t ib lade  and mu l t iw i r e  sawing a r e  achieved.  



SECTION V I  

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  d e v e l o p  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  s y s t e m  t h a t  h a s  a  d e m o n s t r a t e d  h i g h  
r e l i a b i l i t y  and a 20-year  l ifetime e x p e c t a n c y  i n  t e r res t r i a l  e n v i r o n -  
men t s ,  and  i s  c o m p a t i b l e  w i t h  t h e  low-cos t  o b j e c t i v e s  of t h e  P r o j e c t .  

The s c o p e  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  d e v e l o p i n g  t h e  t o t a l  
s y s t e m  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  d e g r a d i n g  effects  of t e r r e s t r i a l  
e n v i r o n m e n t s .  The most  d i f f i c u l t  t e c h n i c a l  problem i s  e x p e c t e d  t o  be 
d e v e l o p i n g  t h e  e l e m e n t  o f  t h e  e n c a p s u l a t i o n  s y s t e m  f o r  t h e  s u n l i t  s i d e ;  
t h i s  e l e m e n t  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  f rom a d v e r s e  e n v i r o n m e n t s .  I n  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 are a n t i c i p a t e d  a t  i n t e r f a c e s  be tween 
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  s y s t e m ,  between t h e  e n c a p s u l a t i o n  
s y s t e m  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  encapsu -  
l a t i o n  s y s t e m  is  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 l e m e n t  f o r  t h e  rear s i d e  ( i . e . ,  t h e  s i d e  o p p o s i t g  
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  s y s t e m  w i l l  b e  b a s e d  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  s y s t e m  and w i t h  t h e  s o l a r  c e l l s .  

Depending  on t h e  f i n a l  s o l a r  a r r a y  d e s i g n  i m p l e m e n t a t i o n ,  t h e  
e n c a p s u l a t i o n  s y s t e m  may a l s o  s e r v e  o t h e r  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  p r o v i d i n g  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  are b e i n g  k e p t  open as t o  what  form t h e  
t r a n s p a r e n t  e l e m e n t  o f  t h e  e n c a p s u l a t i o n  s y s t e m  w i l l  t a k e  - g l a s s  o r  
polymer s h e e t ,  polymer f i l m ,  s p r a y a b l e  po lymer ,  c a s t a b l e  po lymer ,  e t c .  
The t r a n s p a r e n t  e l e m e n t  may c o n t a i n  more t h a n  o n e  material and may be 
i n t e g r a l  w i t h  t h e  p h o t o v o l t a i c  d e v i c e ,  o r  be bonded t o  i t ,  o r  i n s t a l l e d  
as a window o r  l e n s  remote  f rom t h e  d e v i c e .  

A.  TECHNICAL EACKGROUND 

P h o t o v o l t a i c  d e v i c e s  . ( s o l a r  c e l l s )  and t h e  a s s o c i a t e d  e l e c t r i c a l  
conductors which t o g e t h e r  c o n s t i t u t e  s o l a r  a r r a y s  must be p r o t e c t e d  
from e x p o s u r e  t o  t h e  env i ronmen t .  E x p o s u r e  would c a u s e  s e v e r e  
degradation o f  e l e c t r i c a l  pe r fo rmance  as a r e s u l t  o f  c o r r o s i o n ,  
c o n t a m i n a t i o n ,  and mechan ica l  damage. 

I n  t h e  p a s t ,  t e s t e x p e r i e n c e  by government  o r g a n i z a t i o n s  and  
i n d u s t r y  h a s  c o n f i r m e d  t h a t  s p a c e c r a f t  s o l a r  a r r a y s  a r e  p o o r l y  d e s i g n e d  
t o  s u r v i v e '  t h e  e a r t h  env i ronmen t .  A r r a y s  d e s i g n e d  f o r  t e r r e s t r i a l  u s e  
have  shown mixed r e s u l t s .  These  r e s u l t s ,  and a n a l y s e s  pe r fo rmed  as 
p a r t  of t h i s  t a s k ,  s u g g e s t  t h a t  l o n g - l i f e ,  low-cos t  e n c a p s u l a t i o n  i s  
p o s s i b l e  u n d e r  t e r r e s t r i a l  c o n d i t i o n s ;  however ,  a t  p r e s e n t ,  s u c c e s s f u l  
p r o t e c t i o n  f rom d e g r a d a t i o n  by t h e  env i ronmen t  is  a s s o c i a t e d  w i t h  
e n c a p s u l a t i o n  materials and p r o c e s s i n g  c o s t s  which a r e  e x c e s s i v e  f o r  



l a r g e - s c a l e ,  low-cost use .  Thus, an accep tab l e  encapsula t ion  system - 
one t h a t  p o s s e s s e s  t h e  r equ i r ed  q u a l i t i e s  and is  compatible  wi th  low- 
c o s t ,  high-volume s o l a r  a r r a y  p roces s ing  - has  y e t  t o  be developed. 

B. ORGANIZATION AND COORDINATION OF THE ENCAPSULATION TASK EFFORT 

The approach  being used t o  ach i eve  t h e  o v e r a l l  o b j e c t i v e  o f  t h e  
Encapsu la t i on  Task i n c l u d e s  an a p p r o p 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  w i l l  be 
conducted t o  a s s u r e  t ime ly  accomplishment of  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  and t h e  JPL in-house e f f o r t s  c o n s i s t  
p r i m a r i l y  o f  a  s y s t e m a t i c  assessment and documentation of  t h e  fo l lowing  
items : 

( 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  
expe r i ence  wi th  t h e  encapsu la t i on  of  s i l i c o n  and o t h e r  
semiconductor  devices  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  encapsu la t i on  system must 
w i th s t and .  

( 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  
improvement of  p o t e n t i a l  encapsulan t  m a t e r i a l s  and 
p roces se s .  

( 4 )  T e s t  .and a n a l y t i c a l  methods r equ i r ed  t o  e v a l u a 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  of  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 s  o f  t h i s  e f f o r t  w i l l  t hen  be used t o  s p e c i f i c a l l y  d e f i n e  
a d d i t i o n a l  r e s e a r c h ,  development, and e v a l u a t i o n  r equ i r ed  du r 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  s o l v i n g  t h e  
e n c a p s u l a t i o n  system problem w i l l  be sought  and eva lua ted .  For example, 
Phase I w i l l  i n c l u d e  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 c a l l y - b o n d e d  i n t e g r a l  g l a s s  cove r s  a s  p a r t  of  t h e  encapsula-  
t i o n  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 con- 
duc ted  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  
encapsu la t i on  s y s t e m s  and then v e r i f y  t h e  expected l i f e t i m e  and re l i -  
a b i l i t y  of t h e s e  systems. Depending on t h e  r e s u l t s  of  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 n c l u d e  an a p p r o p r i a t e  combination 
o f  some of t h e  fo l l owing  i tems:  

( 1 )  Eva lua t e ,  develop,  and/or  modify t e s t  and a n a l y t i c a l  
methods and then v a l i d a t e  t h e s e  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 ,  u s i n g  t h e s e  
methods t o  e v a l u a t e  c a n d i d a t e s  and d e m o n s t r a t e  t h e  
r e l i a b i l i t y  o f  e n c a p s u l a t i o n  sys tems .  

( 3 )  Modify m a t e r i a l s  and p r o c e s s e s  used i n  e n c a p s u l a t i o n  
s y s t e m s  t o  improve au tomat ion  and c o s t  p o t e n t i a l .  

( 4 )  . lvlodify p o t e n t i a l  e n c a p s u l a t i o n  sys tem m a t e r i a l s  t o  o p t i m i z e  
m e c h a n i c a l ,  the rmal  and a g i n g  p r o p e r t i e s .  

(5) Implement r e s e a r c h  and development on new e n c a p s u l a n t  
m a t e r i a l s .  

ENCAPSULA'IION TASK CONTRACTS 

E n c a p s u l a t i o n  Task c o n t r a c t s  a r e  shown i n  T a b l e  6-1. I n  a d d i t i o n ,  
P r o f e s s o r  C h a r l e s  Rogers ,  Department o f  Macromolecular S c i e n c e ,  Case  
Western Rese rve  U n i v e r s i t y ,  s e r v e s  as a  c o n s u l t a n t  t o  t h i s  t a s k  ( J P L  
C o n t r a c t  No. 954738).  D r .  Rogers i s  a s p e c i a l i s t  i n  polymer c h a r a c t e r -  
i s t i c s  and a g i n g  a s  w e l l  a s  t h e  f i e l d  o f  d i f f u s i o n  th rough  polymers .  
He s e r v e s  a s  a  t e c h n i c a l  s p e c i a l i s t  and a l s o  p r o v i d e s  a s s i s t a n c e  i n  
d e f i n i n g  t h e  o v e r a l l  scope  and d i r e c t i o n  o f  t h e  t a s k  a c t i v i t i e s .  He 
w i l l  a l s o  implement s e l e c t e d  s u p p o r t i n g  e x p e r i m e n t a l  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.  

C o n t r a c t u a l  n e g o t i a t i o n s  i n  p r o g r e s s  i n c l u d e  follow-on c o n t r a c t s  
t o  t h e  f o u r  major  c o n t r a c t o r s ,  a  c o n t r a c t  w i t h  t h e  Rockwell S c i e n c e  
C e n t e r  t o  s t u d y  t h e  s u r f a c e  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 .  a  c o n t r a c t  
w i t h  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  d e v e l o p i n g  a n t i r e f l e c t a n c e  c o a t i n g s  f o r  g l a s s ,  and a  c o n t r a c t  w i t h  
Endurex o f  Mesqu i t e ,  Texas,  t o  s t u d y  i o n  p l a t i n g  c o a t i n g  t e c h n i q u e s .  
A l l  o f  t h e  above c o n t r a c t s  a r e  schedu led  f o r  e x e c u t i o n  i n  t h e  t h i r d  and 
f o u r t h  q u a r t e r s  o f  FY 1977. 

I n  a d d i t i o n ,  c o n s i d e r a b l e  e f f o r t  h a s  been expended i n  p r e p a r i n g  
. twu Phase  I1 stateuie~lts of work. These are e s s e n t i a l l y  comple te ,  but 
may b e  h e l d  up pending r e l e a s e  o f  t h e  B a t t e l l e  Study 4 r e p o r t  on l i f e  
p r e d i c t i o n  methodology.  

D. ENCAPSULATI'ON TASK TECHNICAL ACTIVITY 

The sequence  of  E n c a p s u l a t i o n  Task t e c h n i c a l  a c t i v i t i e s  is  shown 
i n  F i g u r e  6-1. 



T a b l e  6-1. E n c a p s u l a t i o n  Task C o n t r a c t o r s  

, C o n t r a c t o r  Technology Area 

B a t t e l l e  Memorial I n s t i t u t e  Study 1: l d e n t i f i c a t i o n  o f  
Columbus, Ohio  c a n d i d a t e  e n c a p s u l a n t  m a t e r i a l s  
(JPL C o n t r a c t  No. 954328) based on a  r ev iew o f  ( a )  world-. 

wide e x p e r i e n c e ,  w i t h  e n c a p s u l a n t  
sys tems  f o r  s i l i c o n  s o l a r  c e l l s  
and r e l a t e d  d e v i c e s  and (b) t h e  
p r o p e r t i e s  o f  o t h e r  a v a i l a b l e  
m a t e r i a l s .  

S tudy 2: D e f i n i t i o n  o f  env i ron-  
menta l  c o n d i t i o n s  f o r  q u a l i f y i n g  
e n c a p s u l a n t  m a t e r i a l s .  

S tudy  3:  E v a l u a t i o n  o f  encapsu- 
l a n t  m a t e r i a l  p r o p e r t i e s  and 
t e s t  methods. 

Study 4: A n a l y s i s  of  a c c e l e r a t e d /  
a b b r e v i a t e d  e n c a p s u l a n t  t e s t  
methods. 

Rockwell  international Exper imenta l  e v a l u a t i o n  o f  a c c e l e r -  
Anaheim, C a l i f o r n i a  a t e d / a b b r e v i a t e d  e n c a p s u l a n t  t e s t  
(JPL C o n t r a c t  No. 954458) methods. 

S i m u l a t i o n  P h y s i c s  E l e c t r o s t a t i c a l l y - b o n d e d  g l a s s  
B u r l i n g t o n ,  M a s s a c h u s e t t s  c o v e r s .  
(JPL C o n t r a c t  No. 954521 ) 

S p r i n g b o r n  L a b o r a t o r i e s  Polymer p r o p e r t i e s  and a g i n g .  
( f o r m e r l y  DeBel l  and ~ i c h a r d s o n  ) 
k n f i e l d ,  C o n n e c t i c u t  
(JPL C o n t r a c t  No. 954527) 

1 .  S tudy  1:  I d e n t i f i c a t i o n  o f  Cand ida te  E n c a p s u l a n t  M a t e r i a l s :  
Uorldwide E x p e r i e n c e  and A v a i l a b l e  M a t e r i a l s  - B a t t e l l e  

Work on t h i s  s t u d y  was completed d u r i n g  t h e  Apr i l - June  1976 
q u a r t e r .  l h e  f i n a l  r e p o r t  was d i s t r i b u t e d  d u r i n g  t h e  p r e s e n t  r e p o r t  
p e r i o d  (Review 'of World E x ~ e r i e n c e  and P r o ~ e r t i e s  o f  M a t e r i a l s  f o r  
E n c a ~ s u l a t i o n  o f  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 ,  Repor t  No. 
ERDA/JPL-954328-76/4, B a t t e l l e  Columbus L a b o r a t o r i e s ) .  I n  t h e  c o u r s e  
o f  t h e  s t u d y  o v e r  1000 documents were rev iewed ,  o u t  o f  approx imate ly  
6000 i d e n t i f i e d  i n . v a r i o u s  l i t e r a t u r e  s e a r c h e s .  These  documents r e l a t e  
p r i m a r i l y  t o  worldwide e x p e r i e n c e  i n  e n c a p s u l a t i o n  i n  v a r i o u s  k i n d s  o f  



Figure 6-1. Encapsulation Task Schedule 

ACTIVITY 

IDENTIFICATION OF CANDIDATE 
ENCAPSULANT MATERIALS - BATTELLE 

DEFINITION OF ENVIRONMENTAL 
CONDITIONS FOR QUALIFYING 
ENCAPSULANT MATERIALS - BATTELLE 

EVALUATION OF ENCAPSULANT 
MATERIAL PROPERTIES AND TEST 
METHODS - BATTELLE 

ANALYSIS OF ACCELERATED / 
ABBREVIATED ENCAPSULANT TEST 
METHODS - BATTELLE 

EXPERIMENTAL EVALUATION OF 
ACCELERATED /ABBREVIATED 
ENCAPSULANT TEST METHODS - 
ROCKWELL 

ELECTROSTATICALLY - BONDED GLASS 
COVERS - SIMULATION PHYSICS 

POLYMER PROPERTIES AND A G I N G  - 
. DeBELL A N D  RICHARDSON 

IDENTIFICATION AND/OR DEVELOPME~JT 
OF ONE OR MORE POTENTIALLY SUITABLE 
ENCAPSULATION SYSTEMS; VERIFY 
EXPECTED LIFETIME AND RELIABILITY 

devices and the terrcotrial uoo of transparent rnat.r?rial s. Specific 
references on appropriate materials and their'properties were also 
included. No one or group of outstanding candidate encapsulant 
materials was identified from this effort. The lack of definition of 
module design implementation requirements precluded specific identifica- 
tion of leading candidates. The information gathered will provide the 
basis for candidate selection as module design requirements are 
defined . 
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2. Study 2: Definition of Environmental Conditions for Qualifying 
Encapsulant Materials - Battelle 
kork on this study was completed during the April-June 1976 

quarter. The final report was distributed during the present report per- 
# .  iod (Terrestrial,._Srvice E n v u  .. ~..r!m.ent.~ ...~-QE.--, hi L 

~~~~/JP~-95432&-76/5, Battelle Columbus Laboratories). The study was 
' concerned with developing an understanding of the environments which 



the module must withstand. Real-time field testing to the 20-year 
lifetime is obviously impossible; testing in a wide variety of 
locations is-impractical; and materials selection to unrealistic 
environmental requirements would prove excessively costly. The validity 
of extrapolating available aging data, laboratory test data, or field 
test data to 20 years in a particular environment depends on the 
relationship of the test environment to that of the longer period. 

The decision as to whether to seek a single encapsulant suitable 
for all possible locations or several climate-unique designs depends on 
many factors including production, economics, etc. In either case, a 
knowledge of the various environments is essential to such a decision. 

3. Study 3: Evaluation of Encapsulant Materials Properties and 
Test Methods - Battelle 
Results of the analysis of the world experience with existing 

modules (Study 1) indicate that major problems have been encountered 
with materials interactions and interfaces, and these problems have 
been more important than changes in bulk properties of materials. 
Experience has shown that many module failures occur, for instance, at 
the seals attaching the bottom cover to the top cover and at interfaces 
forming the seal of the electrical leads to the protective covers. 
Further encapsulation system developments depend significantly on - 
finding solutions to the seal and other interface problems. Thus. a 
substantial portion of the Study 3 effort during the quarter was 
directed toward investigating the materials properties involved in 
these problems. The environmental parameters of first concern are 
ultraviolet radiation, temperature (including temperature cycling), and 
relative humidity. 

For purposes of reporting, the efforts of Study 3 are organized 
into studies of polymeric materials and studies of glass materials. 
This division is somewhat arbitrary because many of the encapsulation 
concepts employing glass (as the top cover) employ polymeric materials 
as well. 

a. Polvmeric Materials Studies 

Bond-Strenath Measurements 

The principal efforts have been directed toward screening 
adhesives and sealants for use with candidate encapsulants. To date, 
tests with several candidate adhesives have determined the effects on 
bond strength of exposures to ultraviolet radiation and temperature 
cycling. Teflon FEP and weatherable Mylar films (which were the first 
materials received) were used in the tests. Measurements of water 
permeation rates for adhesive/film composites were made. 

~a~-she.ar specimens (2.54 X 12.7-cm strips) of the selected film 
materials were used in the bond-strength measurements. (Two of these 
strips are used for each lap-joint.) Bond-strength.measurements were 



made on lap-shearspecimens after they had been exposed to a potentially 
degrading environment (ultraviolet radiation or temperature cycling). 
The ultraviolet radiation was provided by a 6000-watt xenon lamp; the 
temperature-cycling was carried out in a commercial environmental 
chamber, in which the temperature was cycled in the range -40 to +90°C 
over a 4-hour cycle time. 

hater Va~or Transmission Rate Measurements 

Experience to date with the encapsulation of photovoltaic modules 
with polymeric materials indicates that water vapor is one of the 
important contaminants affecting the service life of the enclosed solar 
cells. The rate of water vapor transmission (WVTR) through films/adhesives 
is being studied through the use of a film pouch (or "pillow pack"). 
Pouches were used for measuring WVTR before and after temperature cycling 
(-40 to +90°C) and after ultraviolet exposure for 500 and 1000 hours. 

The pouches were prepared* by bonding three sides, inserting the 
desiccant (10 grams of Drierite), and sealing the fourth side. Tempera- 
ture cycling and ultraviolet exposures of the test pouches were 
carried out prior to adding'the desiccant and sealing the fourth side. 
Following preparation, the pouches were placed in a closed environment . 
in which the relative humidity was 95% and the temperature 23OC. 
Periodically, the pouches were removed from the environment and 
weighed. 

In all experiments to date, the weight increase has been a linear 
function of exposure time. Thus, the slope of the weight-time relationship 
is proportional to the water vapor transmission rate. 

Photon Emission M e a s u r m  

Measurements of photon emissions from materials owing to oxidation 
reactions (chemiluminescence) have been made to determine if such 
measurements can be used as a diagnostic tool to evaluate degradation 

f rates.. Initial measurements have been made on specimens in 
which Mylar and FEP films were used as the sandwich material; RTV-118 
and Scotch Weld 2216 B/A were the adhesives. Exposures have included 
ultraviolet radiation and temperature cycling of the type described 
previously. Actual measurements (photon counting) were made in an air 
enclosure at 26OC. 

*Two square films, 8.9 cm (3.5 in.) on a side, are bonded together 
along the outside edges of the films. The bond area is 1.27 cm 
(0.50 in. ) w i d e ;  t.he t.otal, honded area is thus 38.7 crn2 (6.0 in..2). 
Water-permeation-rate calculations are based on the total film area 
containing the desiccant (0.08 m2) . 



b. Class Materials Studies 

Study 1 identified three areas of primary importance in long-life 
performance of encapsulation systems incorporating glass covers: 
(1) the cover glass/solar-cell organic bond, (2) the "hermeticu sealing 
of the array, and ( 3 )  the corrosion of electrical conductors (metalliza- 
tion, interconnects. and leads) at the interfaces with either adhesives 
or sealants. Thus, the material properties of prime importance to long 
life are those bearing. on the interactions and behavior at these 
interfaces. The methods evolved for life testing must therefore 
reflect changes in properties which are critical to interface 
degradation problems. 

The organic adhesive layer between a cover glass and a silicon 
solar cell that is being investigated in this study, should serve 
several functions. First, it should provide optical coupling with 
maximum transmission over the wavelength range of 280 to 1100 nano- 
meters. Second, it should maintain its mechanical integrity plus the 
bond integrities at both the glass-adhesive and cell-adhesive 
interfaces. Third, it should avoid thermal stress levels which would 
damage the cell, cell metallization, or interconnects. Finally, the 
adhesive should be noncorrosive. 

Large thermal mismatches among organic adhesives, silicon cells. 
and soda-lime glass (which is preferred over borosilicate for its low 
cost) provide the potential for severe thermal stress over the specified 
temperature cycle between -40 and +90 C. The most promising solution 
to this thermal stress problem appears to be the use of low-modulus 
adhesives. 

The experimental studies included two subject areas: (1) 
screening-type tests of cell-adhesive-glass interface samples and 
(2) adhesive-property measurements. Screening tests were performed on 
sandwich-type samples consisting of a single cell, adhesive, and glass. 
A portion of the samples contained leads to permit pre- and post-test 
electrical measurements on the cell. Sample sandwiches utilized either 
soda-lime float glass or 7740 borosilicate glass plates. Adhesives were 
selected on the basis of Study 1 information and discussions with 
adhesive manufacturers, and additional candidates are expected to be 
identified for screening evaluations. 

4. . Study 4: Analysis of Accelerated/Abbreviated Encapsulant 
Test Methods - Battelle 
A literature search has revealed no data suitable for use in the 

validation of life prediction studies. This finding has been a serious 
blow to the development of a suitable methodology for designing 
statistical and experimental techniques. The inadequacies of the data 
include a lack of sufficient replication, insufficient precision and 
accuracy of measurements, and a lack of established relationships 
between degradation modes and measurement methods/techniques. 



In previous reports on Study 4, several aspects relative to 
developing a methodology for aging tests have been treated; among these 
topics are aging mechanisms in polymers and in glasses, sensitivity 
analyses required to give detectable property changes with statistical 
validity, and discrimination among mathematical models of aging data 
during the acquisition of such data. During the past quarter, investi- 
gations were conducted on discrimination among the test methods used in 
acquiring aging data on the basis of precision and cost. 

Considerable attention was given to abbreviated testing. In such 
testing, samples are exposed under "normalu terrestrial conditions for 
some period of time, ti. Using data collected in this time interval, 
properties of the material or system are forecast for a future time, tf. 
Guideline values for ti and tf in Study 4 are 2 and' 20 years, respec- 
tively. For successful prediction over such a long period, the pro- 
perties measured in the initial 2-year interval have to be measured 
with high precision. A means of discriminating among various test 
methods on,the basis of precision as well as cost and other factors is 
therefore required. 

Published information was reviewed to. find information on 
precision, accuracy, repeatability, reproducibility, etc., as applied 
to polymer testing. In this effort the Engineering Index, Chemical 
Abstracts, and NTIS files were interrogated. Out of a total of 249 
documents identified through this interrogation, only 21 appeared 
relevant to the problem of test comparison. Most of the 21 have been 
received and found to be of little value with regard to test 
discrimination. 

Perhaps the largest repository of information on test accuracy 
and precision is the American Society for Testing and Materials published 
test methods. Accordingly, the 1975 Annual Book of ASTM Standards, 
Part 35 for General Test Methods for Plastics, was scrutinized for 
precision information. The methods for which the coefficient of variation 
was given, or was calculable from the information included, showed 
a wide range of precision, and underscored'the need for a systematic 
methodology for test discrimination. Mandel recognized the problem 
and deyined a relatively sensitive statistic Sor test discrimination. 
Mandel1s sensitivity ratio, transformations of scale, sample size (number 
of specimens), and cost were explored using methods developed by Mandel. 

5. Experimental Evaluation of.Accelerated/Abbreviated 
Encapsulant Test Methods - Rockwell Inter'national 
The objective of this study is to develop methodology for the 

accelerated/abbreviated testing of solar cell encapsulant systems and 
to predict encapsulant performance during 20 years1 exposure. Steps 
in the program are as follows: 

(1) Attempt to fit literature weathering.data for plastics/ 
encapsulants into statistical models. References were 
supplied by Dattelle (Study 1 1. Other s%atistical aspects 



have been inc luded ,  such a s  t h e  number o f  r e p l i c a t e s  
r e q u i r e d  f o r  tests. 

( 2 )  Gene ra t e  a  tes t  program p lan  i n c l u d i n g  f i e l d  t e s t s  t o  v e r i f y  
and r e f i n e  t h e  proposed s t a t i s t i c a l  models. Abbreviated 
tes t  methodology has  been developed. Weather d a t a  from t h e  
s e l e c t e d  outdoor  s i tes  were used t o  s e t  t h e  l e v e l s  of  
pr imary weather  v a r i a b l e s  ( l i g h t  i n t e n s i t y ,  t empera ture ,  
humidi ty)  i n  t h e  a c c e l e r a t e d  tests. These weather d a t a  were 
s u p p l i e d  by B a t t e l l e  (Study 2 ) .  

( 3 )  Design and f a b r i c a t e  a Universa l  T e s t  Specimen (UTS) f o r  
e v a l u a t i n g  encapsu lan t s  i n  both outdoor  and a c c e l e r a t e d  
tests.  The UTS des ign  uses  t h r e e  s e l e c t e d  encapsulan t  
systems:  Sylgard 184 t r a n s p a r e n t  s i l i c o n e  rubbe r ,  Sylgard 
184 s u r f a c e d  wi th  Tedlar  po lyvinyl  f l u o r i d e  f i l m ,  and 
Sy lga rd  184 sur faced  with u n s t a b i l i z e d  Lexan polycarbonate  
f i l m .  The UTS des ign  employs e l e c t r i c a l l y  a c t i v e  s o l a r  
ce l ls .  

( 4 )  Car ry  o u t  t h e  t e s t  program p lan .  An a r t i f i c i a l  weather ing 
chamber was cons t ruc t ed .  This  comprises  24 r e c t a n g u l a r  
t u b e s ,  each wi th  a  d i f f e r e n t  combination o f  l i g h t  i n t e n s i t y ,  
t empera tu re ,  and humidity.  UTSs and p l a s t i c  f i l m  samples,  
exposed f o r  d i f f e r e n t  pe r iods  o f  t ime  t o  outdoor  and 
a c c e l e r a t e d  c o n d i t i o n s ,  a r e  being sub jec t ed  t o  a  v a r i e t y  of  
p r o p e r t y  measurements. Degradation r a t e s  w i l l  be c a l c u l a t e d  
from t h e s e  d a t a .  

S t e p s  1 ,  2 ,  3 and most o f  t h e  a c c e l e r a t e d  exposure t e s t s  of  S t e p  4 have 
been completed. Data must be c o r r e l a t e d  and i n t e r p r e t e d  t o . comple t e  t h e  
first y e a r ' s  program. 

Phoenix (Ar izona)  and Miami ( F l o r i d a )  were s e l e a t e d  a s  s u i t a b l e  
s i tes  f o r  ou tdoor  weather ing  tests. Complete weather d a t a  and outdoor 
exposure s e r v i c e s  a r e  a v a i l a b l e  a t  both l o c a t i o n s .  The encapsula ted  
t e s t  specimens (UTSs) were placed outdoors  on r acks  and a r e  being 
r e t u r n e d . a t  predetermined time i n t e r v a l s .  Upon r e c e i p t ,  they  a r e  being 
examined chemica l ly ,  p h y s i c a l l y ,  and e l e c t r i c a l l y  t o  e s t a b l i s h  t h e  
deg rada t ion  r a t e  and sugges t  probable  degrada t ion  mechanisms. 

S i m i l a r  t e s t  specimens a r e  being exposed i n  a weather ing chamber 
(xenon lamp) i n  t h e  l a b o r a t o r y .  The f a c t o r s  being s t u d i e d  a r e  l i g h t  
i n t e n s i t y ,  t empera tu re ,  and humidity i n  24 combinations.  Degradat ion 
r a t e s  a r e  being measured and w i l l  be compared wi th  t hose  found f o r  
outdoor  exposure.  

The test  specimens a r e  ho ld ing  up well under a l l  exposure 
c o n d i t i o n s  w i th  no c a t a s t r o p h i c  f a i l u r e s .  Yellowing o f  t h e  p l a s t i c  
f i l m  cover  i n  encapsu lan t  systems i s  t h e  p r i n c i p a l  r e a c t i o n  noted t o  



date. This yellowing is 3 to 4 times faster on the EMMA* and EMMAQUA** 
sunlight-concentrators at Phoenix than under normal exposure at 45OC. 
Humidity appears to play little or no role in yellowing. The rate is 
rather faster in Phoenix than in Miami. 

Film yellowing occurs over 300 times faster under a xenon lamp 
(indoor weathering) than under sunlight. This is due to the effects of 
short ultraviolet radiation in the range of 295-330.nanometers. The 
output of this damaging ultraviolet radiation decreases as the xenon 
lamp ages. 

The electrical power output of the solar cells has not changed 
appreciably after 30 days1 exposure of the UTSs outdoors or under the 
xenon lamp. Consequently, neither the film yellowing nor any other 
reaction has reduced solar cell performance appreciably. 

Advanced analytical methods have been used successfully to 
identify the new chemical groups at or near the surface that are formed 
as a result of photochemical, oxidative, and perhaps hydrolytic 
reactions. These methods include ultraviolet spectral change, 
attenuated total reflectance (ATR), infrared analysis, electron surface 
chemical analysis, and Fourier transform ATR. 

The experimental data fit the Ueibull mathematical model. The 
constants in the Weibull equation are a, B, and Y. These are being - 
defined and understood. Seasonal weather factors play an important role 
in the rate of degradation as expressed by the magnitude of Y .  

6 .  Electrostatically-Bonded Integral Glass Covers - Simulation 
Physics 

The objective of this program is to develop integral glass 
encapsulation for solar cell arrays. Progress to date demonstrates 
that integral glass encapsulation by electrostatic bonding is unques- 
tionably feasible. Integral glass encapsulation has promise for major 
improvements in module performance and stability at substantially lower 
cost than state-of -the-art organic material encapsulants. 

Electrostatic bonding can be used to form a permanent adhesiveless 
seal between silicon solar cells and a sheet of glass. This program 
involves investigation of the requirements and limitations of this 
process for array encapsulation, development of utilization techniques, 
and evaluation of intcgral module test oonfigurations. At this time 
it is evident that the electrostatic bonding process is fully compatible 
with the components of the solar cell array; techniques for its use 
have been established. All evaluation data now available suggest that 

*Approximately 8 times sunlight concentration (Desert Sunshine 
Exposure Test, Inc.). 

**Approximately 8 times sunlight' concentration with intermittent water 
spray (Desert Sunshine Exposure Test, Inc.). 



t h e  e l e c t r o s t a t i c  bond is  ex t remely  s t r o n g  and a p p a r e n t l y  a b s o l u t e l y  
s t a b l e .  A c o r r e c t l y  d e s i g n e d  and assembled i n t e g r a l  glass s o l a r  a r r a y  
s h o u l d  be c h a r a c t e r i z e d  by e x c e l l e n t  f u n c t i o n a l  l i f e t i m e .  

E f f o r t s  o f  t h e  p a s t  t h r e e  months i n v o l v e d  t h e  f o l l o w i n g  items: 

( 1 )  Assembly and t e s t i n g  o f  t h e  c o n t r o l l e d  environment  bonder .  

( 2 )  A p a r t i a l  a s sessment  o f  t h e  e f f e c t s  o f ' v a r i o u s  a tmospheres ,  
i n c l u d i n g  n i t r o g e n ,  forming g a s ,  a r g o n ,  and vacuum, on 
bond q u a l i t y .  

( 3 )  C o n t a c t  and i n t e r c o n n e c t  m e t a l l i z a t i o n  s t u d i e s  i n c l u d i n g  
e v a l u a t i o n  o f  bonds formed w i t h  e v a p o r a t e d  f i l m s  o f  s e v e r a l  
r e f r a c t o r y  metals, e . g . ,  bonding w i t h  s i l v e r ,  bonding w i t h  
s i l k - s c r e e n e d  m e t a l l i z a t i o n  on g l a s s .  

( 4 )  Glass s u r f a c e  e v a l u a t i o n  i n c l u d i n g  bonding t o  a s - p r e s s e d  
7070 g l a s s ,  r e - p r e s s i n g  o f  i r r e g u l a r  g l a s s  s u r f a c e s ,  and 
t h e  f o r m a t i o n  o f  c a v i t i e s  i n  g l a s s  by p r e s s i n g .  

( 5 )  P r e p a r a t i o n  o f  samples  f o r  t e s t i n g  s h e a r  s t r e n g t h  and 
h e r m e t i c i t y  o f  e l e c t r o s t a t i c  bonds. 

( 6 )  Module d e s i g n  s p e c i f i c a t i o n  and development.  

With t h e  c o n t r o l l e d  environment bonder i t  h a s  been p o s s i b l e  t o  
bond a wide r a n g e  o f  m a t e r i a l s  which would n o t  bond i n  an  o x i d i z i n g  
a tmosphere .  T h i s  b o n d e r ,  c a p a b l e  o f  h a n d l i n g  b- inch-square  samples ,  
h a s  a l r e a d y  d e m o n s t r a t e d  t h e  f e a s i b i l i t y  o f  l a r g e  a r e a  bonds by 
s i m u l t a n e o u s l y  bonding f i v e  2- l /4- inch-diameter  e l e c t r i c a l l y  a c t i v e  
s o l a r  c e l l s  t o  s i n g l e  p i e c e s  o f  g l a s s .  A mechan ica l  vacuum pump b r i n g s  
t h e  chamber p r e s s u r e ,  f o r  vacuum bonding,  t o  t h e  working l e v e l  o f  
10 m i c r o m e t e r s  Hg w i t h i n  5 minu tes .  A gas mani fo ld  a l l o w s  t h e  i n t r o -  
d u c t i o n  of  f o u r  s e p a r a t e  g a s e s  when b a c k f i l l i n g  is d e s i r e d .  A d i f f u s i o n  
pump may be added f o r  lower  p r e s s u r e  d u r i n g  vacuum bonding,  b u t  a t  
p r e s e n t  t h i s  a p p e a r s  unnecessa ry .  Bonding t e m p e r a t u r e  and v o l t a g e  
l i m i t a t i o n s  a r e  i n  e x c e s s  of  620°C and 1500 v o l t s ,  r e s p e c t i v e l y .  

With t h i s  b o n d e r ,  i t  is now p o s s i b l e  f o r  t h e  first t ime  t o  
e v a l u a t e  t h e  e f f e c t  o f  a t m o s p h e r i c  compos i t ion  on t h e  q u a l i t y  o f  
e l e c t r o s t a t i c  bonds.  Fur the rmore ,  i t  is  now p o s s i b l e  t o  j o i n  m a t e r i a l s  
t h a t  a r e  n o t  bondab le  i n  a i r .  Bonding h a s  been performed w i t h  a  number 
o f  m a t e r i a l s  i n  a t m o s p h e r e s  of  n i t r o g e n ,  forming g a s ,  and a rgon  as w e l l  
as under  vacuum. The u s e  of  a rgon  h a s  been l i m i t e d  by t h e  r a t h e r  low 
v o l t a g e  breakdown s t r e n g t h  of t h i s  gas .  Bonds formed i n  a tmospheres  o f  
n i t r o g e n  and fo rming  g a s  a r e  much c l e a n e r  t h a n  t h o s e  formed i n  a i r  b u t  
vacuum bonds a r e  s u p e r i o r ,  a t  l e a s t  i n  a p p e a r a n c e .  An a d d i t i o n a l  
a d v a n t a g e  of vacuum bonding is  t h a t  t h e  p o s s i b i l i t y  o f  t r a p p i n g  g a s  
b u b b l e s  between bonded s u r f a c e s  is g r e a t l y  r educed .  A f u l l  e v a l u a t i o n  
o f  t h e  e f f e c t s  o f  a t m o s p h e r i c  compos i t ion  would r e q u i r e ,  a t  a minimum, 
measurements o f  bond s t r e n g t h  as a  f u n c t i o n  o f  bonding environment .  I n  
t h e  c a s e  o f  m e t a l s  used as s o l a r  c e l l  c o n t a c t s ,  a measurement o f  c o n t a c t  
r e s i s t a n c e  t o  s i l i c o n  w i l l  a l s o  be n e c e s s a r y .  A number o f  samples  



designed to test bond shear strength and hermeticity have been prepared. 
Preparation of such test samples will continue. For the present, solar 
cell bonds are being made primarily under vacuum. 

7. Polymer Properties and Aging - Springborn Laboratories 
(formerly Debell and Richardson) 

The goal of this program is to develop and test encapsulation 
materials and processes that will be suitable for protecting solar cells 
during a service life of at least 20 years in a terrestrial environment. 
The work is being conducted at Springborn Laboratories facilities in 
Enfield, Connecticut, with cell performance being evaluated under 
subcontract by Solar Power Corporation. 

The materials selected for this program have been chosen for 
three general properties: clarity, toughness, and weatherability. The 
testing program4ncorporates evaluation of initial properties and 
subsequent retesting after exposure to accelerated aging conditions. 
The aging environments consist of combinations of heat, humidity, and 
ultraviolet light, with sample testing at four time intervals. The 
testing program involves three basic areas: 

(1) Mechanical - tensile strength, modulus, brittleness, 
impact strength. 

(2) Optical - total integrated transmittance, haze, absorption 
versus wavelength, infrared attenuation. 

/ 

( 3 )  Miscellaneous - water vapor permeability, insulation 
resistance, fungus resistance, abrasion resistance. 

In addition to the testing of aged materials, efforts are being made to .~ 
develop predictive methods to aid in the correlation of artificial to 
natural weathering processes. 

The overall program i s  a180 st.rur?turad t,o include four other 
technical endeavors: cost analysis, selection of primers and enhance- 
ment of adhesion, upgrading of stability under exposure to ultraviolet, 
and processing repair studies. The final report will encompass an 
overall performance analysis and will include recommendations for 
several optimized designs f'or complete solar panels. 

- Twenty-four polymers were selected for testing and evaluation as 
potentially useful encapsulating compounds. These materials have been 
exposed to s i x  accelerated aging conditions and subsequently tested for 
mechanical and optical properties. 

After 120 days of exposure to accelerated aging conditions, 1 1  
materials have been dropped from the testing program because of low 
mechanical strengths, low optical transmission, ultraviolet degradation, 
poor optical stability, and/or poor processability. The remaining 13 
plastics will continue through to 240-day evaluations and, in addition, 
will be used for advanced tests. Advanced .testing includes flammability 



(UL 94), insulation resistance (ASTM D2571, coefficient of thermal 
expansion (ASTM D 696), water vapor permeability (ASTM E 96), and 
temperature versus tensile property measurements. In the 
temperature/tensile tests dog bone specimens will be analyzed for 
stress/strain characteristics from -60 to +140°C in 20°C intervals. 
This will permit observation of some of the changes in material 
properties under conditions that might be encountered in both arctic 
and tropical regions. Room temperature (20°C) properties have already 
been obtained. 

The most significant property to be measured in the testing program 
is the amount of usable solar energy that passes through the encapsulant 
material after exposure to the various aging conditions. A procedure 
combining the desired characteristics of both haze and luminous transmittance 
has been developed. A Beckman 505 spectrometer has been modified to 
provide rapid and accurate assessment of total integrated transmittance 
from 350 to 800 nanometers. This was achieved by relocating the sample 
compartment to a position in which an optically reflective integrating 
sphere could be used to measure both direct-beam and 60° angle scatter 
transmission simultaneously. Measurements are made every 50 nanometers, 
normalized to the solar spectrum, and integrated on a Monroe 1860 programmable 
calculator to give the final total integrated transmittance value. 
Ultraviolet values (280-350 nanometers) are calculated in a separate 
procedure. 

In all cases the transmission values can be seen to decrease from 
the control measurement made on unaged material. The two most severe 
conditions are produced by the carbon arc Weather-Ometer and the RS-4 
Sunlamp exposure at 100°C. In some cases the material did not survive 
to be tested. The greatest effects can generally be noticed in 
conditions incorporating ultraviolet light sources. 

For all materials and all conditions, surface hardness is found 
to decrease with increasing exposure time except for two silicone 
rubbers. These materials show steady increases in surface hardness 
with time regardless of aging condition and are probably continuing the 
process of curing at a very slow rate. This is not supported by the 
tensile results, however, which show general trends towards decreased 
tensile strengths and increased elongations. 

The candidate encapsulant materials were mounted on a rack (45' 
inclination due south) on the roof of Springborn Laboratories facility 
in Enfield, Connecticut for a period of six months for a soil accumula- 
tion study. The materials were routinely inspected for damage and 
accumulation of surface debris. All of the relatively hard plastic 
materials were found to have clean surfaces covered by a very thin 
layer of easily removable dust. The materials showing permanently 
adhering accumulation of dirt were all rubbers (silicones and 
fluorocarbons). 

The materials were tested for fungus attack resistance using 
standard ASTM procedure G 21. Three specimens of each material were 
placed in petri dishes on 'inoculated agar and incubated for 21 days at 
28-30°C. A mixed sport suspension of five fungi known to attack 



s y n t h e t i c  m a t e r i a l s  was used t o  i n o c u l a t e  t h e  medium. A t  t h e  end of t h e  
i n c u b a t i o n  p e r i o d  t h e  polymer d i s c s  were removed, washed,  and examined 
f o r  p e r s i s t e n t  growth.  

Most m a t e r i a l s  s u p p o r t e d  l i g h t  c o v e r i n g s  o f  f u n g i  b u t  showed 
no g r e a t  e v i d e n c e  o f  s u r f a c e  a t t a c k .  Three  m a t e r i a l s ,  however,  were 
ve ry  o b v i o u s l y  damaged. C e l l u l o s e  a c e t a t e - b u t y r a t e  showed s u r f a c e  
h a z i n g  and many l a r g e  d a r k  g r e e n  s p l o t c h e s  o f  a d h e r i n g  fungus .  Two 
s i l i c o n e  r u b b e r s  were much less a f f e c t e d  b u t  s t i l l  had a  l i g h t  c o v e r i n g  
o f  r e a d i l y  v i s i b l e  g r e e n  d o t s .  These m a t e r i a l s  may r e q u i r e  fungus  

, r e s i s t a n t  c o a t i n g s  i n  f i e l d  u s e .  

A s e c t i o n  o f  t h e  p r e s e n t  c o n t r a c t  p r o v i d e s  f o r  t h e  a c t u a l  
e n c a p s u l a t i o n  o f  c e l l  sys tems  w i t h  t h e  m a t e r i a l s  under  s t u d y  and 
subsequen t  exposure  t o  both  a r t i f i c i a l  and n a t u r a l  w e a t h e r i n g  c o n d i t i o n s  
p r i o r  t o  t e s t i n g .  Because t h e  c e l l s  and i n t e r c o n n e c t s  a r e  n o t  
s e l f - s u p p o r t i n g ,  a  r i g i d  s t r u c t u r a l  component is r e q u i r e d .  Three  sub- 
strates were s e l e c t e d  f o r  t h i s  purpose  from a list o f  p r e v i o u s l y  
i d e n t i f i e d  p o t e n t i a l  s u b s t r a t e  m a t e r i a l s .  P o l y e s t e r / f i b e r g l a s s ,  
aluminum, and epoxy-g lass  (Nema G10)  w i l l  be used i n  t h e  c o n s t r u c t i o n  
o f  a l l  m i n i a t u r e  c e l l  modules. These t e s t  modules a r e  b e i n g  p r e p a r e d  by 
S o l a r  Power C o r p o r a t i o n  under  s u b c o n t r a c t  and c o n s i s t  o f  two e l e c t r i -  
c a l l y  a c t i v e  c e l l s  bonded t o  t h e  s u b s t r a t e  w i t h  one i n t e r c o n n e c t  between. 
them. Power l e a d s  a r e  s o l d e r e d  t o  e i t h e r  s i d e  o f  t h e  c e l l  f i x t u r e  and 
come o u t  th rough  t h e  u n d e r s i d e  o f  t h e  s u b s t r a t e  t o  p e r m i t  e l e c t r i c a l  
t e s t i n g .  

Completed c e l l  modules w i l l  be exposed t o  Weather-Ometer , oven ,  
and RS-4 f l u o r e s c e n t  sunlamp c o n d i t i o n s  f o r  two t i m e  p e r i o d s .  T e s t i n g  
o f  e l e c t r i c a l  c h a r a c t e r i s t i c s  ( I /V c u r v e )  w i l l  be performed b e f o r e  and 
a f t e r  e n c a p s u l a t i o n ,  t o  d e t e r m i n e  if c e l l  o r  i n t e r c o n n e c t  damage h a s  
o c c u r r e d ,  and a g a i n  a f t e r  t h e  exposure  t i m e s .  It i s  hoped t h a t  t h e  
e f f e c t s  o f  m o i s t u r e ,  d e l a m i n a t i o n ,  c o r r o s i o n ,  e t c .  w i l l  be o b s e r v a b l e  
i n  t h i s  s t u d y .  

The most e x p e d i e n t  methods o f  f a b r i c a t i n g  t h e  e n c a p s u l a n t  s y s t e m s  
a r e  s t i l l  b e l n g  deve loped .  I n  t h c  c ~ o i e a t  oases, t h e  p r i m a r y  encapsu- 
l a n t  is mere ly  poured i n t o  p l a c e  as a  l i q u i d  and c u r e d  i n  a n  oven.  
Compression molding is a l s o  a f a c i l e  t e c h n i q u e  b u t  canno t  be used 
w i t h  any m a t e r i a l  o t h e r  t h a n  c e l l u l o s e  a c e t a t e - b u t y r a t e .  The r e a s o n  f o r  
t h i s  i s  t h a t  a l l  t h e  o t h e r  polymers o f  i n t e r e s t  have "mel t ing"  p o i n t s  
i n  e x c e s s  o f  t h e  s o l d e r  and m e t a l l i z a t i o n  m e l t  t e m p e r a t u r e .  P r e s e n t  
exper iments  show t h a t  s i n t e r i n g  is  a  f e a s i b l e  p r o c e s s ,  however. I n  t h i s  
p rocedure  t h e  c e l l  module is  covered  w i t h  a l a y e r  o f  powdered r e s i n  
and h e a t e d  t o  f l o w  t e m p e r a t u r e  i n  an  oven.  The mol ten  s o l d e r  on t h e  
c e l l  s u r f a c e s  does  n o t  a p p e a r  t o  m i g r a t e  as  t h e  r e s i n  f u s e s  and 
s o l i d i f i e s  i n t a c t  d u r i n g  t h e  c o o l i n g  c y c l e .  An a l t e r n a t i v e  method t h a t  
may be  employed i s  s o l u t i o n  c o a t i n g .  A d i s a d v a n t a g e  o f  t h i s  p r o c e s s  i s  
t h a t  m u l t i p l e  c o a t s  have t o  be b u i l t  up ,  w i t h  a d r y i n g  p e r i o d  a l lowed  
af ter  each c o a t ,  i n  o r d e r  t o  a c h i e v e  t h e  r e q u i r e d  t h i c k n e s s .  



8. ' Consul tan t  S e r v i c e s  - Pro fe s so r  C. E. Rogers, 
Case Western Reserve Un ive r s i t y  

D i f fu s ion /pe rmeab i l i t y  s t u d i e s  o f  va r ious  gases  and encapsu la t i on  
m a t e r i a l s  are i n  p r o g r e s s .  P ro fe s so r  C .  E. Rogers,  p r i n c i p a l  i n v e s t i g a -  
t o r ,  is a l s o  a v a i l a b l e  t o  consu l t  on v a r i o u s  d i f f u s i o n / p e r m e a b i l i t y  
problems and f o r  rev iewing  l i t e r a t u r e  a r t i c l e s ,  c o n t r a c t o r  r e p o r t s ,  
and misce l laneous  documentation. 

9 .  JPL In-House Activities 

F r a c t u r e  Mechanics o f  I n t e r f a c e s  

Bas ic  s t u d i e s  of  adhes ive  bonding from a f r a c t u r e  mechanics 
s t a n d p o i n t  a r e  be ing  cont inued by D r .  k .  Knauss o f  Cal tech .  

Test Module Deve lo~men t  

Development of  a test module f o r  in-house f a b r i c a t i o n ,  exposure,  
and test  has  been suspended owing t o  manpower problems. The o b j e c t  of  
t h i s  program is t o  e s t a b l i s h  des ign  c r i t e r i a  f o r  encapsula t ion  systems 
and t o  apply c u r r e n t  l i f e  p r e d i c t i o n  methodology. Program development 
is  planned f o r  t h e  next  q u a r t e r .  

F a i l u r e  Analvses o f  Block 1 and Block 2 Procurement Modules 

This  work was a l s o  suspended because of l a c k  of  manpower. F u l l  
suppor t  t o  t h e  f a i l u r e  a n a l y s i s  e f f o r t  w i l l  be resumed i n  t h e  next  
q u a r t e r .  



SECTION V I I  

SOLAR ARRAY AUTOMATED ASSEMBLY TASK 

The o v e r a l l  o b j e c t i v e  o f  t h e  S o l a r  Array Automated Assembly Task 
is  t o  deve lop  t h e  t echno logy  n e c e s s a r y  t o  a c h i e v e  high-volume, low-cost  
p r o d u c t i o n  o f  s i l i c o n  s o l a r  a r r a y  modules.  The g o a l  o f  t h i s  t a s k  i s  t o  
deve lop  t h e  c a p a b i l i t y  t o  f a b r i c a t e  s o l a r ' a r r a y  modules o f  10% o r  b e t t e r  
c o n v e r s i o n  e f f i c i e n c y  a t  a  s e l l i n g  p r i c e  o f  $0 .50 /wa t t  o r  l e s s ,  a t  a  
r a t e  o f  500 megawatts  p e r  y e a r ,  w i t h  a  20-year o p e r a t i n g  l i f e .  Many o f  
t h e  d e c i s i o n s  t h a t  must be made d u r i n g  t h e  t a s k  e f f o r t  c a n n o t  be made 
i n d e p e n d e n t l y  and w i l l  r e s u l t  from t r a d e - o f f s  w i t h  o t h e r  d e c i s i o n s  t h a t  
a r e  made bo th  w i t h i n  t h i s  t a s k  and i n  c o n j u n c t i o n  w i t h  o t h e r  t a s k s  o f  
t h e  P r o j e c t .  

A. TECHNICAL bACKGHOUND 

The manufac tu re  o f  s o l a r  c e l l s  and a r r a y s  i s  p r e s e n t l y  accomplish-  
ed under t h e  judgment and d i r e c t  c o n t r o l  o f  i n d i v i d u a l  o p e r a t o r s .  
because  o f  t h e  l i m i t e d  q u a n t i t i e s  o f  s o l a r  c e l l s  and a r r a y s  produced,  .. 
c o s t s  a r e  h i g h .  Automated s o l a r  c e l l  p r o d u c t i o n ,  as p roposed ,  w i l l  
l e a d  t o  s i g n i f i c a n t  r e d u c t i o n s  i n  manufac tu r ing  c o s t .  I n  a d d i t i o n ,  
au tomat ion  w i l l  r e s u l t  i n  u n i f o r m i t y  o f  c e l l  p r o c e s s i n g  w i t h  a 
r e d u c t i o n  o f  w a s t e  due  t o  r e j e c t e d  p r o d u c t .  

E. ORGANIZATION AND COORDINATION OF THE SOL-AR A R R A Y  AUTOPIATED 
ASSEMBLY TASK EFFORT 

The S o l a r  Array Automated Assembly Task 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  o v e r  a  10-year p e r i o d  o f  time ( F i g u r e  7-1) .  The 
phases  a r e :  

I .  Technology assessment .  
11. Process 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) .  

Phase I was i n i t i a t e d  i n  February  1976 and h a s  been under  way f o r  
9 months. Phase  I h a s  t h e s e  s p e c i f i c  o b j e c t i v e s :  

( 1 )  To i d e n t i f y  t h e  r e q u i r e m e n t s  f o r  economical  m a n u f a c t u r i n g  
p r o c e s s e s  and f a c i l i t i e s .  

( 2 )  To . a s s e s s  t h e  t echno logy  c u r r e n t l y  used i n  t h e  manufac tu re  
and assembly p r o c e s s e s  t h a t  cou ld  be a p p l i e d  t o  s o l a r  a r r a y s .  

(3) To d e t e r m i n e  t h e  l e v e l  o f  t e c h n o l o g y  r e a d i n e s s  t o  a c h i e v  
high-volume, low-cost  p r o d u c t i o n .  !; 

( 4 )  To p ropose  p r o c e s s e s  f o r  development .  
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Figure 7-1. Solar Array Automated Assembly Task Schedule 



It is anticipated that the Request for Proposal package for 
Phase PI will be distributed to industry early in 1977. 

C. SOLAR ARRAY' AUTOMATED ASSEMBLY TASK CONTRACTS 

Under Phase I contracts, three contractors (~otorola , RCA, and 
Texas Instruments) are performing parallel efforts (Table 7-1); The 
three-contractor parallel-effort philosophy was selected to obtain the 
broadest possible view of recommendations and conclusions upon which to 
base the contractual efforts of Phase I1 (Figure 7-1). During Phase I, 
these contractors are defining the requirements for an automated solar 
cell manufacturing sequence by evaluating processes now used by the 
semiconductor industry and the ways in which these processes can be 
modified/selected for high-volume, low-cost production of solar cell 
modules. Cost analyses are being conducted to provide economic guide- 
lines to maintain an overall view of LSSA Project objectives. 

The Phase I contractors nearly completed the technology assessment 
activities during this quarter. Under the basic contract, these studies 
were planned to conclude in January; however, selected contracts are being 
extended approximately 6 months to pursue analysis of key process vatiables. 

Table 7-1. Solar Array Automated Assembly. Task Contractors 

Contractor, Type Contract Technology Area 

Motorola Phase I Manufacturing processes 
Phoenix, Arizona assessment 
(JPL Contract No. 954363) 

RCA Phase I Manufacturing processes 
Princeton, New Jersey assessment 
IJPL Contract No. 954352) 

Texas Instruments Phase I Manufacturing processes 
Dallas, Texas assessment 
(JPL Contraot No. 954405) 

Texas Instruments Support Large area Czochralski 
Dallas, Texas silicon ingot growth 
(JPL Contract No. 954475) and wafering improvements 



I). SOLAR ARRAY AUTOMATED ASSEMBLY TASK TECHNICAL ACTIVITY 

A number of different manufacturing sequences suitable for 
low-cost mass production have been.put forth by contractors during this 
quarter. Proposed processes have been investigated and defined 
individually, and have in many cases been tested within complete 
sequences for synergistic interaction. This has led to recommended 
modifications of some process sequences, and in recommendations for 
more detailed devel'opment of others. 

A process cost analysis chart has been prepared by task personnel 
based upon contractor-supplied data (Table 7-21? The chart presents 
detailed cost data in such a manner as to provide subtotal costs for . 
any combination of process sequences currently being considered. The 
~otoroia, HCA, and Texas Instruments contracts have been recommended 
for extension to allow the contractors to establish manufacturing , 

process tolerances-vs.-cost ratios that will underlie ultimate process 
specifications. 

Contractor investigation of polymer doping is continuing, as 
is an exploration of ohmic contact metallization for cost and performance 
optimization. A contractor stated during this period that-6 cm appears 
to be the optimum ingot diameter. The introduction of different encapsulation 
designs by the three contractors is expected to enhance cost flexibility. 

1. Manufacturing Processes Assessment - Motorola, 
RCA, and Texas Instruments 

Motorola , 

Studies for this period have included further technical evalua- 
tions of processes and process sequences, solar cell fabrication and 
encapsulation, and analysis of processing costs. 

Experiments were performed to measure light reflection from the 
back surface of silicon wafers having various front-surface and 
back-surface optical conditions. These studies have shown that light 
can be readily absorbed, not reflected, from silicon-metal interfaces, 
whereas reflection from silicon-dielectric interfaces is much greater. 
This suggests that patterned back metal could increase solar cell 
ef f iciericy . 

Three-inch-diameter solar cells were fabricated utilizing an 
ion-implanted planar P-N junction and a textured front surface. 
Bvaluation of such cells has shown an AM0 efficiency of 13.1% based 
on total junction area. These efficiency figures indicate that ion 
implantation is a viable process technique for high efficiency solar 
cells. 

Plasma processing has been evaluated and has been recategorized 
in the processing matrix as a process having a high chance of future 
use. 



R C A  L a b o r a t o r i e s  

The RCA program i s  now i n c l u d i n g  a  more s u b s t a n t i a l  a c t i v i t y  i n  
t h e  e x p e r i m e n t a l  e v a l u a t i o n  of t h e  p r o c e s s e s  which a p p e a r  t o  be t h e  most 
c o s t  e f f e c t i v e .  In a d d i t i o n ,  t h e  t h e o r e t i c a l  e v a l u a t i o n  o f  s o l a r  a r r a y  
module performance is be ing  developed t o  p r o v i d e  a  sound b a s i s  f o r  t h e  
p r o j e c t i o n  o f  performance a t  t h e  c o n c l u s i o n  o f  t h i s  phase .  

Exper iments  w i t h  s o l a r  c e l l s  f a b r i c a t e d  by i o n  i m p l a n t a t i o n  and 
vapor  phase  e p i t a x y  s u g g e s t  t h a t  b o t h  o f  t h e s e  i n t e r e s t i n g  t e c h n o l o g i e s  
are worthy of  p u r s u i t .  

RCA h a s  deve loped  an u n d e r s t a n d i n g  o f  t h e  impac t  o f  m e t a l l i z a t i o n  
c o s t s  upon c e l l  s i z e .  There  is  a n  i n c r e a s e  i n  m e t a l l i z a t i o n  c o s t / w a t t  
a s  c e l l  s i z e  i n c r e a s e s .  However, t h e  c o s t / w a t t  o f  o t h e r  ce l l  p r o c e s s e s  
d e c r e a s e s  w i t h  i n c r e a s i n g  c e l l  s i z e .  

A n a l y s i s  o f  t h e  power-loss p e n a l t y  i n  a  h i e r a r c h y  o f  m e t a l l i z a -  
t i o n s  on a  l a r g e  c e l l  h a s  been ex tended .  The g o a l  i s  t o  d e t e r m i n e  i f  
t h e  t o t a l  power l o s s ,  when minimized,  can  o p t i m i z e  a  maximum c e l l  s i z e  
t h a t  is  p r a c t i c a l .  

The problems o f  o p t i m i z i n g  t h e  o u t p u t  power o f  a  c e l l  w i t h  
s e v e r a l  l e v e l s  o f  cu r r ' en t  c o l l e c t o r s  h a s  been found t o  be g e n e r a l l y  
i n s o l u b l e  u n l e s s  some a r b i t r a r y  e x t e r n a l  c o n d i t i o n s  a r e  imposed.  It 
is d e s i r a b l e  t o  minimize t h e  number o f  a r b i t r a r y  c o n d i t i o n s  and where 
p o s s i b l e  t o  u s e  e x i s t i n g  p h y s i c a l  p r o p e r t i e s  a s  t h e  b a s i s  f o r  t h e  
a d d i t i o n a l  c h o i c e s .  A v e r y  real r e l a t e d  c o n s i d e r a t i o n  i s  t h e  r e s t r i c -  
t i o n  imposed by t h e  m e t a l l i z a t i o n  t echno logy  u t i l i z e d .  

These c o n s i d e r a t i o n s  a r e  i l l u s t r a t e d  i n  F i g u r e  7-2 by a p p l i c a t i o n  
t o  c u r r e n t l y  used 7.6-cm-diameter w a f e r s  w i t h  t h e  r e q u i r e m e n t  t h a t  
s c r e e n - p r i n t e d  Ag m e t a l  be used f o r  bo th  f i n e  g r i d  and c o l l e c t o r .  The 
f i n e  g r i d  l i n e s  a r e  12 pm t h i c k  and 125 pm wide,  and have a m e t a l  s h e e t  
r e s i s t a n c e  of  2 .7  X 10-3 R/o .  

The c o l l e c t i o n  s t r i p  is  500 pm c h i c k  and t h e  minimum wid th  i s  
1000 pm, and t h e  m e t a l  s h e e t  r e s i s t a n c e  is  6 . 4  X 10-5 R/o.  The g r i d  
l e n g t h  is  chosen  a r b i t r a r i l y  t o  f i x  a  b a s i c  p a t t e r n  s i z e ; .  a  c~mmonly 
used v a l u e  h a s  been L  = 2 cm w i t h  a  c o n t a c t  s t r i p  on one e n d ,  o r  4 
cm w i t h  doub le - s ided  c o n t a c t s .  Once t h e  v a l u e s  o f  J, ( c u r r e n t  d e n s i t y  
a t  maximum power) and Vm ( v o l t a g e  a t  maximum power) have been c h o s e n ,  
t h e  g e n e r a l  e q u a t i o n  may be d i f f e r e n t i a t e d  o v e r  a  wide r a n g e  o f  v a l u e s  
of PC ( t h e  s p e c i f i c  c o n t a c t  r e s i s t a n c e ) ,  which i s  g e n e r a l l y  t h e  least- 
known p h y s i c a l  p r o p e r t y  o f  m e t a l l i z a t i o n  s y s t e m s .  The c u r v e s  o f  t h e  
f i g u r e  were c a l c u l a t e d  i n  t h i s  manner and a l lowed  d i r e c t  o b s e r v a t i o n s  
o f  t h e  e f f e c t  o f  d i f f e r e n t .  v a l u e s  o f  pc. 



Table 7-2. Silicon Solar Module Manufacturing Cost-Breakdown in 
Dollars Per Watt 
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T a b l e  7-2 (Contd) ' 

S I L I C O N  FORM 
A. a o c H R A L s K 1  
B. RIBBON 
C. SHEET SUBSTRATE 

PROCESS STEPS MATERIALS EXPENSE 
( ITEMIZED I 

1. SILIC 

AR COATING RCA 1 T I  I MOT. I RCA I T I  I MOT. 

:ON NITRIDE (CVD) I 0.0 I 1 0.0 10.007 1 10.0098 
2. OXIDE GROWTH 0.0005 0.0 0.0045 
3. SPIN-ON 0.0 0.0012 0.0 0.019 0. 0075 
4. EVAPORATE 0.0 0.034 0.028 
5. SPUTTERING n IYM . -  - I I I I 
6. SPRAY-ON I I I I I 

l M E R C O N M C T I O N  1 RCA 1 T I  I MOT. I RCA I T I  I MOT. 
1. ADD SOLDER 0.0014 0.oOOl 
2. REFLOW SOLDER 0.003 L 0.0 0.005 0.0001 
3. ULTRASONIC BONDING 0,006 L 0.005 
4. THERMAL COMPRESSION BONDING L 

5. CONDUCTIVE ADHESIVES H 0.0045 0.000j 
6. WELDING 0.003 L 0 . m  

ENCAPSULATION 
1. GLASS SUPERSTRAT 

2. GLASS WITH SUBST 

3. CELLS I N  TUBES 
4. SUBSTRATE WIT 
5. HERMETI 
6. DOUBLE 

I I I I I 

TEST RCA 1 T I  I MOT. I RCA I T I  I MOT. 
1. ELECTRICAL TEST (CELLS) 0.0 0.0 0.0 0.000 0.0001 

2. ELECTRICAL TEST (MODULES) 0.0 0.0 0.0 0.0 0.0 

LABOR I OVERHEAD 

RCA 1 T I  I MOT. I RCA I T I  I MOT. 

I 
RCA 1 T I  I MOT. I RCA 1 T I  I MOT. 

RCA 1 T I  I MOT. I RCA I T I  I MOT. 

INTEREST 
(951 

RCA T I  MOT. 
0.0001 

0.0a 0 . W  

0.003 

I LEGEND L = L W  M = MEUIUM 
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SPECIFIC CONTACT RESISTANCE (ohm - cm2) 
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Figu re  7-2. Output Power as a F r a c t i o n  of That  Generated 
by a  Loss l e s s  Cell vs.  pc 
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Work du r ing  t h i s  q u a r t e r  cons i s t ed  of  a  computer-aided des ign  
a n a l y s i s  of meta l  p a t t e r n  des igns  f o r  s o l a r  c e l l s ,  c o s t  ana lyses  f o r  a  
l a r g e  v a r i e t y  of  p o t e n t i a l  s o l a r  c e l l  p rocess  s t e p s ,  f e a s i b i l i t y  of  N+ 
and p+' l a y e r s  from polymer dopant s o l u t i o n s ,  exper imenta l  e v a l u a t i o n  of  
s c r een -p r in t ed  base meta l  c o n t a c t s ,  i d e n t i f i c a t i o n  of a  low c o s t  module 
s u b s t r a t e  m a t e r i a l ,  e v a l u a t i o n  of a  test  module, and development of 
module des ign  recommendations. S o l a r  c e l l  p rocess  c o s t i n g  w i l l  con t inue  
i n  January  1977. , - 

A computer program has  been developed t o  op t imize  m e t a l l i z a t i o n  
p a t t e r n  des igns  on hexagonal and r e c t a n g u l a r  s o l a r  c e l l s .  The program 
m i n i ~ i z e s  t h e  f r a c t i o n a l  power l o s s e s  due t o  shadowing, r e s i s t i v e  l o s s  
due t o  c u r r e n t  through t h e  d i f f u s e d  r eg ion ,  and r e s i s t i v e  l o s s  due t o  
c u r r e n t  through t h e  meta l  f i n g e r s  a s  a func t ion  of metal  l i n e  width.  
The computer c a l c u l a t e s  metal  f i n g e r  spac ing  and c a l c u l a t e s  t h e  
f r a c t i o n a l  l o s s  components f o r  shadowing and s e r i e s  r e s i s t a n c e .  A 
c o n c e n t r i c  me ta l  f i n g e r  p a t t e r n  has  been shown t o  be more e f f i c i e n t  than  
t h e  conven t iona l  f i shbone  p a t t e r n  (F igure  7-31. S i m i l a r  a n a l y s i s  of  
r e c t a n g u l a r  s o l a r  c e l l s  u s ing  a  comb p a t t e r n  shows t h a t  op t imal  metal  
f i n g e r  l o s s e s  and spac ing  a r e  a  func t ion  of  c e l l  width and opt imal  
meta l  t r unk  l i n e  l o s s e s  a r e  a  func t ion  of ce l l  l e n g t h  (Figure.7-4) .  

L 

i I L I 1 I 1 • 

I ~ I o - ~ :  2  5  I x 2  5  1 x 10-I . 2  
. . 

- - = 
Jm = 28 mA/cm 2  

Ag GRID LINE 
\ 

Vm = 0.45 V WIDTH = 125 p m  

\ p(S i )  = 50 R/O LENGTH = 2  cm 
THICKNESS = t 

0 

70 
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Figure 7-3. Efficiency Product f o r  Metal Coverage and Ser ies  
Resistance vs. Metal Finger Width as  a  Function of 
Ce l l  Diagonal fo r  Hexagonal Ce l l s  

These conclusions a r e  s ign i f ican t  t o  optimum performance fo r  so l a r  
c e l l  designs. 

Process cost  ca lcula t ions  were made fo r  a  large  number of po ten t ia l  
so l a r  c e l l  process s teps .  Metall ization remains a  s ign i f ican t  cost  
item in  the  process. In  module fabr ica t ion ,  the  module encapsulation 
operation i 3  the  moot s ign i f ioan t  oost faotor .  

Experimental f e a s i b i l i t y  has been demonstrated fo r  simultaneous 
N +  - P+ d i f fus ion from polymer dopant sources. Good so l a r  c e l l s  have 
been fabr icated using t h i s  low cost process. 

Experimental evaluation of screen-printed base metal contacts  has 
shown tha t  Cu a l loying through the shallow N +  l ayer  i s  a problem on the 
f ron t  s ide .  Screen-printed contacts show some promise. 

Porcelainized s t e e l  has been iden t i f i ed  a s  an a t t r a c t i v e  low cost  
subs t ra te  fo r  module fabr icat ion.  A four-cell  minimodule was fabricated 
on porcelainized s t e e l  a s  a  f e a s i b i l i t y  demonstration. A poten t ia l  
long-l ife module design has been developed but cost  is s t i l l  a  problem. 
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F i g u r e  7-4. E f f i c i e n c y  P r o d u c t  f o r  M e t a l  Cove rage  and S e r i e s  
R e s i s t a n c e  v s .  Metal F i n g e r  Width a s  a F u n c t i o n  
o f  C e l l  h i d t h  f o r  R e c t a n g u l a r  C e l l s ,  E x c l u d i n g  
Trunk ~ o s s e s  

2. Large-Area  C z o c h r a l s k i  S i l i c o n  l n g o t  Growth and Wafe r ing  
lmprovemen t s  - T e x a s  I n s t r u m e n t s  

The  p u r p o s e  of work u n d e r  t h i s  c o n t r a c t  i s  t o  o p t i m i z e  c u r r e n t  
p r o v e n  s e m i c o n d u c t o r  t e c h n i q u e s  .so as t o  p roduce  s i l i c o n  w a f e r s  i n  t h e  
most  c o s t - e f f e c t i v e  manner .  A c c o r d i n g l y ,  t e c h n i c a l  a c t i v i t y  h a s  
p r i m a r i l y  c e n t e r e d  on e s t a b l i s h i n g  a c c e p t a b l e  s i l i c o n  c r y s t a l  p u l l i n g  
and  s l i c i n g  ra tes .  

C r v s t a l  P u l l i n s  

The V a r i a n  12-kg p u l l e r  was made f u l l y  o p e r a t i o n a l  d u r i n g  t h e  
q u a r t e r .  S e v e r a l  t r i a l  12-cm c r y s t a l s  have  been p u l l e d  b o t h  from 
r e c y c l e d  s i l i c o n  and  new p o l y s i l i c o n .  Average  p u l l  ra tes  o f  8-10 cm/h 
were a c h i e v e d  v e r s u s  t h e  program g o a l  o f  12 cm/h. Two a t t e m p t s  were 
made t o  h o t - c h a r g e  i n t o  a n  &kg c r u c i b l e  u s i n g  chunk p o l y c r y s t a l l i n e  
s i l i c o n .  A l though  t h e s e  a t t e m p t s  were  u n s u c c e s s f u l  b e c a u s e  o f  e x c e s s i v e  
melt o x i d a t i o n ,  t h e  c o n c e p t  o f  u s i n g  chunk p o l y s i l i c o n  a p p e a r s  sound 
p r o v i d e d  an  a i r t i g h t  f e e d  mechanism i s  u s e d .  An a i r t i g h t  nugge t  
p o l y s i l i c o n  f e e d e r  f o r  u s e  on m u l t i c h a r g e  r u n s  was d e s i g n e d  and i s  b e i n g  
f a b r i c a t e d .  



C r v s t a l  S l i c i n q  

M u l t i b l a d e  s l i c i n g  work c o n t i n u e d  w i t h  t h e  o p t i m a l  s l u r r y  f l o w  
exper imen t  b e i n g  r e p e a t e d  u s i n g  4 0 0 - g r i t  boron c a r b i d e  a b r a s i v e  i n  
t h e  u s u a l  240 grams/liter s l u r r y  m i x t u r e .  R e s u l t s  c o n f i r m e d  t h e  p r e v i o u s  
o b v s e r v a t i o n  t h a t  a ,  s l u r r y  f l o w  r a t e  i n  t h e  5-10 m l / s  r a n g e  i s  o p t i m a l .  

S e v e r a l  s awing  e x p e r i m e n t s  were pe r fo rmed  w i t h  c r y s t a l  s p i n n i n g  
employed t o  enhance  c u t t i n g  rates.  R e s u l t s  i n d i c a t e  a  4  t o  5  times 
i n c r e a s e  i n  c u t t i n g  ra te  can  be  a c h i e v e d  on t h e  m u l t i b l a d e  saw w i t h  
c r y s t a l  s p i n .  However, t h e  p r a c t i c a l  a p p l i c a t i o n  o f  c r y s t a l  s p i n n i n g  
o f f e r s  a . d i f f i c u l t  t e c h n i c a l  c h a l l e n g e  t o  r e d u c e  s l ice  b r e a k a g e ,  ki?rf,  
and b l a d e  wear. E x p e r i m e n t a l  s l u r r y  sawing  rates a r e  shown i n  F i g u r e  
7-5. 

E x p e r i m e n t s  w i t h  d iamond-pla ted  b l a d e s  i n  t h e  m u l t i b l a d e  saw 
were s t a r t e d  u s i n g  a  diamond m a t r i x  s i m i l a r  t o ' t h a t  employed on c o n v e n t i o n a l  
I D  saw b l a d e s .  C u t t i n g  rates f o r  s t a t i o n a r y  c r y s t a l  were e q u a l  t o  
t h o s e  o b s e r v e d  w i t h  boron c a r b i d e  a b r a s i v e  s l u r r y .  With s p i n n i n g  c r y s t a l ,  
however ,  diamond c u t t i n g  r a t e s  were t h e  b e s t  a c h i e v e d  t o  d a t e .  A 76- 
mrn c r y s t a l  was sawed down t o  a 19-mm c o r e  i n  2 . 5  h  f o r  a n  a v e r a g e  c u t t i n g  
rate  o f  23 mm/h. Saw y i e l d  was 90% on t h e  s p i n n i n g  r u n .  A d d i t i o n a l  
e x p e r i m e n t s  w i l l  be  per formed w i t h  b l a d e s  h a v i n g  a  c o a r s e r  diamond 
m a t r i x .  

The economics  o f  t h e  C z o c h r a l s k i  p r o c e s s  were reexamined i n  v iew 
of c u r r e n t  and p r o j e c t e d  i n f o r m a t i o n  r e g a r d i n g  c r y s t a l  growth  and wafe r -  
i n g .  S h e e t  c o s t  i n  t h e  $30-37/m2 r a n g e  l o o k s  a c h i e v a b l e  f o r  t h e  l o n g e r  
term. A breakdown o f  t h e  c o s t s  i s  shown i n  F i g u r e  7-6. 
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F i g u r e  7-5. Exper imenta l  S l u r r y  Sawing R e s u l t s  
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F i g u r e  7-6. C z o c h r a l s k i  S i l i c o n  C o s t s  



SECTION V I I I  

ENGINEERING TASK 

E n g i n e e r i n g  Task work d u r i n g  t h e  q u a r t e r  c e n t e r e d  on s i x  a r e a s  
( r e p o r t e d  on below) a s s o c i a t e d  w i t h  t h e  i n t e g r a t i o n  and development 
o f  s o l a r  c e l l  module r e q u i r e m e n t s .  Emphasis was p l a c e d  on g e n e r a t i n g  
module r e q u i r e m e n t s  f o r  f u t u r e  large-scale module p rocurements  and 
on c l o s e l y  f o l l o w i n g  and i t e r a t i n g  r e q u i r e m e n t s  f o r  t h e  Block 2 (130 kW) 
Procurement t o  meet t h e  dynamic needs  o f  t h e  program. Based on e a r l y  
e x p e r i e n c e  d u r i n g  t h e  Block 1 ( 4 6  kW) Procurement ,  a n  improved method 
o f  d e f i n i n g  module power o u t p u t  was d e v i s e d ,  and a new s p e c i f i c a t i o n  
i s s u e d .  The s t u d i e s  made i n  g e n e r a t i n g  f u t u r e  d e s i g n  f a c t o r s  a n d / o r  
r e q u i r e m e n t s  i n c l u d e d  c e l l  packing e f f i c i e n c y  and s e r i e s / p a r a l l e l  c e l l  
a r rangements .  

A major  e f f o r t  was concluded t h a t  w i l l  p r o v i d e  g r e a t l y  i n c r e a s e d  
c o r r e l a t i o n  between measured performance and f i e l d  performance o f  s o l a r  
modules. T h i s  development of a nominal t e r r e s t r i a l  environment  (NTE) 
and a nominal  o p e r a t i n g  c e l l  t e m p e r a t u r e  (NOCT) w i l l  a l s o  p e r m i t  more 
a c c u r a t e  compar isons  o f  a l t e r n a t i v e  module d e s i g n s ,  and form a f o u n d a t i o n  
f o r  s t a n d a r d i z a t i o n  o f  module performance p a r a m e t e r s .  

A. BLOCK 2 (130 kW) PROCUREMENT REQUIREMENTS 

During t h e  s t a r t u p  o f  t h e  Block 2 (130 kW) Procurement  i t  was 
found n e c e s s a r y  t o  expand and c l a r i f y  module s p e c i f i c a t i o n  115-342-1 
Rev. A t o  p r o v i d e  a n  improved d e f i n i t i o n  o f  module power o u t p u t ,  and 
a s t a n d a r d  p rocedure  f o r  power o u t p u t  d e t e r m i n a t i o n .  The r e s u l t  o f  
t h i s  e f f o r t  was t h e  r e v i s e d  s p e c i f i c a t i o n  115-342-1, Rev. B. 

I n  t h e  Revision-A v e r s i o n  o f  t h e  s p e c i f i c a t i o n ,  t h e  maximum power 
o u t p u t  o f  each module was r e q u i r e d  t o  exceed 60/N w a t t s  a t  100 m~/cm2,  
AM1 i n s o l a t i o n  and 60°c c e l l  t e m p e r a t u r e ,  where N i s  t h e  number o f  
modules which n e s t  i n t o  a 4 by 4 f o o t  s u b a r r a y .  I n  a d d i t i o n ,  t h e  maximum- 
power v o l t a g e  o f  each module was r e q u i r e d  t o  exceed 15.8 v o l t s  under  
t h e  same t e s t  c o n d i t i o n s .  Compliance w i t h  t h i s  r e q u i r e m e n t  was t o  be  
de te rmined  by t e s t i n g  a t  a s t a n d a r d  test  c o n d i t i o n  o f  100 m~/cm2,  AM1, 
60°c u s i n g  a p rocedure  t o  be  developed by t h e  vendor  and approved by JPL. 

D i f f i c u l t i e s  w i t h  t h i s  approach a r o s e  i n  f o u r  a r e a s :  

( 1 )  R e q u i r i n g  t h a t  a l l  maximum-power v o l t a g e s  b e  g r e a t e r  t h a n  
15.8,volts  f o r c e d  t h e  maximum-power v o l t a g e  o f  t h e  a v e r a g e  
module t o  be  h i g h e r  t h a n  d e s i r e d  ( s e e  F i g u r e  8 - I ) ,  and 
r e q u i r e d  changes  i n  t h e  number o f  s e r i e s  c e l l s  p e r  module 
from t h a t  i n i t i a l l y  proposed by some m a n u f a c t u r e r s .  

( 2 )  Because some m a n u f a c t u r e r s  proposed modules w i t h  powers 
as muoh as  50% above t h e  60/N minimum, t h e r e  was no. 
e f f e c t i v e  c r i t e r i a  f o r  r e j e c t i n g  u n a c c e p t a b l e  modules 
w i t h  powers w e l l  below a v e r a g e ,  and no i n c e n t i v e  f o r  



15.8 
MAXIMUM POWER VOLTAGE (Vmp), volts 

F i g u r e  8-1. E f f e c t  of Maxitnu~n-Power-Voltage S p e c i f i c a t i o n  
on Maximum-Power V o l t a g e  of  Average Module 

m a n u f a c t u r e r s  t o  r e d u c e  module-to-module v a r i a t i o n  which 
could .  r e s u l t . i , n  s u b s t a n t i a l . . a r r a y  mismatch l o s s e s .  

( 3 )    an'^ m a n u f a c t u r e r s  p r e f e r r e d  a t e m p e r a t u r e  o t h e r  than  
2 8 ' ~  f o r  making module performance measurements,  depending 
on t h e i r  t y p e  o f  measurement f a c i l i t y  and method. 

(4) ~ h e r ' e  was poor  agreement  a s  t o  how t o  e x t r a p o l a t e  from 
t h e  measurement t e m p e r a t u r e  t o  t h e  r e f e r e n o e  t empera tu re '  
o f  6 0 ' ~ .  

To r e s o l v e  t h e s e  d i f f k u l t i e s ,  t h e  RevisionLB s p e c i f i c a t i o n  r e q u i r e s  
t h a t  t h e  a v e r a a e  module power o u t p u t  (Pave) a t  100 mw/cm2, 60°c and 
15.8  v o l t s  b e  g r e a t e r  t h a n  60/N, as de te rmined  by a n  agreed-upon sampl ing  
o f  mod,ules. s p e c i f y i n g  a v e r a g e  power o u t p u t  a t  t h e  r e f e r e n c e  v o l t a g e .  
p r o v i d e s  a b e t t e r  measure  o f  module performance i n  b a t t e r y - c h a r g i n g  . 

s y s t e m s ,  where c u r r e n t  l e v e l  is  of key impor tance .  I n  a d d i t i o n ,  i t  
a l l o w s  t h e  maximum-power p o i n t  o f  t h e  a v e r a g e  module t o  be  l o c a t e d  
a t  t h e  r e f e r e n c e  v o l t a g e .  (15.8  v o l t s )  and n o t  above i t  a s  p r e v i o u s l y  
r e q u i r e d  ( F i g u r e  8-1). 



To p r o v i d e  a  poor-module r e j e c t i o n  c r i t e r i o n ,  t h e  Revision-B 
s p e c i f i c a t i o n  f u r t h e r  r e q u i r e s  t h a t  t h e  power o f  each  module exceed 
0.86 Pave. T h i s  minimum l e v e l  o f  performance g u a r a n t e e s  t h a t  a r r a y -  
mismatch l o s s e s  w i l l  be  a c c e p t a b l e ,  y e t  i s  c o n s i s t e n t  w i t h  h i g h  module _ 
y i e l d s  a s  de te rmined  from s t u d i e s  o f  t h e  power v a r i a t i o n s  o f  modules 
d e l i v e r e d  a s  p a r t  o f  t h e  Block 1 (46  kW) Procurement .  

To r e s o l v e  t h e  module e v a l u a t i o n  d i f f i c u l t i e s ,  ' t h e  Revision-B 
s p e c i f i c a t i o n  a l s o  p r o v i d e s  f ,or  measurements t o  be  made a t  any  t e m p e r a t u r e ,  
r e f e r r e d  t o  as a n . 0 p t i o n a l  T e s t  Condi t ion  (OTC), and ' t h e n  e x t r a p o l a t e d  
t o  6 0 ' ~  u s i n g  a  s p e c i f i c  p rocedure  developed by JPL. The p r o c e d u r e  
i s  d e s c r i b e d  i n  d e t a i l  i n  5-342-1, Rev. 'B and is  based on requ ' i r ed  
measurements. o f  t h e  t e m p e r a t u r e  dependence o f  t h e  module I-V c u r v e  
n e a r  t h e  maximum power p o i n t .  T e s t s  have shown t h a t  t h e  p r o c e d u r e  
is  r e p e a t a b l e ,  and a c c u r a t e  t o  b e t t e r  t h a n  1%. 

B. MODULE CONFIGURATION STUDIES 

During t h e  p a s t  q u a r t e r  a  number o f  module c o n f i g u r a t i o n  s t u d i e s  
have been conducted i n  s u p p o r t  o f  t h e  development o f t r e q u i r e m e n t s  f o r  
f u t u r e  module buys.  One s t u d y  o f  p a r t i c u l a r  i n t e r e s t  focused  on module 
e f f i c i e n c y  c o n s i d e r a t i o n s .  

P r e s e n t  t e r r e s t r i a l  s i l i c o n  s o l a r  c e l l  modules b e i n g  p rocured  
by t h e  LSSA p r o j e c t  as p a r t  o f  t h e  Block 1  Procurement  have o v e r a l l  
e f f i c i e n c i e s  a t  28OC o f  around 11.55, based on t h e  t o t a l  c e l l  a r e a .  
T h i s  i n c l u d e s  l o s s e s  due t o  e n c a p s u l a t i o n  and c e l l  mismatch. Unfor- 
t u n a t e l y ,  when based on t h e  module o v e r a l l  a r e a ,  t h e  t y p i c a l  e f f i c i e n c y  
d r o p s  t o  around 6.5% because  o f  t h e  55 t o  60% c e l l  packinq f a c t o r  p r e s e n t l y  
used.  Though i n c r e a s e d  c e l l  e f f i c i e n c y  i s  one  means o f  i n c r e a s i n g  
f u t u r e  s o l a r  a r r a y  e f f i c i e n c y ,  a second approach  i s  c l e a r l y  t o  a t t e m p t  

I ,  

t o  i n c r e a s e  t h e  p e r c e n t  o f  t h e  s o l a r  a r r a y  which i s  a c t i v e  c e l l  area. 

S o l a r  a r r a y  a c t i v e  c e l l  a r e a  i s  l a r g e l y  a f f e c t e d  by t h r e e  v a r i a b l e s :  
( 1 )  s o l a r  c e l l  s h a p e ,  which i n f l u e n c e s  s o l a r  c e l l  packing e f f i c i e n c y ,  
( 2 )  module s i z e  and s h a p e ,  which i n f l u e n c e s  t h e  r a t i o  o f  module b o r d e r  
t o  e n c l o s e d  module a r e a ,  and ( 3 )  s o l a r  c e l l  s p a c i n g  a s  r e q u i r e d  t o  
accommodate t h e  e l e c t r i c a l  i n t e r c o n n e c t i o n  o f  t h e  c e l l s .  F i g u r e  8-2 
d e s c r i b e s  t h e  e f f e c t  o f  s o l a r  c e l l  shape  and module s i z e  on c e l l  n e s t i n g  
e f f i c i e n c y  w i t h i n  a  s q u a r e  module w i t h  c e l l s  i n  d i r e c t  c o n t a c t  w i t h  
one a n o t h e r * .  i t  can be s e e n  t h a t  s o l a r  c e l l  n e s t i n g  e f f i c i e n c y  i n c r e a s e s  
d r a m a t i c a l l y  w i t h  i n c r e a s i n g  module s i z e ,  though a  p o i n t  o f  d i m i n i s h i n g  
r e t u r n s  is reached  when t h e  number o f  rows o f  c e l l s  exceeds  a p p r o x i m a t e l y  
15 o r ,  i n  o t h e r  words,  t h e  number o f  c e l l s  p e r  module exceeds  200 o r  
s o .  With 3 t o  4  i n c h  c i r c u l a r  c e l l s ,  t h i s  p o i n t  o f  d i m i n i s h i n g  r e t u r n s  
i s  reached  w i t h  modules abou t  4  f o o t  s q u a r e ,  a s  c o n t r a s t e d  w i t h  p r e s e n t  
modules which a r e  1  t o  2  f o o t  s q u a r e .  

* 
R e c t a n g u l a r  modules have s i m i l a r  r s e l a l ; i o n s h i p s ,  which depend on which 
way t h e  c e l l s  a r e  l a i d  o u t  w i t h  r e s p e c t  t o  t h e  l e n g t h  and wid th .  
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Figu re  8-2. S o l a r  Cell Nest ing E f f i c i e n c y  f o r  
Square Modules 

Another c o n s i d e r a t i o n  addressed i n  F igure  8-2 i s  t h e  use  o f  ha l f -  
c e l l s  t o  f i l l  ou t  t h e  e n d , s p a c e s  t h a t  a r e  l e f t  when a s t agge red  pack 
i s  used. With l a r g e r  modules a g a i n  of approximately 3% i n  n e s t i n g  e f f i -  
c i ency  can be r e a l i z e d  by u t i l i z i n g  h a l f - c e l l s .  Th i s  can be  accomplished 
w i t h  l i t t l e  impact on t h e  c e l l  i n t e r connec t  system a s  long a s  a  s e r i e s / p a r a l l e l  
arrangement is  used w i t h  a  h a l f - c e l l  i n  each group of p a r a l l e l  c e l l s .  

Table  8-1 summarizes t y p i c a l  o v e r a l l  packing e f f i f i e n c y  va lues  f o r  a  4 
f o o t  squa re  module of c l o s e l y  packed 3 t o  4 inch  d iameter  c e l l s .  The 
b o r d e r ,  bus s ,  and i n t e r c o n n e c t  e f f i c i e n c i e s  correspond t o  t h e  a d d i t i o n a l  
a r e a  l o s t  due t o  t h e  u s u a l  0.75 inch  e x t e r i o r  border  r e q u i r e d  f o r  module 
mounting, t h e  l o s t  space  w i t h i n  t h e  border  f o r  e l e c t r i c a l  busses ,  e t c . ,  and 
t h e  approximately 0 .1  i nch  between c e l l s  r equ i r ed  f o r  c e l l  e l e c t r i c a l  i n t e r -  
connec t ion .  With t h e s e  va lues  i t  can be  seen  t h a t  o v e r a l l  packing e f f i c i e n c i e s  
of 75 t o  85 pe rcen t  a r e  e a s i l y  ach ievable .  

. . 
Ln a d d i t i o n  t o  improving module e f f i c i e n c y ,  i nc reased  module s i z e  has  a  

number of a d d i t i o n a l  advantages a s  shown i n  Table  8-2. From Figure  8-2 i t  is  
c l e a r  t h a t  t h e  primary reason  f o r  t h e  i nc reased  e f f i c i e n c y  of l a r g e r  modules 
i s  t h e  reduced r a t i o  of border  l eng th  t o  enc losed  module a rqa .  A second 
advantage t o  t h e  reduced border  l eng th  is  reduced c o s t  f o r  s p e c i a l  border  
t r ea tmen t  o r  f raming ,  and improved r e l i a b i l i t y .  Because t h e  module edge is  



T a b l e  8-1. Packing E f f i c i e n c y  f o r  a 4 by 4 Foot  Module 

E f f i c i e n c y ,  % 

E f f i c i e n c y  
Component Round Hex. 

Cells C e l l s  

Border  E f f i c i e n c y  

Buss E f f i c i e n c y  

I n t e r c o n n e c t  E f f i c i e n c y  

Nes t ing  E f f i c i e n c y  
(from F i g u r e  8-2; no 
h a l f - c e l l s )  

O v e r a l l  Packing E f f i c i e n c y  7 6 8 3 

v e r y  s u s c e p t i b l e  t o  damage and d e g r a d a t i o n ,  t h e  reduced  b o r d e r  l e n g t h  
e f f e c t i v e l y  i n c r e a s e s  module r e l i a b i l i t y .  Ar ray  r e l i a b i l i t y  is  a l s o  
enhanced by t h e  r e d u c t i o n  i n  number of  modules p e r  k i l o w a t t  and t h u s  
t h e  r e d u c t i o n  i n  mechan ica l  and e l e c t r i c a l  a t t a c h m e n t s  f o r  a g i v e n  
s i z e  sys tem.  

T a b l e  8-2. E f f e c t  o f  Module S i z e /  E f f i c i e n c y  

Modulc ~ ~ d ~ l ~ *  Cells/ Modules/ Eclrdcr l d 9 ~  Mndill p. 

Type E f f i c i e n c y  Module kW Enclosed Area p r i c e s Y *  
( f t x f t )  ( f t / f t 2 )  

* C e l l  e f f i c i e n c y  = 11.5% ( i n c l u d i n g  t r a n s m i s s i o n  and mismatch l o s s e s ) .  

' " ~ t  $10/wat t .  



I n  c o n t r a s t  t o  t h e  r e d u c t i o n  i n  b o r d e r  and  a t t a c h m e n t  f a s t e n e r s ,  
i n c r e a s e d  module  s i z e  g e n e r a l l y  l e a d s  t o  i n c r e a s e d  numbers o f  c e l l s  
p e r  module a n d  t h u s  t o  d e c r e a s e d  module r e l i a b i l i t y  u n l e s s  a p p r o p r i a t e  
s t e p s  are t a k e n .  The  e f f e c t  on a r r a y  r e l i a b i l i t y  v a r i e s  depend ing  
on t h e  e x t e n t  t h a t  fewer l a r g e r  modules  r e f l e c t  i n t o  p o o r e r  s e r i e s / p a r a l l e l  
r edundancy  a t  t h e  a r r a y  l e v e l .  

C. MODULE RELIABILITY STUDIES 

A d d i t i o n a l  s t u d i e s  d u r i n g  t h e  p a s t  q u a r t e r  examined t h e  e f f e c t  o f  
s o l a r  c e l l  s e r i e s / p a r a l l e l i n g  on module r e l i a b i l i t y .  When s e r i e s / p a r -  
a l l e l i n g  is  i n c o r p o r a t e d  i n t o  a  module,  t h e  l o s s  o r  shadowing o f  a  s i n g l e  
c e l l  r e s u l t s  i n  o n l y  a p a r t i a l  l o s s  i n  module o u t p u t ,  t hough  i t  w i l l  b e  
accompanied  by  " h o t  s p o t t 1  c e l l  h e a t i n g  e f f e c t s  a s  d e s c r i b e d  by B lake  and 
 ans son*. An i m p o r t a n t  d e s i g n  c o n s i d e r a t i o n  i n  t h e  s e l e c t i o n  o f  which series/ 
p a r a l l e l  c o n f i g u r a t i o n  t o  u s e  i s  t h e  l i m i t i n g  o f  t h e  I thot  s p o t t t  c e l l  h e a t i n g  
t o  a c c e p t a b l e  l e v e l s  i n  t h e  c a s e  where  a module h a s  a s i n g l e  c e l l  f a i l u r e .  

To h e l p  v i s u a l i z e  t h e  " h o t  spot1!  c e l l  h e a t i n g  phenomenon, c o n s i d e r  
t h e  s e r i e s / p a r a l l e , l  module  c o n f i 9 u r a t i o n  shown i n  t h e  l e f t - h a n d  s i d e  o f  
F i g u r e  8-3. The  r i g h t - h a n d  s i d e  o f  t h e  f i g u r e  i n d i c a t e s  t h e  e f f e c t  o f  
t h e  l o s s  o f  a s i n g l e  c e l l  on t h e  c u r r e n t - v o l t a s e  ( I - V )  c h a r a c t e r i s t i c s  
o f  e a c h  s e c t i o n  of  t h e  module and  on t h e  r e s u l t a n t  module o u t p u t .  I n  t h e  
case shown, t h e  two r e m a i n i n g  c e l l  s t r i n g s  i n  s e c t i o n  B d i s s i p a t e  n e a r l y  
t h e  e n t i r e  maximum power o u t p u t  o f  s e c t i o n  A u n d e r  s h o r t - c i r c u i t - c u r r e n t  
c o n d i t i o n s .  Because  t h e  r a t i o  o f  c e l l s  i n  s e c t i o n  A t o  t h e  f u n c t i o n a l  
c e l l s  i n  s e c t i o n  B i s  18 /6  = 3 ,  t h e  s e c t i o n  B c e l l s  a re  e a c h  c a l l e d  upon 
t o  d i s s i p a t e  a p p r o x i m a t e l y  3  times t h e i r  normal-maximum power o u t p u t .  

The  d e g r e e  t o  which  t h i s  l e v e l  o f  h e a t i n g  i s  o f  c o n c e r n  depends  
upon t h e  e x p e c t e d  t e m p e r a t u r e  rise of  t h e  heated c e l l s  and on  t h e  
t e m p e r a t u r e  s e n s i t i v i t y  o f  t h e  c e l l / m o d u l e  c o n s t r u c t i o n .  One means 
o f  e s t i m a t i n g  t h e  e x p e c t e d  " h o t  s p o t u  c e l l  t e m p e r a t u r e  i s  t o  c o n v e r t  

, t h e  h e a t i n g  t o  a n  e q u i v a l e n t  s o l a r  i n s o l a t i o n  as  d e s c r i b e d  by ROSS"*- 

The c h i e f  d i f f i c u l t y  i s  i n  d e t e r m i n i n g  t h e  power d i s s i p a t e d  i n  t h e  
" h o t  s p o t "  c e l l s  u n d e r  t h e  w o r s t - c a s e  o p e r a t i n g  c o n d i t i o n s  f o r  t h e  
f a i l e d  a r r a y  s y s t e m .  If w e  are  o n l y  i n t e r e s t e d  i n  t h e  r e l a t i v e  
p e r f o r m a n c e  o f  v a r i o u s  s e r i e s / p a r a l l e l  c o n f i g u r a t i o n s ,  t h i s  and o t h e r  
d i f f i c u l t i e s  c a n  b e  c i r c u m v e n t e d  by bounding  t h e  problem and examin ing  
t h e  " h o t  spo t1 '  c e l l  h e a t i n g  u n d e r  module s h o r t - c i r c u i t  c o n d i t i o n s .  
T h i s  c o n d i t i o n  i s  t h e  w o r s t - c a s e  f o r  a s i n g l e  module o r  g r o u p  o f  p a r a l l e l  
modu les ,  and  i s  t h e  w o r s t - c a s e  f o r  s e r i e s  modules  where  b y p a s s  d i o d e s  
are i n c o r p o r a t e d  t o  p r e v e n t  r e v e r s e  module v o l t a g e s .  

pr lake, F. A . ,  and  Hanson,  L. L . ,  "The 'Hot  S p o t t  F a i l u r e  Mode f o r  
S o l a r  A r r a y s , "  P a p e r  #699070 i n  t h e  P r o c e e d i n n s  o f  t h e  1969 IECEC 
C o n f e r e n c e ,  Sep tember  1969, pp. 575-581. 

* * Ross ,  R . G . ,  Jr . ,  " I n t e r f a c e  Des ign  C o n s i d e r a t i o n s  f o r  T e r r e s t r i a l  
s o l a r  C e l l  Modulesfl ,  P r o c e e d i n n s  o f  t h e  1 2 t h  IEEE P h o t o v o l t a i c  
S ~ e c i a l i s t s  C o n f e r e n c e  - 1976,  Baton Rouge, L o u i s i a n a ,  pp.  801-806. 



F i g u r e  8-3. V i o u n l i z a t i o n  o f  "Hot-Spot" C e l l  H e a t i n g  ..; i l 

A s  shown i n  F i q u r e  8-3, t h e  o p e r a t i o n  o f  a  f a i l e d  module under  . ?< s h o r t - c i r c u i t  c o n d i t i o n s  i s  c h a r a c t e r i z e d  by t h e  r e v e r s e  v o l t a g e  i n  
t h e  a f f e c t e d  s e r i e s  b lock  ( s e c t i o n  B )  b e i n g  e q u a l  t o  t h e  forward v o l t a g e  
i n  t h e  remain ing  s e c t i o n s  o f  t h e  module ( s e c t i o n  A ) .  T h i s  o p e r a t l n q  
c o n d i t i o n  i s  d e f i n e d  by t h e  i n t e r s e c t i o n  o f  t h e  I - V  c u r v e  f o r  t h e  f u n c t i o n a l  
p o r t i o n  o f  s e c t i o n  B w i t h  t h e  I - V  c u r v e  f o r  s e c t i o n  A ,  r e f l e c t e d  a b o u t  
t h e  o r d i n a t e  i n t o  t h e  n e g a t i v e  v o l t a g e  q u a d r a n t ,  i . e . ,  Lhe i n t e r s e c t i o n  
o f  t h e  B and -A c u r v e s  i n  F i g u r e  8-3. 

To f i n d  t h e  o p e r a t i n g  p o i n t  f o r  o t h e r  s e r i e s / p a r a l l e l  c o n f i g u r a t i o n s  
r e q u i r e s  c o n s t r u c t i n g  t h e  B and - A  I - V  c u r v e s  a s s o c i a t e d  w i t h  t h e s e  
c o n f i g u r a t i o n s .  F i q u r e  8-4 combines t h e s e  c u r v e s  i n  a s i n g l e  g raph  
which p r o v i d e s  a  r e a d y  means f o r  e v a l u a t i n g  t h e  "ho t  s p o t n  h e a t i n g  
a s s o c i a t e d  w i t h  a  s i n g l e  c e l l  f a i l u r e  w i t h i n  a module w i t h  a n y  s e r i e s /  
p a r a l l e l  c o n f i g u r a t i o n .  It i s  e q u a l l y  a p p l i c a b l e  t o  e s t i m a t i n g  t h e  
c h a r a c t e r i s t i c s  o f  s e r i e s / p a r a l l e l  module c o n f i g u r a t i o n s  w i t h i n  a n  
o v e r a l l  a r r a y  sys tem.  

To u s e  t h e  f i g u r e ,  one  l o c a t e s  t h e  i n t e r s e c t i o n  o f  t h e  p a r a l l e l -  
c e l l  and s e r i e s - c e l l - b l o c k  l i n e s  c o r r e s p o n d i n g  t o  t h e  c o n f i g u r a t i o n  
o f  i n t e r e s t .  The h o r i z o n t a l  p o s i t i o n  o f  t h e  i n t e r s e c t i o n  p o i n t  
e s t a b l i s h e s  t h e  " h o t  s p o t "  c e l l  h e a t i n g  under module s h o r t - o i r o u i t  
c o n d i t i o n s  a s  i n d i c a t e d  on t h e  lower  s c a l e .  The v e r t i c a l  p o s i t i o n  
o f  t h e  i n t e r s e c t i o n  p o i n t  e s t a b l i s h e s  a n  e s t i m a t e  o f  t h e  p e r c e n t  module 
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F i g u r e  8-4. E f f e c t  o f  S e r i e s / P a r a l l e l i n q  on "Hot Spo t"  
Cell Heat ing 

I 
power l o s s  d u e  t o  a  s i n g l e  c e l l  f a i l u r e ,  and i s  t h u s  a measure o f  t h e  
improved r e l i a b i l i t y  a c h i e v e d  by t h e  s e r i e s / p a r a l l e l i n g .  From 
F i g u r e  8-4 i t  i s  c l e a r  t h a t  i n c r e a s e d  numbers o f  p a r a l l e l  c e l l s  and 
i n c r e a s e d  numbers o f  s e r i e s  b l o c k s  b o t h  d e c r e a s e  t h e  p e r c e n t  module 
power l o s s  due  t o  a  s i n g l e  c e l l  f a i l u r e .  However, one  must b e  c a r e f u l  
a b o u t  u s i n g  l a r g e  numbers o f  s e r i e s  b l o c k s  w i t h  low numbers o f  p a r a l l e l  
c e l l s  becaus'e o f  t h e  l a r g e  "ho t  s p o t u  c e l l  h e a t i n g  which o c c u r s  under  
t h e s e  c o n d i t i o n s .  

When l a r g e  numbers o f  modules a r e  i n  s e r i e s  t o g e t h e r ,  t h e  e f f e c t  
i s  t o  i n c r e a s e  t h e  number o f  series b l o c k s .  Under wors t -case  c o n d i t i o n s  
a module w i t h  a f a i l e d  c e l l  can be  d r i v e n  t o  a c u r r e n t  l e v e l  e q u a l  
t o  t h e  module ' s '  o r i g i n a l  s h o r t - c i r c u i t  c u r r e n t .  The. "ho t  s p o t "  c e l l  
h e a t i n g  under  t h i s  c o n d i t i o n  is  g i v e n  i n  F i g u r e  8-4 by t h e  i n t e r s e c t i o n  
o f  t h e  p a r a l l e l - c e l l s  l i n e  f o r  t h e  module o f  i n t e r e s t  and t h e  0%-module- 
power- loss  l i n e .  For  f o u r  c e l l s  i n  p a r a l l e l  i t  can  be  s e e n , t h a t  t h e  
maximum "ho t  spot1I c e l l  h e a t i n g i s  e q u a l  t o  a b o u t  7.5 times t h e  c e l l  
maximum power. I n  c a s e s  where t h e  "hot  spotI1 c e l l  h e a t i n g  i s  u n a c c e p t a b l e  
a t  c u r r e n t  l e v e l s  above t h e  module s h o r t - c i r c u i t  c u r r e n t ,  a  bypass  
d i o d e  can  be  used t o  l i m i t  t h e  c u r r e n t  a t  t h e  s h o r t - c i r c u i t  v a l u e .  



D. ELECTRICAL PERFORMANCE SPECIFICATION STUDIES 

During t h e  p a s t  q u a r t e r ,  work h a s  a l s o  been d i r e c t e d  toward 
improved e l e c t r i c a l - p e r f o r m a n c e  s p e c i f i c a t i o n s  which a r e  r e f e r e n c e d  
t o  t y p i c a l  o p e r a t i n g  c e l l  t e m p e r a t u r e s  i n s t e a d  o f  a f i x e d  60%. T h i s  
approach  h a s  t h e  a d v a n t a g e  o f  p r o v i d i n g  g r e a t l y  improved c o r r e l a t i o n  
between measured performance a t  r a t e d  c o n d i t i o n s  and expec ted  performance 
i n  t h e  f i e l d ,  p r o v i d e s  f o r  more a c c u r a t e  compar ison o f  a l t e r n a t i v e  
module d e s i g n s  w i t h  d i f f e r e n t  t h e r m a l  p r o p e r t i e s  and I -V-temperature  
c h a r a c t e r i s t i c s ,  s h o u l d  c a u s e  module-cel l  performance o p t i m i z a t i o n  
t o  be  more c l o s e l y  a l i g n e d  w i t h  a c t u a l  f i e l d  o p e r a t i n g  c o n d i t i o n s ,  
and i s  a n e c e s s a r y  s t e p  toward e v e n t u a l  s t a n d a r d i z a t i o n  o f  module 
e l e c t r i c a l  performance pa ramete r s  and i n t e r - m a n u f a c t u r e r  i n t e r c h a n g e -  
a b i l i t y  . 

The proposed approach  t o  performance s p e c i f i c a t i o n  i s  based on 
first d e f i n i n g  a nominal  t e r r e s t r i a l  environment  (NTE) which i s  r e p r e -  
s e n t a t i v e  o f  t h e  a v e r a g e  env i ronmenta l  c o n d i t i o n s  i n  t h e  Uni ted  S t a t e s  
d u r i n g  t i m e s  when s o l a r  a r r a y s  a r e  producing power. The c e l l  t e m p e r a t u r e  
f o r  a module under NTE c o n d i t i o n s  i s  r e f e r r e d  t o  as t h e  nominal  o p e r a t i n g  
c e l l  t e m p e r a t u r e  (NOCT) and is  de te rmined  a c c o r d i n g  t o  a n  e a s i l y  imple-  
mented t e s t  p rocedure  d e s c r i b e d  i n  t h e  n e x t  s e c t i o n  o f  t h i s  r e p o r t .  
The improved e l e c t r i c a l - p e r f o r m a n c e  s p e c i f i c a t i o n s  s i m p l y  make r e f e r e n c e  
t o  t h e  NOCT t e m p e r a t u r e  i n s t e a d  of  6 0 ' ~ .  

To d e t e r m i n e  a n  a p p r o p r i a t e  d e f i n i t i o n  f o r  t h e  nominal  t e r r e s t r i a l  
environment ,  a s t u d y  was conducted u s i n g  computer a n a l y s i s  o f  wea the r  
t a p e s  which d e s c r i b e  t h e  measured hour-by-hour v a r i a t i o n  i n  ambient  
t e m p e r a t u r e  and i n s o l a t i o n  i n  n i n e  r e p r e s e n t a t i v e  g e o g r a p h i c  l o c a t i o n s  
i n  t h e  c o n t i n e n t a l  United S t a t e s .  For  each +hour i n t e r v a l ,  t h e  f o l l o w i n g  
p a r a m e t e r s  were c a l c u l a t e d .  

( 1 )  I n s o l a t i o n  i n c i d e n t  on a s o l a r  p a n e l  t i l t e d  t o  t h e  l o c a l  
l a t i t u d e  and f a c i n g  s o u t h .  

( 2 )  S o l a r  c e l l  t e m p e r a t u r e  based on ( I ) ,  t h e  l o c a l  a i r  tem- 
p e r a t u r e ,  and t h e  t h e r m a l  p r o p e r t i e s  o f  a t y p i c a l  s o l a r  
c e l l  module. 

(3 )  Maximum power o u t p u t  o f  a s o l a r  c e l l  module. w i t h  t y p i c a l  
I - V  and t e m p e r a t u r e / i n t e n s i t y  dependence c h a r a c t e r i s t i c s .  

Based on 10 y e a r s  o f  wea the r  a t  each  s i t e ,  t h e  above p a r a m e t e r s  
were o r g a n i z e d '  t o  p r o v i d e  t h e  a v e r a g e  a n n u a l  e n e r g y  produced by a module 
a t  each  c o y b i n a t i o n  o f  c e l l  t e m p e r a t u r e  and i n s o l a t i o n  l e v e l  (on t h e  
t i l t e d  module) .  F i g u r e  8-5 and 8-6 summarize t h e s e  r e s u l t s  and i n d i c a t e  
t h a t  50% o f  t h e  energy  from t h e  assumed module is  produced a t  i n s o l a t i o n  
l e v e l s  above and below a b o u t  80 m~/cm2,  and a t  c e l l  t e m p e r a t u r e s  above 
and below abou t  44 '~ .  Using t h e s e  v a l u e s  t o g e t h e r  w i t h  t h e  assumed 
module t h e r m a l  p r o p e r t i e s  a l l o w s  t h e  p r o p e r t i e s  o f  a s o r t  o f  median . 
environment  t o  be  c a l c u l a t e d  a s :  



F i g u r e  8-5. Module Annual Energy Output  Versus  
I s o l a t i o n  Level  on T i l t e d  Array 

I n s o l a t i o n  =. 80 rnw/cm2 

Air t e m p e r a t u r e  = 2 0 ' ~  

With t h i s  d e f i n i t i o n ,  50% of  t h e  a r r a y  e n e r g y  o u t p u t  i s  produced 
a t  e n v i r o n m e n t a l  c o n d i t i o n s  on e i t h e r  s i d e  o f  ( l e s s  o r  more s e v e r e  
t h a n )  t h i s  median environment .  T h i s  environment  r e p r e s e n t s  a  l o g i c a l  
p o i n t  o f  s p e c i f y i n g  module e l e c t r i c a l  performance and hence  h a s  been 
a d o p t e d  as t h e  d e f i n i t i o n  o f  t h e  nominal  t e r r e s t r i a l  environment  (NTE). 

The nominal  o p e r a t i n g  c e l l  t e m p e r a t u r e  (NOCT) used f o r  performance 
s p e c i f i c a t i o n  i s  t h e  measured c e l l  t e m p e r a t u r e  under  t h e  NTE c o n d i t i o n s ,  
and w i l l  g e n e r a l l y  b e  d i f f e r e n t  f o r  each module t y p e .  For  t h e  t y p i c a l  
module used i n  t h e  c a l c u l a t i o n  p r o c e d u r e ,  t h e  NOCT is  4Q0c. 

A second a n a l y s i s  conduc ted  d u r i n g  t h e  p a s t  q u a r t e r  u t i l i z e d  q 

and expanded t h e  above a n a l y s i s  t o  d e t e r m i n e  t h e  optimum module v o l t a g e  
f o r  c h a r g i n g  t y p i c a l  f l o a t - s e r v i c e  12-vo l t  l e a d - a c i d  b a t t e r i e s .  Work 
w i t h  p r e s e n t  a r r a y  m a n u f a c t u r e r s  h a s  s u g g e s t e d  t h a t  t h i s  v o l t a g e  i s  t h e  
l o g i c a l  v o l t a g e  t o  s p e c i f y  f o r  f u t u r e  module p rocurements .  

The s t u d y  was conduc ted  i n  a manner similar t o  t h e  above a n a l y s i s  
e x c e p t  t h a t  t h e  a v e r a g e  a n n u a l  e n e r g y  d e l i v e r e d  i n t o  a  c o n s t a n t  v o l t a g e  
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F i g u r e  8-6. Module Annual Energy Output  Versus  C e l l  
Temperature  f o r  a  T y p i c a l  Module With 
T c e l l  - Tair = 0 . 3  x I n s o l a t i o n  (Ref.  
F i g u r e  8-8) 

l o a d  was c a l c u l a t e d  f o r  each o f  a  s e t  o f  e q u a l  power modules w i t h  d i f f e r e n t  . 
maximum-power v o l t a g e s ,  b u t  o t h e r w i s e  i d e n t i c a l  I-V-temperature-intensity 
c h a r a c t e r i s t i c s .  F i g u r e  8-7 p r e s e n t s  t h e s e  d a t a  a s  a  f u n c t i o n  o f  t h e  
r a t i o  o f  t h e  module maximum-power v o l t a g e  ( a t  100 m ~ / c m 2 ,  NOCT) t o  
t h e  l o a d  v o l t a g e .  Based on t h e  t y p i c a l  c h a r g e  v o l t a g e  r a n g e  o f  a 
12-vol t  l e a d - a c i d  b a t t e r y ,  t h e  optimum module i s  s e e n  t o  have a  maximum 
power v o l t a g e  ( a t  100 m~/cm2,  NOCT) o f  a p p r o x i m a t e l y  15 v o i t s .  

E. NOCT THERMAL TEST PROCEDURE DEVELOPMENT 

Thermal t e s t i n g  and s u p p o r t i n g  a n a l y s i s  c o n t i n u e d  d u r i n g  t h e  
p a s t  q u a r t e r  w i t h  t h e  main t h r u s t  b e i n g  t o  d e v e l o p  a t e s t  p r o c e d u r e  
f o r  d e t e r m i n i n g  t h e  nominal  o p e r a t i n g  c e l l  t e m p e r a t u r e  (NOCT). A 
p r e l i m i n a r y  d r a f t  o f  t h e s e  p rocedures  h a s  been i s s u e d  f o r  r e v i e w  and 
comments. 

A s  d e s c r i b e d  i n  t h e  p reced ing  s e c t i o n ,  t h e  NOCT o f  t h e  module 
i s  t h e  module c e l l  t e m p e r a t u r e  under  o p e r a t i n g  c o n d i t i o n s  i n  t h e  nominal  
t e r r e s t r i a l  environment  which i s  d e f i n e d , m o r e  f u l l y  h e r e  a s :  
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F i g u r e  8-7. Annual Energy Versus  Module Vol tage  
f o r  C o n s t a n t  Vol tage  Load 

I n s o l a t i o n  = 80 mw/cm2 

A i r  temperature = 2 0 ' ~  

Wind a v e r a g e  v e l o c i t y  = 1 m / s  

Mounting = t i l t e d ,  open back ,  open c i r c u i t  

The o b j e c t i v e  o f  t h e  NOCT test  p rocedure  i s  t o  p r o v i d e  a  r e l i a b l e ,  
r e p e a t a b l e ,  low-cost  and e a s i l y  implemented approach  f o r  d e t e r m i n i n g  
NOCT f o r  a module o f  i n t e r e s t .  The p r o c e d u r e  i s  based on g a t h e r i n g  
a c t u a l  measured c e l l  t e m p e r a t u r e  d a t a  v i a  the rmocouples  a t t a c h e d  d i r e c t l y  
t o  t h e  c e l l s  o f  i n t e r e s t ,  f o r  a  r a n q e  o f  e n v i r o n m e n t a l  c o n d i t i o n s  similar 
t o  t h e  NTE. The d a t a  a r e  t h e n  p r e s e n t e d  i n  a way t h a t  a l l o w s  a c c u r a t e  
and r e p e a t a b l e  i n t e r p o l a t i o n  o f  t h e  NOCT t e m p e r a t u r e .  

A key e lement  of t h e  approach i s  t h e  f a c t  t h a t  t h e  t e m p e r a t u r e  
d i f f e r e n c e  (Tcell-~air 1 i s  l a r g e l y  independen t  o f  a i r  t e m p e r a t u r e  and 
is  e s s e n t i a l l y  l i n e a r l y  p r o p o r t i o n a l  t o  t h e  i n s o l a t i o n  l e v e l .  F i g u r e  8-8 
i n d i c a t e s  t h a t  t h e  l i n e a r  a s sumpt ion  i s  q u i t e  good f o r  i n s o l a t i o n  l e v e l s  
g r e a t e r  than  a b o u t  40 mW/cm2. The p r o c e d u r e  c a l l s  f o r  p l o t t i n g  
(Tcell-~air)  a g a i n s t  t h e  i n s o l a t i o n  l e v e l  as shown i n  F i g u r e  8-9 f o r  
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Figure  8-8. Va r i a t i on  of (Tce l l -~a i r )  Versus I n s o l a t i o n  
Level f o r  a Typica l  S o l a r  Cell Module 

a one o r  two day per iod  when wind c o n d i t i o n s  a r e  favorab le .  The NOCT 
va lue  is then  determined by adding.Tair = 20°c t o . t h e  va lue  o f  . 

(TCel1-Tair) i n t e r p o l a t e d  f o r  t h e  NTE i n s o l a t i o n  l e v e l  of  80 m~/cm2. 
F ine  ad jus tments  a r e ' t h e n  made . to  account  f o r  off-wind .condition.s and 
extreme a i r  t empera tures  us ing  t h e  c o r r e c t i o n  f a c t o r s , p r e s e n t e d  i n  
F igure  8-10. These p a r t i c u l a r  c o r r e c t i o n . f a c t o r s  a r e  c a l c u l a t e d  f o r '  
modules without  coo l ing  f i n s ,  wi th  backside open t o  t h e  a i r ,  and wi th  
.good s o l a r  and i n f r a r e d  o p t i c a l  p r o p e r t i e s ,  a s  is  t y p i c a l  o f  t h e  c u r r e n t  
LSSA modules. 

Table  8-3 summarizes t h e  tests used t o  s u b s t a n t i a t e  t h e  v a l i d i t y  
o f  t h e  test  procedure.  It i s  es t imated  t h a t  NOCT can be determined 
t o  w i th in  +1 . ~ O C .  With improvements i n  measuring v, which a r e  c u r r e n t l y  
being pursued, a  +l°C accuracy i s  expected.  

F. ENVIRONMENTAL REQUIREMENTS DEVELOPMENT 

During t h e  p a s t  q u a r t e r ,  work has  been i n i t i a t e d  i n  s e v e r a l  a r e a s  
of  environmental requirement development. I n  an a t tempt  t o  improve 
. cu r r en t  environmental t e s t  proc,edures,  d i s c u s s i o n s  were he ld  wi th  va r ious  
e x p e r t s  i n  t h e  f i e l d  of  environmental q u a l i f i c a t i o n  inc lud ing  m i l i t a r y  
test  e x p e r t s  a t  Frankford Arsenal i n  Ph i l ade lph ia  and semiconductor 



~igure 8-9. Determination of NOCT from 
Experimental Data 

test experts at Motorola's Semiconductor Division in Phoenix. Based 
on these discussions, work has been initiated in the following areas: 

( 1 )  Development of bias-humidity test procedure which imposes 
an electrical stress on the module during a high-humidity/ 
high-temperature soak. This type of test has been found 
to be one of the best indicators of field reliability by 
the semiconductor industry. It is felt to be especially 
effective at uncovering ion-migration problems, galvanic 
corrosion problems, and degradation of insulation resistance. 

(2) ~evelopment of a hail or impact loading test. The- survey 
indicated a lack of suitable test procedures for photo- 
voltaic modules; therefore, a test development program 
has been initiated using a hail-gun previously developed 
at JPL for testing terrestrial deep space antennas. 

( 3 )  Computer analyses of terrestrial environmental data have 
been'initiated to develop an improved understanding of 
the-actual fatigue loading environment associ'ated'with 
'.cyolic thermal and wind loading. Desfgn and fabrication. 
of a wind-cyclic-loading spectrometer is under way t o  provide 
a means of accurately assessing the number and type of 



Figure  8-10. NOCT Correc t ion  F a c t o r s  

wind loading  c y c l e s  experienced i n  t h e  f i e l d .  When com- 
p l e t e ,  t h e  i n i t i a l  p ro to type  ins t rument  w i l l  be  i n s t a l l e d  
i n  t h e  J P L  Pasadena s o l a r  a r r a y  t e s t  s i t e  f o r  eva lua t ion .  



Table 8-3. Thermal Performance Test Summary 

AVERAGE NOCT 47.5 

SPECTROLAB 130 K 

- 
Toir 
(OF) 

90 

77 

80 

63 

56 

.64 

60 

65 

70 

80 

TEST 
NUMBER 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

TILT 
ANGLE 

(O) 

45 

55 

55 

55 

55 

55 

55 

55 

55 

55 

DATE 

11-01-'76 

11-18-'76 

11-18-'76 

01-11-'77 

01-13-'77 

01-13-'77 

01-14-'77 

01-14-'77 

01-17-'77 

01-17-'77 

NOCT 
(OC) 

N/A 

41.9 

40.2 

42.0 

42.1 

41.3 

40.3 

40.5 

41.2 

40.3 

Tcell- 
Toir 
(OC) 

N/A 

21.9 

20.2 

22.0 

. 22.1 . 

20.3 

21.3 

20.5 

21.2 

20.3 

- 
V 

(mph) 

2 T 0 3  

1 ~ 0 2  

I T 0 2  

2 T 0 3  

3 T 0 4  

3 T 0 4  

1 1/2 TO 2 1/2 

.I 1/2 ~ 0 ' 2  1/2 

I T 0 2  

I T 0 2  

MORNING 
AFTERNOON 

( M  OR A) 

M .  

M. 

A 

M 

M 

A 

M 

A 

M 

A .  

CORR 
FACTOR 

(OC) 

'N/A 

0 

0 

0 

0 

+ 1  

-1 

0 

0 

0 

SOLAREX 46 K 

Tcell- 
Tair 
(OC) 

25.5 

27.8 

26.1 

28.8 

28.8 

26.4 

28.5 

26.5 

27.9 

26.5 

CORR 
FACTOR 

(OC) 

+2 

0 

0 

0 

0 

+ I  

-1 

' 0 

0 

0 

NOCT 
(OC) 

P7.5 

47.8 

46.1 

48.8 

48.8 

47.4 

47.5 

46.5 

47.9 

46.5 



SECTION IX 

OPERATIONS TASK 

The purpose of the Operations .Task is to identify and understand 
design defects so that module performance can be improved. The 
Operations Manager is responsible for the coordination and control of 
module testing, performance analysis, and the delivery of.modules to 
users. Specific task activities include the following items: 

(1) Liaison between JPL and module users on matters regarding 
delivery, interface compatibility, and field performance 
of modules. 

(2) Implementation of acceptanqe and life testing at JPL for 
representative samplings of modules. 

(3) Acquisition, interpretation, and reporting of module 
performance data from environmental testing and field 
service. 

(4) Module failure analysis and implementation of a problem/ 
failure reporting system. 

tc \ u------A,+ - P  tnannahi 1 i t y  fi ~ n n f i  slyation control ,-, , ..-..-a -- -.. - - - .-- -. ""-.- - -.- 
systems for modules. 

A. ENVIRONMENTAL TESTING 

Block 1 Procurementff 

Qualification testing of. the, late-production (Phase 2) Block 
1 Procurement modules ,was completed during this quarter, and a number 
of prototype modules obtained from a manufacturer not previously involved 
in this program were tested. Environmental testing of the modules 
"added onn to the Block 1 Procurement was initiated. 

Humidity/freezing exploratory tests werd40mpleted for all but one 
of the Block 1 Procurement module types during the quarter. This test 
cycle includes exposure to 65OC, 95% relative humidity, followed by 
freezing at -10%. 

Table 9-1 summarizes test results for the Phase 2 modules of the 
Block 2 Procurement. Figure 9-1 shows the results of qualification 
tests to which the Phase 2 modules were subjected. In the qualifica- 
tion test sequence, four of each manufacturer's modules were: 

'Formerly called the 46 kilowatt' procurement. 
~ - . - --- 

I 

9- 1 



Table 9-1. Resul ts  of Environmental Test ing of  Late 
.Production '(Phase 2)  Modules of t h e  Block 1 
Procurement - A l l  Manufacturers 

( 1 ) ~xbosed. ' t 'o  25 temperature cycles  (+90 t o  -40°C). . 

Manu- 
.'facturer 

( 2 ) Examined. . . 

, . f  

i 3 )  Exposed t o  2 5  Are. temperature c y c 1 & ~  (,+go:, t o  - 4 0 ' ~ ) .  , ' 
, . . . :. ' 1.  . . 

. ' .L. 

. ( 4 )  Examined. 

I n  add i t ion ,  a new s e t  ( i . e . ,  not previously t e s t e d )  of four modules of 
each type  was ex 'posed' to 10 cycles  of humidity/freezing. 

. 

. Other Observations 

Fraction iÍ hat Degrgded > 5% in Electricai 
Output or Showed Open Circuit' . 

BLOCK 1-PROCUREMENT MODULES 

A 

B 

C 

D 

E 

Temp. Cycling 

. 
Deg. 

0 

0.12 

0 

0 

0.5 

, 

Open 

Humidity 

ADD-ON MODULES (15 kW) , 

Deg. 

Humidity/ 
Freezing 

0 

0 

0 

0 

0.25 , 

0.5 

Open 
. . 
Deg. Open 

0.75 

0 

0. 

0 - 0  

- 

.O 

- + 

SPECIALL; PROCURED PROTOTYPE MODULES 

, 0 

0 

0 

- 

- 

0.2. 

O. 

0 

0 

0 

- 

- .  

. . 
Note: Sample moduies from Manufacturers B and .D were expdsed to 48 hours of salt fog, with little apparent 

effect. 

0.2' 

0 

0 

0 

0 

- 

- 

0.2 

~ i l  samples showed some delamination. Humidity1 
freezing caused cracked terminals and stains: 

Poor junction box cover bonding. Encapsulant 
delamination: Cell cracking. 

. ,- 

Cell discoloration. Some delamination.. 

Minor red-yellow spots after humiditylfreezing. 

severe electrical degradation. Cracked cells. 
Tests. discontinued.. . . 

. . - ' 

0' 

! . . 
Some delamination. 

0 0 Some discoloration and delamination. Low 
electrical isolation for 50% of samples. 
Delamination and water entry for all modules. 
after humiditylfreezing. 



TEMPERATURE CYCLES: +90 TO -40% 
168 HOURS OF EXPOSURE 

TO 90% HUMlDlN AT 70% 

RESULTS OF HUMlDlN TESTS 

Figure 9-1. Block 1 Procurement Modules - Effect of 
7 Environmental Tests on Maximum Power Outpu' - '  

-. 
d ___ _--- -- 

A 

'. . - - ' 1  -: . 

. d  . 
- The results indicate that the late-production (Phase 2) modules 

' 

were generally able to pass qualification testing without significant 
(greater than 5%) power degradation, but minor physical deterioration 
was common. One manufacturer's modules were sensitive to humidity, 
averaging a 6.3% decrease in power output after humidity exposure. 
The degradation (6-16s) in power of two of four "add-onw modules during 
the temperature cycling portion of the qualification tests was unexpected; 
problem/failure analysis is under way. 

mock 3 P r o c u r e *  

During this quarter, Block 2 Procurement modules were received from 
two manufacturers. Qualification tests of the modules from one manufacturer 
(Manufacturer A) were completed, including tests in a wind load simulation 
apparatus (Figure 9-2). (As of the quarter's end, the second manufacturerls 
modules had completed only the initial electrical test and inspection.) 
The tests were carried out with the modules mounted in a stiff frame 
approximately 4 x 4 feet (Figure 9-3). Tests were performed in the 
following sequence: temperature cycling, humidity cycling, mechanical 
integriLy (simulated wind load cycling). After each exposure the modules 
were inspected and electrical tests were made. Other tests include 
thermal coeffieient testing in a heated box with a window (Figure 9-4), 
measurement of electrical isolation from the metal frame, and module 
flexing. The module flexing test is performed in a fixture that provides 

*Formerly called the 130 kilowatt procurement. 



Figure 9-2. Wind Load Simulation Apparatus ( ~ a b r i c a t e d  During 
This Quar te r )  

a r a t i o  of 1-in-48 nonalignment of a mounting frame. Procedures f o r  
these  tests are given i n  JPL Documents 5-342-18 and OTP-02, -03, -04, 
m d  -05. 

The q u a l i f i o a t i o n  t e s t  r e s u l t s  f o r  t h e  first of t h e  Block 2 
Procurement prototype test modules a r e  given i n  Table 9-2. The only 
p o t e n t i a l  problems of note  revealed by t h i s  test s e r i e s  were ( 1 )  a 
tendency of some modules t o  show a temporary decrease i n  e l e c t r i c a l  
i s o l a t i o n  after exposure t o  moisture and ( 2 )  somewhat e r r a t i c  power 
output  behavior by one module during t h e  test sequence. These phenomena 
are under i n v e s t i g a t i o n .  



Figure 9-3. Test  Stand f o r  Wind Load Simulation Apparatus 

B. FIELD TESTING 

During t h i s  quar t e r ,  30 modules were placed i n  t h e  f i e l d  a t  each 
of t h e  secondary sites (Goldstone and Table Mountain). Figure 9-5 shows 
t h e  Goldstone i n s t a l l a t i o n ;  t h e  Table Mountain i n s t a l l a t i o n  is s imi la r .  
A t  t h e  end of t h e  quar t e r  t h e r e  were 121 modules i n  t h e  f i e l d ,  d i s t r i -  
buted as follows: 

Manufacturer JPL Table Mtn. Golds tone  

So la r  Power 6 6 6 

Spectrolab 

Solarex 

Sensor Tech 14 7 7 
;&p, 



Table 9-2. Resul ts  of Test ing Prototype Modules of  t h e  
Block 2 Procurement from Manufacturer A 

Environment* Results  
-- -- - 

Temperature (50 c y c l e s )  

Humidity (5 c y c l e s )  

Mechanical i n t e g r i t y  
( 100 simulated wind 
Loading c y c l e s )  

Salt fog ( 48-hour exposure; 
3 d i f f e r e n t  modules) 

One of t h r e e  modules showed an 
anomalous inc rease  i n  e l e c t r i c a l  
output  of 12% a f t e r  temperature 
cycling.  

One module showed temporary low 
e l e c t r i c a l  r e s i s t a n c e  t o  t h e  frame 
(93 megohms between c e l l  s t r i n g s  and 
frame . 
One weld crack i n  aluminum support  
frame. One module showed marginal 
(approx. 5%) e l e c t r i c a l  degradation. 

A l l  t h r e e  temporari ly f a i l e d  e lec-  
t r i c a l  i s o l a t i o n  test (10-40 megohms 
between c e l l  s t r i n g  and frame). 
After s e v e r a l  days of drying ou t ,  
a l l  passed t h e  test .  

*See a l s o  Table 10-2. 

It is a n t i c i p a t e d  t h a t  JPL w i l l  rece ive  a d d i t i o n a l  modules from 
LeRC i n  t h e  next  q u a r t e r ,  permit t ing completion of  t h e  planned deploy- 
ment of modules from t h e  Block 1 Procurement. I n  t h e  meantime, a 
4 x 4 foot  subarray containing t h r e e  prototype Spect ro lab  modules from 
t h e  Block 2 Procurement was put i n  t h e  f i e l d  at  t h e  JPL site;  similar 
u n i t s  w i l l  be i n s t a l l e d  a t  Table Mountain and Goldstone i n  t h e  next 
q u a r t e r .  

A t  t h e  JPL s i te ,  LAPSS I - V  da ta  were obtained on each module every 
two weeks. Except f o r  t h e  complete f a i l u r e  of one module, t h e  da ta  show 
l i t t l e  apparent  degradation.  A t  Table Mountain, two modules f a i l e d  
during the  first n igh t  after the  i n s t a l l a t i o n ,  although t h e  low tempera- 
t u r e  t h a t  n i g h t  was only a moderate 40°F. A subsequent inspect ion  
(press ing  t h e  in te rconnec t  points )  ind ica ted  t h a t  one of t h e  i n t e r -  
connects f a i l e d  on each of  the  modules. Fur ther  d iagnos t i c  checks on 
t h e s e  two modules a r e  pending. 

A con t rac t  f o r  t h e  automated da ta  system f o r  t h e  Pasadena site has 
been awarded t o  Instrument Technology Corporation. The system w i l l  have 
as its c e n t r a l  process ing un i t  a PDP 11/34 minicomputer which w i l l  con t ro l  



Figure 9-4. Heated Box 

the  a c q u i s i t i o n  of real-time da ta  and analyze,  s u m a r i z e ,  and condense t h e v  
data.  It is expected t h a t  t h e  system w i l l  be opera t iona l  i n  t h e  spr ing .  

Thirty-two a d d i t i o n a l  test s t ands  have been ordered, a s u f f i c i e n t  
quan t i ty  t o  provide four  more at  each of t h e  secondary s i t e s  and f i l l  
the  Pasadena site. These s tands  w i l l  a r r i v e  i n  January. Seven w i l l .  
be i n s t a l l e d  immediately a t  t h e  Pasadena s i te  t o  accommodate Block 
2 Pr~eurement  ~ a m p l e s ;  the  four  des t ined f o r  oach of the secondary 
sites and t h e  remainder f o r  t h e  Pasadena s i te  w i l l  be i n s t a l l e d  wi th in  
t h e  next few months, a s  weather permits.  

C. PROBLEM/FAILURE ANALYSIS 

During t h i s  quar t e r  26 new problem/fai lure r e p o r t s  (PFRs) were 
generated and 25 PFR analyses were completed. A s  o f  December 31, 1977, 
107 PFRs were i n  t h e  system; 5Q of these  had been disposed of .  Review 
of t h e  types  of problems t h a t  are being experienced a s  a r e s u l t  of 
environmental t e s t i n g  shows t h e  following breakdown: 

Design problems 46 

Workmanship problems 



Figure  9-5. Modules I n s t a l l e d  f o r  F i e l d  Tes t ing  - 
Goldstone S i t e  

Manufacturing problems 

Test equipment problems 

The problem a n a l y s i s  f u r t h e r  shows t h a t  55% of t h e  problems a r e  
ma te r i a l s - re l a t ed ,  e .g. ,  delamination of  encapsulants ,  cracking 
encapsulants ,  warpage o f  modules, s t r e s s i n g  o r  breaking of i n t e r -  
connects,  bubbles, f r ac tu red  terminals ,  c e l l  d i sco lo ra t ion ,  encapsula- 
t i o n  d i s c o l o r a t i o n ,  and f lux/corrosion.  The remaining 45% relate t o  
e l e c t r i c a l  performance, degradation o f  power output ,  opens, i n t e r -  
m i t t e n t ~ ,  and e l e c t r i c a l  i s o l a t i o n  problems. 

A PFR opera t ions  procedure is being prepared f o r  r e l e a s e  during 
t h e  next q u a r t e r .  This  procedure w i l l  formalize t h e  repor t ing ,  a n a l y s i s  
and c o r r e c t i v e  a c t i o n  responses t o  provide more uniform repor t ing  from 
JPL opera t ions  and test and app l i ca t ions  p ro jec t s .  

A major a n a l y s i s  completed during t h i s  quar t e r  involved samples of  
a design procured separa te ly  from t h e  Block 1 Procurement. Test modules 
exhibi ted  a v a r i e t y  of e l e c t r i c a l  i s o l a t i o n  problems and opens a f t e r  
being subjec ted  t o  environmental s t r e s s .  The encapsulat ion system was 
found t o  be s e n s i t i v e  t o  humidity and humidity/freezing environments: 



insulation resistance between cells and substrate dropped from greater 
than 100 megohms to as low as 6,000 ohms by the end of the test. 

The JPL failure laboratory has developed a nondestructive method 
of locating open circuits within a module through use of capacitance and 
dissipation factor measurements of each solar cell. This is accomplished 
by connecting one terminal of the capacitance bridge to the positive 
side of the cell string and the other terminal' to an aluminum foil 
electrode the size of one cell; the latter is placed, in sequence, over 
each cell as data are recorded. The values of capacitance and dissipa- 
tion factor change abruptly at the cell with open circuit. 

D. PERFORMANCE MEASUREMENT STANDARDIZATION 

In accordance with agreements reached at the last JPL/LeRC meeting 
on measurement standards, further interlaboratory measurement compari- 
sons have been performed. The measurements were made using JPL and 
LeRC Large Area Pulsed Solar Simulators (LAPSS) and Small Area Pulsed 
Solar Simulators (SAPSS); identical standard cells and solar modules 
were used. The results show excellent agreement -- typically within 1%. 
A summary report of these data will be presented at the Semiannual 
Photovoltaic Program Review in San Diego in January. 

Intermediate standard cells for the Block 2 Procurement were 
received from LeRC in November and December. Characterization tests and 
comparison with Block 1 Procurement standards is nearly complete. 
Delivery of intermediate standards to the manufacturers has begun; 
completion io anticipated by mid-January 1977. 

Characterization testing of Spectrolab prototype modules in 
support of performance measurement. standardization has been completed. 
These tests included empirical determination- of power, voltage, and 
current temperature coefficients and red/blue short-circuit current 
.ratios. The temperature coefficients permit extrapolation of perfor- 
mance data to the contractually requiped 60°C from ambient measurements. 
The red/blue ratio results will be compared to those for standard cells 
Lo verify that the standards are spectrally representative of production 
modules. 



SECTION. X 

LARGE SCALE PRODUCTION TASK 

During the last quarter of 195'6, the Block 1 Procurement* of solar 
cell modules, including the 15 kilowatt "add-onn buy, was completed. 
The Block 2 Procurement* of solar cell modules was initiated; design 
and development are currently in progress. 

The Block 1 Procurement was initiated with five contractors for the 
procurement of 46 kilowatts of modules. One contractor was terminated 
and the procurement was continued with four contractors; 6,563 modules, 
equivalent to 55.26 kilowatts of power, had been delivered as of 
December 25, 1976. The'module delivery status is given below. 

E 

Contract JPL Contract Modules Power Delivered' 
(kW) No. Delivered (kW) 

Solar Power ( 15 ) BQ633039 1,037 15.0 (completed) 

Solar Power- 
Add-On Buy (15) 

828 12.0 (in process) 

M7 International (3) . (Terminated) 5 2 0.26 

Solarex ( 10 BQ649006 1.~046 10.0 (completed) 

Sensor Tech (8) 954387 1,600 8.0 (completed) 

Spectrolab (10 BQ649005 2,000.. 10.0 .(completed) 

Total (46) 6,563 55.26 

The Block 1 Procurement was essentially based on state-of-the- 
art module technology. The primary objective of the buy was to provide 
modules to meet the needs of the ERDA Test and Demonstration Program. 

' A secondary objective was to assess the capability of performance of 
the modules in a terrestrial environment. 

Ten modules from each manufacturer were subjected to qualification 
tests. The tests included electrical performance, thermal cycles, 

*New terminology: Block 1 Procurement - formerly called the 46 kilowatt 
procurement; Block 2 Procurement - formerly the 130 kilowatt procurement. 



and temperature/humidity tests. The tests revealed several deficiencies, 
some related to module design and some to manufacturing quality. .Modi- 
fications in design and process improvements were incorporated ho-..virtually 
eliminate these problems. Key specifications for the Block 1 Procurement 
solar array modules are shown in Table 10-1. 

As a.result of the extensive testing and analysis performed on 
the modules,. a great deal of knowledge concerning module-design strength 
capability and module design weaknesses was obtained. As a result 
of the Block 1 Procurement experience, the following observations can 
be made: 

(1) Because of its high cost and difficulty of application, 
the silicone encapsulant material cannot be readily 
incorporated into low-cost large scale production. It is 
suggested that an investigation be carried out to find a 
suitable alternative material. 

(2) According to the module mariufacturers, the cost of labor 
associated with manufacturing the modules could be 
reduced by designing the modules larger and thus reducing 
the quantity of modules required. 

Block 2 Procurement 

Block ,2 Procurement incorporates additional environmental and 
performance requirements and modifies others to align the module quali- 
fication tests to the terrestrial environment. A requirement for a 
4 x 4-foot' envelope for module packaging was introduced. The purpose 
of the requirement is to.make easier the installation and uttlization 
of the module in the ERDA Demonstration and Test Program. Table 10-2 
shows key specifications for the Block 2 Procurement solar array 
modules. 

Table 10-1. Key Specifications for the LSSA Block 1 Procurement 

Test Conditions and Requirements 

Electrical Performance . 100 mw/cm2 at 28°C 

Temperature Cycling 

Temperature/Humidity 

100 cycles, -40 to +90°C at less 
.than 100°/hr . 

168 hours, 95% relative humidity 
at 70°C 



Table 10-2. Key S p e c i f i c a t i o n s  f o r  t h e  LSSA Block 2 . 
Procurement S o l a r  Array Modules 

Tes t  Condi t ions and Requirements 

.: E l e c t r i c a l  Performance 100 mw/cm2 ' a t  60°C 

Temperature Cycl ing 50 c y c l e s ,  -40 t o  +90°C 

. . 
Humidity 5 c y c l e s ,  95% R H ,  23 t o  41 O C  

Wind Loading 
. . 100 c y c l e s ,  k50 l b / f t  . '  

. I n s u l a t i o n  Res is tance  100 Ma, 1000 Vdc 

High Voltage Breakdown 1500 Vdc, 1 minute 

Packaging Envelope Envelope 4 x 4-foot frame 

Redundancy 

. , 

Terminal and i n  some c a s e s  
c e l l - t o - c e l l  redundancy 

During t h e  l a s t  q u a r t e r  of 1976, t h e  Block 2 Procurement e f f o r t  
was i n  t h e  des ign  and development phase.  The power of  t h e  modules 
scheduled t o  be d e l i v e r e d  by each c o n t r a c t o r  i s  shown i n  ~ a b i e  10-3. 

Table  10-3. Modules To B e  Del ivered - Block 2 Procurement 

JPL Contract  Power of Modules 
Con t r ac to r  No. (kW) 

So la rex  Corp. 954577. 30 

954565 4 0 Sensor  Technology 

~ p e c t r o l a b  ' 

. . 

S o l a r  Power Corp. 

M7 I n t e r n a t i o n a l  (Terminated ) 5 



The status and progress of each contractor is briefly described 
below. 

Solarex . . 

The preliminary module design review was held on October 29,' 1976. 
Solarex is scheduled to start production of 30 prototype modules; 20 
modules are to be shipped to JPL for qualification tests and 10 modules 
are to be tested by Solarex. Fabric'ation of the modules is scheduled 
for completion in December 1976. 

Sensor Technology 

The preliminary design review has been completed and fabrication 
of 30 prototype modules has started. Twenty modules were shipped to 
JPL on December 15, 1976 for JPL in-house qualification testing. The 
other 10 prototype modules are to undergo qualification tests at 
Sensor.Technology. The final design review is scheduled for the first 
week in February 1977. 

Spectrolab 

Spectrolab has completed the preliminary design review. .Proto- 
type module testing has been completed by Spectrolab and JPL, with , 

minimal electrical and mechanical degradation. Module production is 
expected to begin in January 1977. 

Solar Power Corporation 

The preliminary design review was completed by Solar Power. 
Authorization was given to Solar Power to start the fabrication of 
prototype modules. Completion of the prototype modules in January 1977 
is expected. 

The Block 2 Procurement is encountering delays. Some of the 
delays are attributable to: 

( 1 )  Implementation of the design changes resulting from 
design reviews. 

(2) Contractor's inability to obtain materials in a timely 
manner. 

( 3 )  Delays due to changes to JPL Specification 5-342-1. 
The changes' are generally directed toward improving 
the module design and/or performance capability. 

10-4 
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