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Prepared by the Jet Propulsion Laboratory, California Institute of Technology, 
for the U.S. Department of  Energy through an agreement with the National 
Aeronautics and Space Administration. 

The J P L  Flat-Plate Solar Array Project is sponsored by the U.S. Department of 
Energy and is part of the National Photovoltaics Program to initiate a major 
effort toward the development of cost-competitive solar arrays. 

This report was prepared as an account of work sponsored by an agency of the 
United States Government. Neither the United States Government nor any 
agency thereof, nor any of their employees, makes any warranty, express or 
implied, o r  assumes any legal liability or responsibility for the accuracy, com- 
pleteness, o r  usefulness of any information, apparatus, product, o r  process 
disclosed, or represents that its use would not infringe privately owned rights. 

Reference herein to any specific commercial product, process, or service by trade 
name, trademark, manufacturer, o r  otherwise, does not necessarily constitute o r  
imply its endorsement, recommendation, or favoring by the United States 
Government or  any agency thereof. The views and opinions of authors expressed 
herein do not necessarily state or  reflect those of the United States Government 
or  any agency thereof. 

This document reports on work done under NASA Task RE-152, Amendment 
419, DOE/NASA IAA NO. DE-A101-85CE89008. 



The Workshop on Law-Cost P o l y s i l i e o n  f o r  Te r r e s t r i a l  Photovoltaic 
solar-Gel1 A p p l i c a t i o n s  was held October 28, 29, and 30, 1985, a t  t h e  Sahara 
Hote l ,  La% Vegas, Nevada. It was spons~red by the Flat-Plate Solar Array 
(FSA) Project of the Jet Propulsion Laboratory (JPL). The sessions were: 
~olysilicon Material Requirements; Economics; Process Developments in the USA; 
Process Developments, International; and Polysilicon Market and Forecasts. 
There were two forums dealing with polysilicon process technology and 
polysilicon markets. Twenty-one invited papers were presented and discussion. 
periods followed the papers. This report contains a record of the papers, the 
forums, and the discussions. 





FOREWORD 

The Workshop on Low-Cost Polysilicon for Terrestrial Photovoltaic 
solar-Cell Applications was intended to provide a forum for descriptions and 
discussions of polysilicon processes that are being used eomercially or are 
being developed, of polysilicon process economics, and of the polysilicon 
market for the semiconductor and photovoltaic solar-cell industries. These 
areas, which are interrelated in a complex manner, are of interest and concern 
to both the producers and the users of polysilicon. The agenda was comprised 
of: Polysilicon Material Requirements; Economics; Process Developments in the 
USA; Process Developments, International; and Polysilicon Market and 
Forecasts. Two forums dealing with polysilicon process technology and 
polysilicon markets were also held. All of the papers were invited and were 
selected to present comprehensive views of each area. The invited speakers 
are well recognized in their fields of expertise. The attendees took the 
opportunity of this Workshop for exchanges of information and discussions of 
technical and economic problems. 

The Proceedings contain the papers submitted by the authors before the 
Workshop; hence, the actual presentations may have differed somewhat from the 
papers. The Proceedings also contain transcriptions of tapes of the 
discussions. These were edited, as necessary, to enhance clarity of 
expression. 

R. Lutwack 
Chairman 
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WORKSHOP INTRODUCTION 

I am pleased %s welcome you to the Workshop on Low-Cost Silicon f o r  
Terrestrial Photovoltaic Solar Cell-Applications. It is a special pleasure to 
welcome the invited speakers from Taiwan, Norway, Japan, Italy, and Germany, 
and to also extend a special welcome to attendees from these and other 
countries. 

This Workshop is intended to provide a forum for the exchange of 
information. The agenda consists of invited papers describing polysilicon 
material requirements for photovoltaic solar cells, innovative processes for 
preparing silicon, special reactor studies, the economics of various 
polysilicon processes, and views of the present and future markets for silicon 
use in the photovoltaic solar cell and semiconductor industries. 

The Workshop will be successful if we exchange information by asking 
questions, by presenting problems, and by offering comments and information. 
Participation will be especially important for the success of the two forums: 
one on Tuesday afternoon on polysilicon process technology and the other on 
Wednesday morning dealing with polysilicon markets. 

There are some program changes. Please note that Dr. Jain is unable to 
attend and present his paper. Also, Dr. Aulich has graciously offered to be 
the chairman of the Tuesday afternoon forum replacing Dr. Wald, who cannot be 
here because of illness. 





Ralph Eutwack 
J e t  Propuls ion Laboratory 

Pasadena, C a l i f o r n i a  

The S i l i c o n  Ma te r i a l  Task of t h e  FSA Pro j ec t  has been descr ibed  through 
t h e  r e p o r t s  of t h e  c o n t r a c t o r s ,  through JPL r e p o r t s ,  and through presen t -  
a t i o n s  by JPL and t h e  c o n t r a c t o r s  a t  va r ious  meetings. I n  f a c t ,  e i g h t  
papers  t o  be presented a t  t h i s  Workshop dea l  with i n v e s t i g a t i o n s  c a r r i e d  
ou t  e n t i r e l y  o r  i n  p a r t  under t h e  Task. This  morning, I want t o  presen t  an 
i n s i g h t  i n t o  t h e  Task program from i t s  incep t ion  i n  1974. 

The concept of a  low-cost, s i ng l e - c rys t a l  s i l i c o n  ( S i )  s o l a r  a r r a y  
p r o j e c t  t o  develop t h e  technology and e s t a b l i s h  t h e  c a p a b i l i t y  f o r  producing 
a r r a y s  f o r  t e r r e s t r i a l  a p p l i c a t i o n s  was f i r s t  o u t l i n e d  i n  a  l e t t e r  of 
i n t e r e s t  from JPL t o  t h e  Nat iona l  Science Foundation (NSF) i n  Apr i l  1973. 
The Cherry H i l l ,  N J  Conference on Photovol ta ic  (PV) Conversion of So la r  
Energy (SE) f o r  T e r r e s t r i a l  Appl ica t ions ,  held i n  October 1973, was organ- 
i z e d  and conducted by JPL a s  p a r t  of an NSF c o n t r a c t  f o r  $69K. Two of t h e  
gene ra l  conclusions of t h e  conference were: 1) a  10-year government-funded 
program t o  e s t a b l i s h  t he  commercial p r a c t i c a l i t y  of PV f o r  t e r r e s t r i a l  
a p p l i c a t i o n s  should be s t a r t e d  a s  soon a s  pos s ib l e ,  and 2 )  t he  primary 
candida te  f o r  development should be t h e  s i n g l e - c r y s t a l  S i  a r r ay .  The 
recommendations of t h e  conference workshop on s i n g l e - c r y s t a l  S i  s o l a r  c e l l s  
were t h a t  t h e  o b j e c t i v e  should be t o  achieve a  ce l l  p r i c e  of $0.50/peak W 
and a  cell  product ion capac i ty  of 500 peak MW/year by 1985 with a  goa l  of 
$O.lO/peak W c e l l  and 50,000 peak MW by 2000; a  l a rge-sca le  polySi p l a n t  
was earmarked f o r  on-stream product ion i n  FY'83. These recommendations from 
t h e  Cherry H i l l  conference formed t h e  b a s i s  f o r  s e v e r a l  PV s o l a r  energy 
plans.  

I n  June 1974, JPL submit ted a  proposal  t o  NSF/Research Applied t o  
Nat iona l  Needs t o  conduct a  program t o  develop t h e  t e c h n i c a l  and i n d u s t r i a l  
c a p a b i l i t y  f o r  producing 500 MW of s i ng l e - c rys t a l  PV s o l a r  a r r a y s  a t  a  c o s t  
of < $500/peak kW by 1984. The c o n t r a c t  s t a r t e d  i n  August 1974. The pro- 
gram l i m i t s  of t h e  S i  Ma te r i a l  Task were set by m a t e r i a l  and p r i c e  goa ls :  
t h e  S i  needed t o  be s u i t a b l e  f o r  t h e  f a b r i c a t i o n  of 10% convers ion-ef f ic ien t  
a r r a y s  a t  < $35/kg. The f i r s t  Task plan had f i v e  phases: (1 )  f o r  t h e  
eva lua t ion  and s e l e c t i o n  of t he  process developments; ( 2 )  f o r  experimental  
s t u d i e s  of chemical k i n e t i c s  and y i e l d s ,  chemical engineer ing ,  energy use,  
r e a c t o r  design,  and pre l iminary  economic e s t ima te s ;  ( 3 )  f o r  cont inued 
experiments i n  scaled-up r e a c t o r s  t o  o b t a i n  da t a  da t a  f o r  s teady-s ta te  
ope ra t i on  and f o r  op t imiza t ion  ana lyses ;  ( 4 )  f o r  p i l o t  p l a n t s  t o  charac- 
t e r i z e  major equipment and process  des igns ;  and (5)  f o r  l a rge-sca le  p l an t s .  
It was assumed t h a t  t h e  p i l o t  p l a n t s  and la rge-sca le  p l a n t s  would be 
government-funded and operated under government l i c e n s e s  (F igure  l ) ,  

The l a s t  f o u r  phases were f i t t e d  i n t o  a  Task s t r u c t u r e  which a l s o  
inc luded  subs t a sks  f o r  suppor t  inves t iga tPons  f o r  t h e  process  developments 
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( F i g u r e  1 ,  where p i l o t  p l a n t s  are  ca l l ed  Experimental Process  System Devel- 
opment U n i t s ) ,  C o n s u l t a n t s  ( F i g u r e  2 )  were used throughout  t h e  program t o  
a n a l y z e  problems and t o  c r i t i q u e  t e c h n i c a l  developments,  P r o f e s s o r  P r i e d -  
l a n d e r ,  P r o f e s s o r  L e v e n s p i e l ,  and D r ,  Rober t s  were i n v o l v e d  i n  a  review and 
a n a l y s i s  of t h e  problem of t h e  c o l l e c t i o n  of S i  from t h e  g a s  phase  i n  t h e  
Westinghouse a r c  h e a t e r  p r o c e s s ,  f o r  example;  and D r ,  F i t z g e r a l d  and 
P r o f e s s o r  L e v e n s p i e l  were engaged from t h e  e a r l y  s t a g e s  of t h e  program i n  
c r i t i c a l l y  examining t h e  problems and p r o g r e s s  of t h e  chemical  e n g i n e e r i n g  
R&D of s e v e r a l  c o n t r a c t s ,  e s p e c i a l l y  and most i n t e n s e l y  of t h e  SiH4 f l u i d i z e d  
bed development,  P r o f e s s o r  Sah p repared  in-depth  reviews and a n a l y s e s  which 
p e r t a i n e d  t o  t h e  i m p u r i t y - e f f e c t s  a r e a .  

The f i r s t  major problem f a c e d  i n  c o n s t r u c t i n g  a  p l a n  f o r  t h e  S i  Mate- 
r i a l  Task was how t o  d e a l  w i t h  t h e  words " so la r -g rade  S i "  and "Si  s u i t a b l e  
f o r  t h e  f a b r i c a t i o n  of 10% s o l a r  a r r a y s . "  Although t h e  terminology had 
been used b e f o r e  and seemed t o  be a  r e a s o n a b l e  b a s i s  f o r  forming program 
o b j e c t i v e s ,  i t  c o u l d  n o t  be used a s  a  d e f i n i t i o n .  We r e a l i z e d  t h a t  q u a n t i -  
t a t i v e  i n f o r m a t i o n  r e l a t i n g  t h e  e f f e c t s  of c o n c e n t r a t i o n  l e v e l s  of s p e c i f i c  
e l ements  on t h e  performance of c e l l s  was needed f o r  t h e  p r o c e s s  develop- 
ments. It would be r e q u i r e d  t o  de te rmine  r e a c t o r  e f f i c i e n c y ;  t o  a s s e s s  t h e  
requ i rements  f o r  p u r i f i c a t i o n  u n i t s ;  t o  c o n s t r u c t  p r o c e s s  d e s i g n s ;  and,  of 
c o u r s e ,  t o  e s t i m a t e  p rocess  economics. T h e r e f o r e ,  t h e  e f f o r t  f o r  s t u d i e s  
of  i m p u r i t y  e f f e c t s  on c e l l  performance was g i v e n  a major p o s i t i o n  i n  t h e  
program. The r e s u l t s  of t h e s e  s t u d i e s  w i l l  be d e s c r i b e d  i n  Workshop p a p e r s  
by D r .  Hopkins of Westinghouse and P r o f e s s o r  Sah of t h e  U n i v e r s i t y  of 
I l l i n o i s .  Complementary i n v e s t i g a t i o n s  t o  measure i m p u r i t y  c o n c e n t r a t i o n s  
and l i f e t i m e / d i f f u s i o n  l e n g t h s ,  t o  deve lop  a n a l y t i c a l  p rocedures ,  and t o  
e v a l u a t e  impurity-doped c e l l s  were a l s o  employed ( F i g u r e  3). 

S e v e r a l  program p l a n s  were c o n s t r u c t e d  t o  meet v a r y i n g  requ i rements  of 
t h e  government sponsor .  One of t h e  f i r s t  long-term p lans  e s t a b l i s h e d  a  
s c h e d u l e  c u l m i n a t i n g  i n  a  6000 MT/yr p l a n t  b e i n g  on-stream i n  J u n e  1986 
( F i g u r e  4) .  However, a s  e a r l y  a s  t h e  NSF g r a n t e e  rev iew i n  Maine i n  August 
of 1976 we were r e q u e s t e d  t o  p r e p a r e  p l a n s  f o r  o b t a i n i n g  s m a l l  q u a n t i t i e s  
o f  S i  from t h e  development u n i t s  of t h e  p r o c e s s e s  i n  1980. Then, i n  t h e  
f a l l  of 1977 p l a n s  were p repared  i n  r esponse  t o  a  proposed major change i n  
t h e  Task program ( F i g u r e  5 ) .  The change i n t r o d u c e d  a n  i n t e r m e d i a t e  1982 
o b j e c t i v e  t o  o b t a i n  po lyS i  f o r  t h e  P r o j e c t  program. S e v e r a l  o p t i o n s  of 
development s c h e d u l e s  and budgets  were d e v i s e d  t o  meet t h i s  new g o a l .  To 
de te rmine  t h e  response  t o  a c c e l e r a t e d  s c h e d u l e s  by p r o c e s s  development 
c o n t r a c t o r s ,  a  meet ing was h e l d  i n  Washington, D.C. i n v o l v i n g  managers of  
f o u r  of t h e  c o n t r a c t s ,  J P L ,  and t h e  DOE. P r o d u c t i o n  c a p a c i t i e s  of 500 and 
1500 MT/yr b e f o r e  1986 were s u g g e s t e d  a s  g o a l s  f o r  d i s c u s s i o n ;  t h i s  was t h e  
s o - c a l l e d  Marvin plan.  Proposed p l a n s  ranged from purchases  of S i  t o  meet 
needs i n  t h e  near- term y e a r s  t o  t h e  use  of nonopt imized p r o d u c t i o n  p l a n t s  
t o  be  on-stream i n  1983; b u t ,  i t  was emphasized t h a t  a c c e l e r a t e d  s c h e d u l e s  
which would e n a b l e  l a rge -p roduc t ion  p l a n t s  t o  be on-stream i n  1983 would be 
h i g h e r  r i s k  a s  a  r e s u l t  of t h e  s a c r i f i c e  of a  c o n s e r v a t i v e  d a t a  b a s e  f o r  
p r o c e s s  d e s i g n s .  The probable  consequence would be p roduc t ion  from p l a n t s  
l e s s  e f f i c i e n t  i n  m a t e r i a l  and energy u s e  a s  w e l l  as o p e r a t i n g  w i t h  lower  
product  y i e l d  and h i g h e r  p rocess  c o s t ,  

The Task i n c o r p o r a t e d  some of t h e  recommendations i n t o  proposed Task 
budgets  and schedu les  t o  meet t h e  i n t e r m e d i a t e  p roduc t ion  r e q u i r e m e n t s ,  



APP of t h e s e  Task p lans  s t i l l  s t r e s s e d  t h e  n e c e s s i t y  f o r  maintaining the  
b a s i c  1986 plan i n t a c t  without decreas ing  t h e  resources  f o r  t h e  1986 program 
i n  o r d e r  t o  accomplish any 1982-1983 product ion needs. 

Task p lans  were a l s o  formulated t o  f i t  t h e  requirements of t he  con- 
g r e s s i o n a l  McCormack b i l l  i n  which t h e  a r r a y  product ion was t o  be doubled 
each year  through 1988, reaching 2000 MW i n  1988. The demands i n  t h i s  c a s e  
were n o t  a s  s eve re  f o r  t h e  1982-1983 per iod ,  but more ex t ens ive  planning was 
involved t o  t a k e  c a r e  of t h e  very  l a r g e  i nc reases  i n  product ion fo l lowing  
1983. The r e s u l t i n g  p lans  assumed a  l i n e a r  i n c r e a s e  i n  t h e  e f f i c i e n c y  of 
u s ing  polySi  s o  t h a t  t h e  MT/MW decreased from 1211 t o  6/1. I n  each of t h e  
p lans  t h e  near-term demand was t o  be met w i th  S i  purchases ,  t h e  i n t e rmed ia t e  
demand by product ion from l a r g e  Experimental Process System Development 
Units  (EPSDUs), and t h e  demand beyond 1985 by two 6000 MT/yr p l a n t s  based 
on t h e  assumption of increased  e f f i c i e n c y  i n  S i -use  o r  two 12,000 MT/yr 
p l a n t s  based on a  cons tan t  40% e f f i c i e n c y  use of S i ,  For comparison, t h e  
b a s i c  low-cost s o l a r  a r r a y  p r o j e c t / ~ O E  program goa l s  were f o r  two 3000 MT/yr 
p l a n t s  i n  1986. 

While t h e  d i s cus s ions  and t h e  planning were under way t o  meet t h e  
s e r i e s  of i nc reased  demands with t h e  a s soc i a t ed  more d r a s t i c  schedules ,  t h e  
Task proceeded on i t s  b a s i c  t r a c k  wi th  modi f ica t ions  caused by t h e  d i f f i c u l -  
t i e s  some c o n t r a c t o r s  had i n  reaching  t h e  goa l  of e s t a b l i s h i n g  process  f ea s -  
i b i l i t y ;  f i v e  processes  were s t i l l  under c o n t r a c t  i n  e a r l y  1980 (F igu re  6). 

I n  FY'80 t h e  Task program was l i m i t e d  t o  two EPSDUs by a  budget 
reduc t ion .  The S i l a n e  Process  developed by Union Carbide was s e l e c t e d  f o r  
one EPSDU. The contending processes  f o r  t h e  second EPSDU were t h e  SiH2C12- 
Siemens process  of Hemlock Semiconductor and t h e  Zn-SiC14-FBR process  of 
B a t t e l l e .  The suppor t ing  program e f f o r t s  i n  1980 were f o r  t h e  S i l a n e  
process .  These were t h e  s tudy  of t h e  hydrochlor ina t ion  r e a c t o r  by D r .  Mui 
f i r s t  a t  MIT and then a t  So l a r - e l ec t ron i c s ;  t h e  r e sea rch  a t  JPL on t h e  f r e e  
space r e a c t o r  (FSR) and f l u i d i z e d  bed r e a c t o r  (FBR); and s t a r t i n g  l a t e  i n  
1980, t h e  r e sea rch  by Professor  Flagan of Caltech on the  growth of f i n e  
p a r t i c l e s  i n  a SiH4 py ro lys i s  system (Figure 7) .  

Fu r the r  budget reduc t ions  a t  t h e  s t a r t  of FY181 fo rced  t h e  Task t o  a  
l i m i t  of one EPSDU; the  choice was t h e  S i l a n e  Process,  Only t h e  SiH2C12- 
Siemens development by Hemlock Semiconductor was continued beyond e a r l y  
1981 a s  a  p o t e n t i a l  compet i tor  should more funds become a v a i l a b l e  l a t e r  i n  
t h e  program, 

Since t h e  development of t h e  SiH4 process  by Union Carbide can be 
cons idered  a s  t h e  primary success  of t h e  S i  Ma te r i a l  Task program--notwith- 
s t and ing  the  f a c t  t h a t  t h e  depos i t i on  r e a c t o r s  i n  t h e  p i l o t  p l an t  and 
commercial p l an t  a r e  Siemens-type CVD r e a c t o r s  designed by Komatsu and t h a t  
hence t h e  process  is s t i l l  not  a  low-cost process i n  t he  context  of t h e  
Task goal--I would l i k e  t o  desc r ibe  t h i s  con t r ac tua l  development from t h e  
Task management viewpoint. D r .  Iya  w i l l  p resen t  a  paper a t  t h i s  workshop 
which w i l l  dea l  w i th  many of t h e  t e c h n i c a l  development aspec ts .  

Af t e r  a  c r i t i c a l  review of t he  process des ign  f o r  t h e  EPSDU, which 
served  t o  emphasize t h e  very l a r g e  scope of t h e  EPSDU phase of t h e  S i l a n e  
Process  development, J P L  i n s t i t u t e d  a  c o n t r a c t u a l  program con t ro l  c a l l e d  



a Work Breakdown S t r u c t u r e  (WBS) t o  perform i t s  o b l i g a t i o n s  of managing t h e  
EPSDU phase  ( F i g u r e  8 ) -  This  WBS was d i v i d e d  i n t o  s e c t i o n s  f o r  d e s i g n /  
procurement ,  equipment f a b r i c a t i o n / d e l i v e r y ,  EPSDU i n s t a l l a t i o n  a n d  checkou t ,  
EPSDU o p e r a t i o n ,  e c o n o ~ c  a n a l y s i s  of a commercial p r o c e s s ,  s u p p o r t  R&D 
(which i n  t h i s  c a s e  was f o r  FBR t e c h n o l o g y ) ,  and management and d e l i v e r a b l e s ,  
The p r imsry  d i v i s i o n s  were broken down f u r t h e r  f o r  a s s ignments  t o  e v e r y  t a s k  
of t h e  EPSDU ( F i g u r e s  9 and 10) .  To manage t h e  Union Carbide  c o n t r a c t  
th rough  t h e  WBS, t h e  Task made o t h e r  a s s ignments  i n  a d d i t i o n  t o  t h e  c o n t r a c t  
t e c h n i c a l  manager and t h e  procurement r e p r e s e n t a t i v e .  The ass ignments  were 
t o  p rov ide  q u a l i t y  a s s u r a n c e  of t h e  equipment;  t o  c o n t r o l  t h e  d e l i v e r y  
s c h e d u l e s  of many i t ems  of equipment;  t o  c a r e f u l l y  moni to r  t h e  c o n s t r u c t i o n ;  
and t o  moni tor  and match t h e  e x p e n d i t u r e s  t o  t h e  e s t i m a t e s .  The WBS s t r u c -  
t u r e  seemed a t  f i r s t  t o  be cumbersome, b u t  bo th  t h e  Task and Union Carb ide  
used i t  e n t h u s i a s t i c a l l y  a f t e r  t h e  c a p a b i l i t y  of t h e  WBS t o  c o n t r o l  t h e  
EPSDU p r o j e c t  was demonstra ted .  

When a l l  of t h e  major  equipment,  i n c l u d i n g  t h e  d i s t i l l a t i o n  columns, 
had been f a b r i c a t e d  o r  purchased and were on t h e  c o n s t r u c t i o n  s i t e  and a f t e r  
a  l a r g e  p a r t  of t h e  s t r u c t u r e  was i n  p l a c e ,  t h e  o t h e r  budget-shoe was dropped 
and t h e  F l a t  P l a t e  S o l a r  Ar ray  P r o j e c t  was informed of a  budget r e d u c t i o n  s o  
s e v e r e  t h a t  t h e  Task had t o  in fo rm Union Carb ide  t h a t  t h e  EPSDU cou ld  n o t  be 
completed w i t h o u t  a n  ex tended  s t r e t c h - o u t  of t h e  c o n t r a c t  o r  s u b s t a n t i a l  
c o s t  s h a r i n g  by Union Carbide .  Extended n e g o t i a t i o n s  l e d  t o  a n  agreement by 
which t h e  t i t l e  t o  t h e  EPSDU equipment would be t r a n s f e r r e d  t o  Union Carb ide  
i n  r e t u r n  f o r  t h e  complet ion of t h e  EPSDU i n s t a l l a t i o n  and  i t s  o p e r a t i o n  by 
Union Carbide .  Union Carbide  then  made t h e  d e c i s i o n  t o  move t h e  equipment 
and t o  i n s t a l l  t h e  EPSDU a t  Washougal, WA, where i t  h a s  been i n  o p e r a t i o n  
s i n c e  1983. 

As I have c i t e d ,  s e v e r a l  i n v e s t i g a t i o n s  s u p p o r t e d  t h e  S i l a n e  P r o c e s s  
development. For example,  t h e  i n v e s t i g a t i o n  of t h e  h y d r o c h l o r i n a t i o n  r e a c -  
t o r  conducted by D r .  Mui was con t inued  t o  A p r i l  1983. I n  t h i s  work, he 
determined t h e  thermodynamic c o n s t a n t s ,  t h e  r e a c t i o n  r a t e s ,  t h e  o p e r a t i n g  
c o n d i t i o n s  f o r  h i g h  y i e l d  and r a t e ,  t h e  c a t a l y s t  c h a r a c t e r i s t i c s ,  and t h e  
s u i t a b i l i t y  of  v a r i o u s  r e a c t o r  m a t e r i a l s .  

Another s u p p o r t i n g  s t u d y  has  been t h e  r e s e a r c h  a t  C a l t e c h  by P r o f e s s o r  
Flagan on f i n e  p a r t i c l e  growth. This  w i l l  c o n t i n u e  u n t i l  t h e  end of 1985. 
( P r o f e s s o r  Flagan w i l l  p r e s e n t  a  paper  on t h i s  r e s e a r c h  a t  t h i s  workshop.) 

A f t e r  t h e  t echno logy  f o r  SiH4 p r e p a r a t i o n  was demons t ra ted ,  t h e  d e v e l -  
opment of t h e  FBR became t h e  c r u c i a l  technology a r e a  i n  t h e  development of 
t h e  low-cost SiH4 p r o c e s s .  Th i s  R&D h a s  been c a r r i e d  o u t  a t  Union Carb ide  
and a t  JPL. (Dr. I y a  and D r .  Hsu w i l l  p r e s e n t  papers  d e s c r i b i n g  t h e s e  
s t u d i e s . )  Suppor t ing  i n v e s t i g a t i o n s  f o r  t h e  FBR endeavors  have been c a r r i e d  
o u t  by P r o f e s s o r  L e v e n s p i e l  a t  Oregon S t a t e  U n i v e r s i t y  on t h e  r a d i a n t l y  
h e a t e d  FBR and by P r o f e s s o r  DudukoviE of Washington U n i v e r s i t y  a t  S t .  L o u i s  
on modeling t h e  SiH4-FBR system. ( P r o f e s s o r  Dudukovib w i l l  summarize h i s  
r e s u l t s  i n  a  paper  a t  t h i s  workshop.) 

The t e c h n i c a l  o u t p u t  a s  w e l l  a s  t h e  e f f e c t  of t h e  program of t h e  S i  
M a t e r i a l  Task can a l s o  be measured by t h e  number of p rocess  developments 
which were i n i t i a t e d  i n  t h e  Task and t h e n  were c a r r i e d  f u r t h e r  under non- 
government fund ing ,  I n  t h e  papers  a t  t h i s  workshop by D r ,  Schei  of Elkem 



and by D r ,  San ju r jo  of SRE I n t e r n a t i o n a l ,  some a s p e c t s  of two of t h e s e  
processes  w i l l  be descr ibed*  D r ,  Sehei w i l l  p r e sen t  t h e  ex t ens ive  develop- 
ment by Elkem based on t h e  concept of t h e  c a r b o t h e m i c  reduc t ion  of q u a r t z  
En a d i r e c t  a r c  fu rnace ,  which was i n v e s t i g a t e d  by Dow Corning I n  t h e  Task 
program, D r .  San ju r jo  w i l l  d e sc r ibe  t h e  advances made i n  t h e  process  i nvo l -  
ving t h e  Ma r educ t ion  of SiFq, Other Task developments c a r r i e d  f u r t h e r  
under p r i v a t e  funding a r e  those by t h e  J. C. Schumacher Corp. f o r  t h e  pro- 
ce s s  us ing  bromosilane chemistry and by AeroChem Research Labora to r i e s  and 
Universal  S i l i c o n  Corp. f o r  t h e  process  based on t h e  gas phase Na-Sic14 
r e a c t i o n ,  f i r s t  s t u d i e d  by AeroChem i n  t h e  Task program. Although cons ider -  
a b l e  success  was ob ta ined  by Hemlock Semiconductor i n  t h e  s t u d i e s  of t h e  
SiH2C12-Siemens process  i n  t h e  Task program, t h e r e  is no information of 
f u r t h e r  work o r  of t h e  commercial use  of t h i s  process.  

The S i  M a t e r i a l  Task w i l l  be over a t  t h e  end of 1985. Although t h e  
primary o b j e c t i v e  of e s t a b l i s h i n g  t h e  p r a c t i c a l i t y  of a low-cost p rocess  
f o r  < $lO/kg S i  was not  f u l l y  achieved ( i t  now seems t o  depend on t h e  f u l l  
development of SiH4-FBR technology),  I be l i eve  t h a t  we should be al lowed 
t o  put i n  t h e  win-column t h e  S i l ane  Process development, t he  s tudy  of t h e  
e f f e c t s  of i m p u r i t i e s  on c e l l  performance, and t h e  f o u r  process  developments 
which were s t a r t e d  i n  t h e  Task program and were then cont inued under p r i v a t e  
funding. On behalf of t h e  Task, I wish t o  acknowledge t h e  d i l i g e n t  e f f o r t s  
of t h e  c o n t r a c t o r s  of t h e  program and of t h e  Task s t a f f .  
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EFFECTS OF IMPURITIES ON SILICON SOLAR-CELL PERFORMANCE 

R. H. Hopkins 

Westinghouse R&D Center a3 1 b s q  
Pittsburgh, PA 15235 

ABSTRACT 

Model analyses indicate that sophisticated solar cell designs 
including, e.g., back surface fields, optical reflectors, surface passivation, 
and double layer antireflective coatings can produce devices with conversion 
efficiencies above 20% (AM1). To realize this potential, the quality of the 
silicon from which the cells are made must be improved; and these excellent 
electrical properties must be maintained during device processing. 

As the cell efficiency rises, the sensitivity to trace contaminants 
also increases. For example, the threshold Ti impurity concentration at which 
cell performance degrades is more than an order of magnitude lower for an 18% 
cell than for a 16% cell. Similar behavior occurs for numerous other metal 
species which introduce deep level traps that stimulate the recombination of 
photogenerated carriers in silicon. 

Purification via crystal growth in conjunction with gettering steps to 
preserve the large diffusion length of the as-grown material can lead to the 
production of devices with efficiencies above 18%, as we have verified experi- 
mentally. 

1. INTRODUCTION 

For photovoltaic (PV) power generation to compete on a large scale 
with other forms of energy production, the price of solar cell modules must be 
substanially reduced. Because area-related costs, such as land, support 
structures, encapsulation, etc., become significant in large systems, it is now 
recognized that reduced system costs require much more efficient modules and 
cells than are currently manufactured, (l r 2, 

For this reason, a major thrust of recent photovoltaic research has 
been to raise solar cell efficiency by innovative cell design and careful device 
processing coupled with improvements in the quality of the silicon material 
from which the cells, are made, In this paper, some basic considerations for 
cell efficiency improvement are examined, the performance-limiting mechanisms 
due to impurities are described, and techniques to minimize impurity effects are 
outlined, 
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2 .  APPROACHES TO CELL EFFICIENCY IMPROVEMENT 

When l i g h t  s h i n e s  on a  s o l a r  c e l l ,  photogenerated c a r r i e r s  (ho le -  
e l e c t r o n  p a i r s )  a r e  produced which d i f f u s e  t o ,  and a r e  s e p a r a t e d  by, t h e  h i g h  
f i e l d  r e g i o n  a t  t h e  j u n c t i o n  of t h e  d e v i c e ,  A pho tovo l tage  i s  roduced, and a 
c u r r e n t  f lows i n  t h e  e x t e r n a l  c i r c u i t  connected t o  t h e  I f  t h e  
c a r r i e r s  recombine b e f o r e  r e a c h i n g  t h e  j u n c t i o n ,  t h e y  do n o t  c o n t r i b u t e  t o  
v o l t a g e  and c u r r e n t :  and c e l l  e f f i c i e n c y  i s  reduced. Thus t h e  c a r r i e r  
d i f f u s i o n  l e n g t h  L  o r  t h e  recombinat ion l i f e t i m e  T t o  which i t  i s  r e l a t e d  
(L = 6 where D i s  t h e  c a r r i e r  d i f f u s i v i t y )  must be  made a s  l a r g e  a s  p o s s i b l e .  
For example, L should  be a t  l e a s t  e q u a l  t o  t h e  c e l l  t h i c k n e s s ,  t o  maximize 
e f f i c i e n c y .  

D i f f u s i o n  l e n g t h  i s  a  s t r o n g  f u n c t i o n  of i m p u r i t i e s  and d e f e c t s  i n  t h e  
s i l i c o n  which a c t  a s  c e n t e r s  f o r  recombinat ion,  I n  a d d i t i o n ,  c a r r i e r  recombina- 
t i o n  a t  s u r f a c e s  and i n  t h e  h e a v i l y  doped r e g i o n s  of t h e  c e l l  can a l s o  l i m i t  
performance.  By c o n t r o l l i n g  t h e s e  performance l i m i t i n g  f a c t o r s ,  we i n c r e a s e  
s o l a r  c e l l  e f f i c i e n c y  which i s  g iven  by 

where: V i s  t h e  open c i r c u i t  c e l l  v o l t a g e  
O C  

I S C  
i s  t h e  s h o r t  c i r c u i t  c u r r e n t  

FF i s  a  c u r v e  i d e a l i t y  f a c t o r ,  and 

PIN i s  t h e  i n c i d e n t  s o l a r  power. 

Advanced c e l l  d e s i g n s  and i n c r e a s e s  i n  t h e  q u a l i t y  o f  t h e  s i l i c o n  
m a t e r i a l  a r e  t h e  two main methods t o  improve s o l a r  c e l l  e f f i c i e n c y .  Such 
f e a t u r e s  a s  o x i d e  p a s s i v a t i o n  t o  reduce c a r r i e r  recombinat ion a t  s u r f a c e s ,  
double  l a y e r  a n t i r e f l e c t i o n  c o a t i n g s ,  back s u r f a c e  r e f l e c t o r s ,  back s u r f a c e  
f i e l d s ,  and  improved e m i t t e r  d e s i g n s  f a l l  i n  t h e  f i r s t  c a t e g o r y ( 3 ) .  C o n t r o l l i n g  
t h e  d e f e c t  c o n t e n t  and p u r i t y  of t h e  b u l k  m a t e r i a l  t o  i n c r e a s e  d i f f u s i o n  l e n g t h  
a r e  impor tan t  a s p e c t s  of m a t e r i a l  q u a l i t y .  Impur i ty  e f f e c t s  and t h e i r  c o n t r o l  
a r e  t h e  s u b j e c t s  of t h i s  p a p e r ,  

Mathematical  models of t h e  s o l a r  c e l l  can b e  used e f f e c t i v e l y  t o  
a n a l y z e  how paramete rs  l i k e  c a r r i e r  d i f f u s i o n  l e n g t h  c o n t r o l  dev ice  performance,  
and how t h e y  can be  manipula ted t o  g a i n  e f f i c i e n c y  improvement. We have used 
two t y p e s  of models t o  e v a l u a t e  dev ice  performance and i m p u r i t y  e f f e c t s :  
one-dimensional a n a l y t i c  models which r e l a t e  t h e  o v e r a l l  m a t e r i a l  and des ign  
paramete rs  t o  c e l l  e f f  i ~ i e n c ~ ( ~  , 5) ,  and a  semi-empir ical  impur? t y  e f f e c t s  model 
which connec t s  t h e  c o n c e n t r a t i o n  of s p e c i f i c  i m p u r i t i e s  t o  d i f f u s i o n  l e n g t h  and 
c e l l  pe r fo rmance(6) .  

I n  t h e  one-dimensional model, t h e  s o l a r  c e l l  is  d i v i d e d  i n t o  s e v e r a l  
e lements ,  and t h e  s u r f a c e  recombinat ion v e l o c i t y  ( S O ) ,  t h e  b a s e  d i f f u s i o n  l eng th ,  
t h e  c e l l  wid th ,  and t h e  doping d e n s i t y  a r e  i n p u t  v a r i a b l e s ,  The i n t e r n a l  recom- 
b i n a t i o n  v e l o c i t y  i s  c a l c u l a t e d  i t e r a t i v e l y  from t h e  d e v i c e  s u r f a c e s  toward t h e  
j u n c t i o n  us ing  t h e  r e l a t i o n  



L + S, ,, t anh  

where W i s  t h e  wid th  o f  t h e  e lement ;  (S , N1, AV and (S2, N2,  AVG2) a r e  t h e  
recombinat ion v e l o c i t y ,  doping d e n s i t y  , l a n d  t h e  gandgap narrowing a t  t h e  two 
boundar ies  o f  t h e  e lement .  (Here D and L are t h e  d i f f u s i v i t y  and d i f f u s i o n  
l e n g t h  o f  t h e  m i n o r i t y  c a r r i e r s  w i t h i n  t h e  e lement . )  With t h i s  approach Voc 
i s  c a l c u l a t e d  which, when coupled w i t h  measured o r  e s t i m a t e d  v a l u e s  o f  Isc, 
g i v e s  t h e  expec ted  c e l l  e f f i c i e n c y ( 4 ) .  

F i g u r e  1 f o r  example, i l l u s t r a t e s  t h e  i n t e r n a l  r ecombina t ion  
v e l o c i t i e s  c a l c u l a t e d  f o r  a  c e l l  made from a 250 pm t h i c k  4 Rcm r e s i s t i v i t y  
s i l i c o n  hav ing  a  b a s e  d i f f u s i o n  l e n g t h  of 400 um and v a r i o u s  d e g r e e s  o f  s u r f a c e  
p a s s i v a t i o n ( 4  5 ) .  

P a s s i v a t i o n  of t h e  f r o n t  and back s u r f a c e s  i s  assumed t o  r e d u c e  
s u r f a c e  recombina t ion  r a t e s  from lo6  t o  500 cm/sec i n  t h e  model w i t h  r e s u l t a n t  
reduced recombinat ion throughout  t h e  d e v i c e .  For  t h e  p a s s i v a t e d  d e v i c e  i n  t h e  
f i g u r e ,  c e l l  e f f i c i e n c y  is  i n c r e a s e d  from 15 .2% t o  17% by t h e  p a s s i v a t i o n  s t e p  
a l o n e ,  a  p r e d i c t i o n  which h a s  been e x p e r i m e n t a l l y  ver i f ied(7:!  Improvements t o  
t h e  model(5) pe rmi t  d i r e c t  c a l c u l a t i o n  o f  Isc and f i n a l l y  t h e  c e l l  e f f i c i e n c y .  

I f  we make no assumptions  r e g a r d i n g  t h e  mechanisms l i m i t i n g  t h e  b u l k  
m a t e r i a l  q u a l i t y ,  w e  can employ t h e  one-dimensional model t o  e s t i m a t e  how 
changes i n  t h e  b a s e  m a t e r i a l  p r o p e r t i e s  a f f e c t  c e l l  performance. The key  
parameter  i s  t h e  c a r r i e r  d i f f u s i o n  l e n g t h .  We want L t o  b e  comparable t o ,  o r  
l a r g e r  t h a n  t h e  c e l l  t h i c k n e s s  t o  maximize e f f i c i e n c y .  Defec t s  such  a s  
d i s l o c a t i o n s ,  g r a i n  boundar ies ,  impurity-induced recombinat ion c e n t e r s  and t o  
some e x t e n t  t h e  doping c o n c e n t r a t i o n  a l l  a f f e c t  t h e  v a l u e  of L. 

High c e l l  e f f i c i e n c y  can b e  reached  by d i f f e r e n t  combinat ions  of 
r e s i s t i v i t y  and d i f f u s i o n  l e n g t h  a s  i l l u s t r a t e d  by t h e  c a l c u l a t i o n s  l i s t e d  i n  
Table  1. I n  t h e s e  s p e c i f i c  p a s s i v a t e d  d e v i c e s  (Son+ = 500, So + = 500 cm/sec), 
17.5% e f f i c i e n t  c e l l s  r e q u i r e d  a  467 pm d i f f u s i o n  l e n g t h  when tge b a s e  doping 
l e v e l  corresponded t o  4 Rcm, bu t  o n l y  a  125 pm d i f f u s i o n  l e n g t h  when b a s e  
r e s i s t i v i t y  was 0 .2  Rcm. I n c r e a s e s  i n  V more t h a n  o f f s e t  t h e  r e d u c t i o n  i n  Is, 
due t o  t h e  s h o r t e r  d i f f u s i o n  l e n g t h  i n  tgz low r e s i s t i v i t y  c e l l s .  Lf t h e  
d i f f u s i o n  l e n g t h  of t h e  low r e s i s t i v i t y  m a t e r i a l  i s  r a i s e d  t o  300 pm (coupled 
w i t h  a  r e d u c t i o n  i n  e m i t t e r  doping t o  1 x 10'' ~ m - ~ ) ,  c e l l  e f f i c i e n c i e s  o v e r  
20% a r e  p r e d i c t e d .  

The impor tan t  p o i n t  t o  recognize  i s  t h a t  once c e l l  d e s i g n  and resis- 
t i v i t y  a r e  f i x e d ,  t h e  b a s e  m a t e r i a l  d i f f u s i o n  l e n g t h  becomes t h e  c o n t r o l l i n g  
paramete r  f o r  e f f i c i e n c y  improvement. Each doubl ing  of m i n o r i t y  c a r r i e r  l i f e -  
time T produces  a n  a b s o l u t e  e f f i c i e n c y  improvement of about  0.5%. 



3 .  IMPURITY EFFECTS 

3 . 1  D i f f u s i o n  Length 

D e t a i l e d  a n a l y s e s  of i m p u r i t i e s  i n  s i l i c o n  s o l a r  c e l l s i b  5 8 ,  i n d i c a t e  
t h a t  most meta l  i m p u r i t i e s  form c a r r i e r  recombinat ion c e n t e r s  i n  t h e  bandgap and 
t h u s  degrade s o l a r  c e l l  performance dominantly by reduc ing  d i f f u s i o n  l e n g t h  and 
d e v i c e  s h o r t  c i r c u i t  c u r r e n t .  For example, F i g u r e  2 d e p i c t s  t h e  energy l e v e l s  
of c e n t e r s  measured by deep l e v e l  t r a n s i e n t  s p e c t r o s c o p y  (DLTS) on s i l i c o n  
s i n g l e  c r y s t a l s  grown from m e l t s  purpose ly  contaminated w i t h  i m p u r i t i e s .  The 
DLTS method i s  unique i n  i t s  a b i l i t y  t o  d e t e c t  minute  amounts of a c t i v e  
i m p u r i t i e s ( * ) .  The DLTS d e t e c t i o n  l i m i t  i s  abou t  f o u r  o r d e r s  of magni tude below 
t h e  doping d e n s i t y ,  s o  c o n c e n t r a t i o n s  a s  low a s  10'' cm-3 (0 .5  p a r t s  p e r  
t r i l l i o n )  can  be  d e t e c t e d  i n  h i g h  r e s i s t i v i t y  s i l i c o n .  Each i m p u r i t y  e x h i b i t s  
a  p a r t i c u l a r  energy l e v e l  o r  l e v e l s  which a r e  c h a r a c t e r i z e d  by an energy ,  a  
d e n s i t y ,  and a  c a p t u r e  c r o s s - s e c t i o n  f o r  h o l e s  o r  e l e c t r o n s .  

By comparing t h e  c o n c e n t r a t i o n  of e l e c t r i c a l l y - a c t i v e  (deep l e v e l )  
i m p u r i t i e s  i n  a c r y s t a l  w i t h  t h e  t o t a l  m e t a l l u r g i c a l  i m p u r i t y  c o n t e n t  (determined 
by 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  o r  mass s p e c t r o s c o p y ) ,  we d i scovered  t h a t  t h e  
f r a c t i o n  o f  impur i ty  t h a t  remains e l e c t r i c a l l y  a c t i v e ,  and t h u s  a f f e c t s  d e v i c e  
performance,  v a r i e s  w i t h  t h e  meta l  s p e c i e s ,  v i z ,  F i g u r e  3. For example a l l  t h e  
Mo i n  a  c r y s t a l  i s  a c t i v e  f o l l o w i n g  growth w h i l e  o n l y  abou t  23% of t h e  C r  atoms 
c o n t r i b u t e  t o  c e l l  performance r e d u c t i o n .  Th is  i s  a n  i n d i c a t i o n  t h a t  m a t e r i a l  
thermal  h i s t o r y  s t r o n g l y  i n f l u e n c e s  f i n a l  c e l l  e f f i c i e n c y ,  a  p o i n t  we w i l l  
r e t u r n  t o  l a t e r .  

The DLTS d a t a  on i m p u r i t y  recombinat ion e f f e c t s  a r e  suppor ted  by de- 
t a i l e d  d a r k  I V  measurements l i k e  t h o s e  f o r  T i  i n  F i g u r e  4 .  The p o s i t i o n  o f  t h e  
upper segment of t h e  I V  c u r v e  d i r e c t l y  r e l a t e s  t o  t h e  b u l k  d i f f u s i o n  l e n g t h  of 
t h e  b a s e  m a t e r i a l  ( 6 ,  '). The upward s h i f t  of t h e  curve  cor responds  t o  an i n c r e a s e  
i n  I,, t h e  c u r r e n t  i n t e r c e p t  a t  V = 0  i n d i c a t i n g  r e d u c t i o n  i n  t h e  b u l k  d i f f u s i o n  

The r e d u c t i o n  i n  L  c o r r e l a t e s  d i r e c t l y  w i t h  t h e  e l e c t r i c a l l y  
act:-ve c o n c e n t r a t i o n  (NT)  of i m p u r i t i e s  measured i n  t h e  s i l i c o n  by DLTS: 
I, @ - a: %. Data f o r  T i  w e r e  t y p i c a l  o f  most i m p u r i t i e s  s t u d i e d ;  a  few l i k e  
Cu a n 3  N i  produce no a p p a r e n t  d i f f u s i o n  l e n g t h  r e d u c t i o n  b u t  degrade s o l a r  c e l l  
j u n c t i o n s  by forming p r e c i p i t a t e s  which a c t  as e l e c t r i c a l  s h o r t  c i r c u i t s ( 6 ) .  

3 .2  Impur i ty  E f f e c t s  Model 

The DLTS and d a r k  I V  a n a l y s e s  p rov ide  t h e  f o u n d a t i o n  f o r  an i m p u r i t y  
e f f e c t s  model which g i v e s  a r e l a t i o n s h i p  between s i l i c o n  impur i ty  concen t ra -  
t i o n  and t h e  convers ion e f f i c i e n c y  i n  h i g h  performance d e v i c e s ( 6  , l o ) .  B r i e f l y ,  
t h e  assumptions  of t h e  model a r e  t h a t  t h e  d e v i c e  performance i s  b a s e  c o n t r o l l e d ,  
t h a t  i m p u r i t i e s  p r i m a r i l y  degrade d i f f u s i o n  l e n g t h  and t h a t  t h e  number of 
recombinat ion c e n t e r s  produced i s  a l i n e a r  f u n c t i o n  o f  t h e  m e t a l l u r g i c a l  concen- 
t r a t i o n  of t h e  con tamina t ing  s p e c i e s  p r e s e n t .  

From t h e s e  assumptions ,  we showed t h a t  t h e  b u l k  d i f f u s i o n  l e n g t h  i s  
r e l a t e d  t o  Lno, t h e  d i f f u s i o n  l e n g t h  i n  t h e  uncontaminated s o l a r  c e l l ,  by 
1 - + K N + K N + . . . + Kz Nz where t h e  K ' s  a r e  c o n s t a n t s  and N i s  2 = -  
L Lno2 x x  Y Y  

t h e  m e t a l l u r g i c a l  c o n c e n t r a t i o n  of a g iven s p e c i e s ( 6 ) ,  For t h i s  c a s e  I,, t h e  



s h o r t  c i r c u i t  c u r r e n t  of t h e  contaminated d e v i c e s  normal ized by the  v a l u e  f o r  
t h e  m e t a l - f r e e  b a s e l i n e  c e l l s  i s  g iven  by 

i n  which Inm ( a  c o n s t a n t  r e l a t e d  t o  d e v i c e  geometry) = 1.11, Nx i s  t h e  m e t a l l u r -  
g i c a l  i m p u r i t y  c o n c e n t r a t i o n  and C z x  and N a r e  model c o n s t a n t s  determined by 
f i t t i n g  t h e  e q u a t i o n  t o  exper imenta l  data@:lo). No, can be  i n t e r p r e t e d  a s  a 
t h r e s h o l d  c o n c e n t r a t i o n  f o r  t h e  o n s e t  of c e l l  d e g r a d a t i o n ;  a t  Nx = Nox, I, = 
0.97 and t h e  normal ized e f f i c i e n c y  n / n o  = 0.92.  

We showed f u r t h e r  t h a t  t h i s  e q u a t i o n  can  b e  coupled w i t h  a n  e m p i r i c a l  
approximat ion t o  t h e  r e l a t i o n s h i p  between normal ized e f f i c i e n c y  and In s o  t h a t  
c e l l  e f f i c i e n c y  as a f u n c t i o n  of i m p u r i t y  c o n t e n t  is  g iven  by 

A l e a s t  s q u a r e s  f i t  of  e q u a t i o n  (3 )  t o  t h e  s h o r t  c i r c u i t  c u r r e n t  d a t a  f o r  Mo- 
doped c e l l s  y i e l d s  CZ, = 2.0  x  10-I' and No, = 6.08 x 10" ~ m - ~ ,  The f i t  of  t h e  
model t o  t h e  e f f i c i e n c y  d a t a  f o r  Mo i s  i l l u s t r a t e d  i n  F i g u r e  5.  The t h r e s h o l d  
v a l u e s  o b t a i n e d  i n  similar f a s h i o n  f o r  over  twenty m e t a l  i m p u r i t i e s  a r e  tabu-  
l a t e d  i n  Reference 6 .  F i g u r e  6  i l l u s t r a t e s  how t h e  t h r e s h o l d  f o r  c e l l  degra -  
d a t i o n ,  No,, v a r i e s  w i t h  t h e  p o s i t i o n  of t h e  meta l  e lement  i n  t h e  p e r i o d i c  
t a b l e .  With t h e s e  v a l u e s  of Nox, e q u a t i o n s  (3 )  and ( 4 )  can be  used t o  o b t a i n  
t h e  c e l l  e f f i c i e n c y  a s  a  f u n c t i o n  of i m p u r i t y  t y p e  and c o n t e n t .  The p r o j e c t e d  
c u r v e s  resemble  F i g u r e  5 and d e s c r i b e  t h e  e x p e r i m e n t a l l y  observed b e h a v i o r  o f  
26 m e t a l s  v e r y  r e i n f o r c i n g  t h e  c o n c l u s i o n  t h a t  t h e  pr imary e f f e c t  o f  t h e  
impur i ty  i s  t o  degrade  b u l k  l i f e t i m e  by c a r r i e r  recombinat ion a t  a  t r a p p i n g  
c e n t e r .  

The model p r e d i c t s  w e l l  t h e  behav ior  of b o t h  s i n g l y  and m u l t i p l y -  
contaminated s o l a r  c e l l s  made u s i n g  e i t h e r  c o n v e n t i o n a l  d i f f u s e d  n+ o r  pS. 
j u n c t i o n  d e s i g n s  l a c k i n g  a  back s u r f a c e  f i e l d ,  s u r f a c e  p a s s i v a t i o n ,  o r  o t h e r  
re f inemetns .  The average  c e l l  e f f i c i e n c y  of t h i s  " s tandard  e f f i c i e n c y "  (SE) 

on s i l i c o n  c o n t a i n i n g  no purpose ly  added contaminants  was 1 4 . 1  - + 
0.7% 

3.3  High E f f i c i e n c y  C e l l s  

Using d a t a  f o r  our  c o n v e n t i o n a l  (SE) d e v i c e s  a  q u a l i t a t i v e  unders tand-  
i n g  of how m a t e r i a l  p r o p e r t i e s  i n f l u e n c e  t h e  performance of c e l l s  w i t h  h i g h e r  
e f f i c i e n c i e s  can b e  a t t a i n e d  by e x t e n s i o n  of t h e  i m p u r i t y  e f f e c t s  model. A 
convenient  way t o  do t h i s  i s  t o  de te rmine  t h e  t h r e s h o l d  impur i ty  c o n c e n t r a t i o n  
Nox f o r  a h i g h e r  e f f i c i e n c y  (H) d e v i c e  and t h e n  t o  compare i t  t o  t h e  v a l u e  o f  
N~~ deduced f o r  our  4 Qcm SE c e l l s .  

The r e l a t i o n s h i p  between t h e  two t y p e s  of d e v i c e s  was de r ived  by 
Davis e t  a ~ ( ~ , " ) :  



which reduces  t o  N (H) = N 
0 X 0 X 

no 

when b o t h  d e v i c e s  have t h e  same b a s e  r e s i s t i v i t y .  

Th i s  r e l a t i o n s h i p ,  p l o t t e d  i n  F i g u r e  7  f o r  s e v e r a l  i m p u r i t i e s ,  
i n d i c a t e s  t h a t  t h e  s e n s i t i v i t y  o f  s o l a r  c e l l s  t o  impur i t i e s ,measured  by t h e  
d e g r a d a t i o n  t h r e s h o l d ,  d e c r e a s e s  a s  t h e  q u a l i t y  o f  t h e  m a t e r i a l  denoted b y  Lno 
i n c r e a s e s .  For example, r a i s i n g  Lno t o  600 pm from 175 pm lowers  t h e  i m p u r i t y  
c o n c e n t r a t i o n  a t  which c e l l  er formance j u s t  b e g i n s  t o  degrade  t o  2.2 x  10" 
T i  atoms cmq3 from 2 .5  x 10'' T i  atoms ~ m - ~ .  That i s ,  as t h e  performance o f  a  
d e v i c e  i s  i n c r e a s e d  by m a t e r i a l  q u a l i t y  improvements, t h e  s e n s i t i v i t y  of t h e  
d e v i c e  t o  t r a c e  con tamina t ion  i n c r e a s e s .  

W e  can p l a c e  t h i s  phenomena i n  t h e  c o n t e x t  of c e l l  e f f i c i e n c y  w i t h  t h e  
a i d  of F i g u r e  8  i n  which t h e  normal ized s o l a r  c e l l  e f f i c i e n c y  i s  p l o t t e d  v e r s u s  
T i  c o n c e n t r a t i o n  f o r  s i l i c o n  b a s e  m a t e r i a l  whose uncontaminated d i f f u s i o n  l e n g t h s  
a r e  175, 450, and 600 pm, r e s p e c t i v e l y .  The b a s e l i n e  (uncontaminated)  d e v i c e s  
made u s i n g  t h i s  SE d e s i g n  would have e f f i c i e n c i e s  o f  14 ,  1 4 . 5 ,  and 15%,  
r e s p e c t i v e l y .  I n  each  c a s e  once t h e  t h r e s h o l d  v a l u e  i s  exceeded t h e  c e l l  
e f f i c i e n c y  v a l u e  f a l l s  monoton ica l ly  w i t h  impur i ty  c o n c e n t r a t i o n .  However, f o r  
t h e  h i g h e r  e f f i c i e n c y  d e v i c e s  t h e  o n s e t  of e f f i c i e n c y  r e d u c t i o n  o c c u r s  a t  
succeed ing ly  lower T i  c o n c e n t r a t i o n s  ( lower Nox) a s  f o r e c a s t  by e q u a t i o n  ( 6 ) .  

With t h e  a d d i t i o n  of 2.6 x  1012 cm-3 of T i ,  t h e  e f f i c i e n c y  of t h e  
d e v i c e  w i t h  Lno = 175 pm would f a l l  from 14% t o  12.6% i n  a b s o l u t e  terms.  The 
same r e l a t i v e  e f f i c i e n c y  r e d u c t i o n ,  15% t o  13.5% (n/no = 0 . 9 1 ) ,  would t a k e  p l a c e  
a t  a  T i  c o n c e n t r a t i o n  of o n l y  2.2 x  lo1'  i n  t h e  d e v i c e  w i t h  Lno = 600 pm. 
S i m i l a r  c a l c u l a t i o n s  can b e  made f o r  o t h e r  i m p u r i t i e s  u s i n g  t h e  v a l u e s  o f  No, 
f o r  SE c e l l s  t a k e n  from F i g u r e  6 o r  from Reference 6. Compared t o  T i  t h e  o n s e t  
of i m p u r i t y  d e g r a d a t i o n  would o c c u r  a t  a  lower  c o n c e n t r a t i o n  f o r  i m p u r i t i e s  l i k e  
Mo and a t  h i g h e r  c o n c e n t r a t i o n s  f o r  i m p u r i t i e s  l i k e  C r ,  v i z  F i g u r e  6 .  

S o p h i s t i c a t e d  t echn iques  l i k e  s u r f a c e  p a s s i v a t i o n ,  back s u r f a c e  f i e l d s ,  
and s p e c i a l  e m i t t e r  d e s i g n s  should produce c e l l  e f f i c i e n c i e s  of 20% o r  b e t t e r ,  
e . g . ,  Table  1. To a n a l y z e  i m p u r i t y  e f f e c t s  on t h e s e  h i g h  e f f i c i e n c y  (HE) i 

d e s i g n s ,  we need t o  make use  o f  t h e  more d e t a i l e d  one dimensional  a n a l y t i c  model 
coupled w i t h  t h e  e s t a b l i s h e d  l i n k a g e  between d i f f u s i o n  l e n g t h  and i m p u r i t y  
c o n t e n t  o u t l i n e d  above(6 ,  O ) .  Using T i  a s  a  t y p i c a l  i m p u r i t y ,  we assume a n  HE 
d e v i c e  d e s i g n  w i t h  f r o n t  and back s u r f a c e  p a s s i v a t i o n ,  a  back s u r f a c e  f i e l d ,  a  
double  l a y e r  a n t i r e f l e c t i v e  c o a t i n g  and a  c e l l  t h i c k n e s s  o f  275 ym equa l  t o  t h a t  
of t h e  SE c e l l s ,  Again, t h e  assumed d i f f u s i o n  l e n g t h s  of t h e  uncontaminated 
b a s e l i n e  c e l l s  a r e  175,  450, and 600 vm, producing c a l c u l a t e d  c e l l  e f f i c i e n c i e s  
of 16 .1 ,  18,  and 18.5% M1. A s  n o t e d ,  t h e  e f f i c i e n c y  of t h e  SE c e l l  chosen f o r  
comparison i s  14% when Lno = 175 ym.  



The e f f e c t  of T i  a d d i t i o n s  on HE c e l l  performance,  F i g u r e  9 ,  i s  
q u a l i t a t i v e l y  s i m i l a r  t o  t h a t  f o r  t h e  SE d e s i g n :  a s  t h e  c e l l  e f f i c i e n c y  
i n c r e a s e s ,  t h e  T i  c o n c e n t r a t i o n  a t  which performance r e d u c t i o n  b e g i n s  i s  
reduced. That i s ,  h i g h e r  e f f i c i e n c y  d e v i c e s  a r e  more i m p u r i t y  s e n s i t i v e  
( q u a n t i t a t i v e  comparisons  of F i g u r e s  8 and 9 a r e  d i f f i c u l t  due t o  minor d i f f e r -  
ences  i n  t h e  model assumpt ions  f o r  t h e  two c a s e s ) .  

Taken t o g e t h e r ,  t h e  d a t a  i n d i c a t e  t h a t  s m a l l  amounts of meta l  
contaminants  may b e  t o l e r a t e d  when c e l l  e f f i c i e n c i e s  a r e  low t o  moderate ,  12 t o  
15%, b u t  t h a t  i m p u r i t i e s  must be  l i m i t e d  t o  v e r y  low l e v e l s  i f  v e r y  h i g h  e f f i -  
c i e n c i e s  a r e  t o  be  ach ieved  ( a  T i  c o n c e n t r a t i o n  of abou t  10" ~ m - ~ ,  2  p a r t s  p e r  
t r i l l i o n ,  i s  s u f f i c i e n t  t o  reduce  c e l l  e f f i c i e n c y  from 18.5% t o  about  1 6 . 8 % ) .  
The harmfu lness  of a s p e c i f i c  impur i ty  depends on i t s  v a l u e  o f  Nox,Figure 9.  I n  
a d d i t i o n ,  o t h e r  d e f e c t s  which reduce b u l k  l i f e t i m e  must a l s o  be  minimized. 

4. IMPURITY CONTROL 

C u r r e n t l y  t h e r e  a r e  two approaches  t o  c o n t r o l  t h e  e l e c t r i c a l l y - a c t i v e  
impur i ty  c o n c e n t r a t i o n  i n  s i l i c o n  s o l a r  c e l l s :  (1)  minimize con tamina t ion  of 
t h e  b a s e  m a t e r i a l  by p u r i f i c a t i o n  t o  p rov ide  t h e  h i g h e s t  v a l u e  of L p o s s i b l e  i n  
t h e  w a f e r s  from which c e l l s  a r e  made, and (2)  m a i n t a i n  o r  improve t h e  i n i t i a l  
d i f f u s i o n  l e n g t h  by chemical  o r  thermochemical " g e t t i n g "  t e c h n i q u e s  d u r i n g  t h e  
c e l l  p r o c e s s i n g  i t s e l f ( ' '  912). I n  t h e  f i r s t  method, i m p u r i t i e s  a r e  e l i m i n a t e d ;  
i n  t h e  second, t h e y  may be  removed o r  made e l e c t r i c a l l y  i n a c t i v e  by p r e c i p i t a -  
t i o n  o r  chemical  complexing t o  e l i m i n a t e  c a r r i e r  recombinat ion sites. 

4 . 1  P u r i f i c a t i o n  

S i l i c o n  f o r  s o l a r  c e l l s  i s  produced i n  two s t e p s  - decomposi t ion o f  
h i g h l y - p u r i f i e d  t r i c h l o r o s i l a n e  o r  s i l i c o n  t e t r a c h l o r i d e  t o  form p o l y c r y s t a l l i n e  
s i l i c o n ( 1 3 )  and t h e  subsequent  t r a n s f o r m a t i o n  o f  p o l y s i l i c o n  t o  a  s i n g l e  c r y s t a l  
i n g o t  by Czochra l sk i  p u l l i n g  (CZ) o r  f l o a t  zone (FZ) r e f i n i n g ,  (14 ,15)  o r  t o  
s h e e t  by newer r i b b o n  growing p r o c e s s e s  (16). The c r y s t a l  growth s t e p  i s  an 
i n t e g r a l  p a r t  of t h e  p u r i f i c a t i o n  s i n c e  most i m p u r i t i e s  t e n d  t o  accumulate  
p r e f e r e n t i a l l y  i n  t h e  l i q u i d  dur ing  growth l e a v i n g  t h e  s o l i d  p r o p o r t i o n a t e l y  
p u r e r .  The degree  of p u r i f i c a t i o n  f o r  a  g iven  contaminant  i s  measured b y  i t s  
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  ke, t h e  r a t i o  of t h e  c r y s t a l  i m p u r i t y  c o n t e n t  
t o  t h e  i m p u r i t y  c o n t e n t  of t h e  f e e d s t o c k  from which t h e  c r y s t a l  grew(15) .  

Our measurements, Table  2 ,  conf i rm t h a t  t h e  s e g r e g a t i o n  c o e f f i c i e n t s  
of meta l  contaminants  grown i n t o  s i l i c o n  c r y s t a l s  d u r i n g  C z o c h r a l s k i , .  
p u l l i n g  ( 6 , 1 0 ) a r e  i n  g e n e r a l  ext remely s m a l l ,  r ang ing  from 3 x  loe2 f o r  A 1  t o  
1 . 7  x  f o r  W.  ( k  v a l u e s  f o r  r ibbon  growing by t h e  d e n d r i t i c  web p r o c e s s  
a r e  comparably s m a l l ( 1 6 ) ) .  Perhaps one of t h e  most s t r i k i n g  and u s e f u l  
f e a t u r e s  of meta l  i m p u r i t y  s e g r e g a t i o n  i n  s i l i c o n  i s  t h e  r e l a t i o n s h i p  between 
t h e  c e l l  d e g r a d a t i o n  t h r e s h o l d  c o n c e n t r a t i o n  and t h e  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 ,  v i z  F i g u r e  1 0 .  Those i m p u r i t i e s  most e f f e c t i v e  a t  r educ ing  b u l k  
d i f f u s i o n  l e n g t h ,  e . g . ,  Ta, Mo, and Z r ,  have t h e  s m a l l e s t  s e g r e g a t i o n  
c o e f f i c i e n t s  and a r e  t h e r e f o r e  t h e  most easy  t o  e l i m i n a t e  d u r i n g  t h e  c r y s t a l  
growth s t e p .  



Although t h e r e  i s  no c l e a r - c u t  t h e o r e t i c a l  e x p l a n a t i o n  f o r  t h e  
observed r e l a t i o n s h i p ,  we expec t  i m p u r i t i e s  w i t h  t h e  l a r g e s t  atom s i z e  and 
chemical  c h a r a c t e r  d i s p a r i t i e s  t o  s i l i c o n  t o  e x h i b i t  t h e  s m a l l e s t  v a l u e  of k ,  
a  f a c t  c o n s i s t e n t  w i t h  e r p e r i m e n t ,  v i z  F i g u r e  11 ( s e e  a l s o  r e f e r e n c e  l o ) ,  
These a r e  t h e  same i m p u r i t i e s  whose e l e c t r o n i c  s t r u c t u r e  f a v o r  t h e  fo rmat ion  of 
deep l e v e l s  w i t h  l a r g e  c a r r i e r  c a p t u r e  c r o s s - s e c t i o n ~ ( ~ ~ ) .  The g e n e r a l  s l o p i n g  
of t h e  t h r e s h o l d  v a l u e s  from t h e  upper  r i g h t  t o  lower l e f t  i n  F i g u r e  6 though 
n o t  comple te ly  unders tood,  s u g g e s t s  an  i n c r e a s e  i n  e f f e c t i v e  c a r r i e r  recombin- 
a t i o n  c r o s s - s e c t i o n .  

To t a k e  f u l l e s t  advan tage  of t h e  s e g r e g a t i o n  b e h a v i o r  o f  meta l  contam- 
i n a n t s ,  we can employ zone r e f i n i n g  t o  p u r i f y  t h e  s i l i c o n  from which c e l l s  a r e  
made. For exam l e  a f t e r  two zone p a s s e s  our  model T i  i m p u r i t y  c o u l d  be re-  
duced below 1 0 l g  ck-3 from a n  assumed f e e d s t o c k  c o n c e n t r a t i o n  of 1016 
The p u r i f i c a t i o n  e f f e c t  would be  somewhat l e s s  f o r  CZ p u l l i n g  and web growth,  
b u t  i t  i s  s t i l l  s i g n i f i c a n t .  Exper imenta l ly ,  t h e  most e f f i c i e n t  s o l a r  c e l l s  
have been produced on Wacker f l o a t  zoned s i l i c o n  s u b s t r a t e s .  Data f o r  c e l l s  
made i n  our  l a b o r a t o r y  on FZ m a t e r i a l ,  Tab le  3,  show t h e  obvious  advan tages  
of i n c r e a s e d  p u r i f i c a t i o n .  Comparable c e l l s  made on C z o c h r a l s k i  and web 
m a t e r i a l  t y p i c a l l y  e x h i b i t e d  e f f i c i e n c i e s  lower  by a s  much a s  1 t o  2% a b s o l u t e .  
The p u r i t y  o f  t h e s e  m a t e r i a l s  i s  h i g h  enough t h a t  no deep l e v e l s  can b e  measured 
even by DLTS; t o t a l  heavy metal i m p u r i t y  c o n c e n t r a t i o n s  of l e s s  t h a n  0 . 0 1  pba 
( 5  x  10" ~ m - ~ )  f o r  f l o a t  zone s i l i c o n  and l e s s  t h a n  1 ppba ( 5 x 1013 cm-') f o r  
Czochra l sk i  m a t e r i a l  a r e  t y p i c a l  ( l  2 ) .  

4.2 Pos t  Growth Impur i ty  Cont ro l  

D e s p i t e  t h e  f a c t  t h a t  c r y s t a l s  o f  ex t remely  h i g h  p u r i t y  can b e  
produced, contaminants  i n t r o d u c e d  dur ing  subsequent  d e v i c e  p r o c e s s i n g  may 
s i g n i f i c a n t l y  degrade b u l k  m a t e r i a l  p r o p e r t i e s .  Wafer p r e p a r a t i o n ,  h a n d l i n g ,  
and h i g h  t empera tu re  p r o c e s s  s t e p s  a r e  common e n t r y  p o i n t s  f o r  m e t a l  s p e c i e s  
i n t o  t h e  s i l i c o n ( 1 8 ) .  Bes ides  c l e a n e r  p r o c e s s i n g ,  one way t o  minimize t h e  
e f f e c t s  of con tamina t ion  and t o  enhance b u l k  m a t e r i a l  p r o p e r t i e s  i s  by i m p u r i t y  

(11 12)  g e t t e r i n g  , 

We found t h a t  v o l a t i l i z a t i o n  of i m p u r i t i e s  a s  c h l o r i d e s  by h e a t  
t r e a t m e n t  i n  C1-bearing ambients ,  m i g r a t i o n  of contaminants  t o  r e g i o n s  o f  
enhanced s o l u b i l i t y  such a s  d i f f u s e d  j u n c t i o n s ,  and p r e c i p i t a t i o n  a t  d e l i b e r -  
a t e l y  induced d e f e c t s  a l l  can be  used t o  e l e c t r i c a l l  d e a c t i v a t e  i m p u r i t i e s  i n  K s i l i c o n  s o l a r  c e l l s  and t o  r a i s e  c e l l  e f f i c i e n c y  ( l o ,  9, . However, t h e  
e f f e c t i v e n e s s  of each t echn ique  appears  h i g h l y  s p e c i e s  and p r o c e s s  h i s t o r y  
dependent.  

A key s t e p  i n  most g e t t e r i n g  p r o c e s s e s  i s  t h e  d i f f u s i o n  of i m p u r i t y  
atoms t o  a  s i n k  where t h e  e l e c t r i c a l  a c t i v i t y  of t h e  meta l  i s  u l t i m a t e l y  
n e u t r a l i z e d  by p r e c i p i t a t i o n  o r  complexing. To t e s t  t h e  response  of v a r i o u s  
s p e c i e s  t o  g e t t e r i n g ,  we d i f f u s e d  metal-doped wafe rs  a t  825OC i n  POCR3, a 
t r e a t m e n t  which a l s o  mimics t h e  s o l a r  c e l l  j u n c t i o n  fo rmat ion  s t e p .  The 
d i f f u s e d  l a y e r  was d i s s o l v e d ,  and a  s e r i e s  of s t e p s  was e tched  from t h e  wafe r  
s u r f a c e  i n t o  t h e  bu lk  s - l i c o n .  Schot tkey d i o d e s  formed on t h e  s t e p s  p e r m i t t e d  
us t o  measure by DLTS t h e  impur i ty  c o n c e n t r a t o n  a s  a  f u n c t i o n  of dep th  i n t o  t h e  
wafe r ,  F igure  12 .  The s t a r t i n g  wafer  c o n c e n t r a t i o n s  were 4 x  1014 cm-3 V ,  2  x 
1014 T i .  1015 C r ,  and 4 x 1012. Mo r e s p e c t i v e l y ,  



The v a r i a t i o n  i n  i m p u r j t y  response t o  t h e  thermochemical  p r o c e s s  i s  
s t r i k i n g .  Following g e t t e r i n g ,  t h e  e l e c t r i c a l l y  a c t i v e  T i  and V c o n c e n t r a t i o n s  
e x h i b i t e d  a  p r o f i l e  w i t h  d e c r e a s i n g  c o n c e n t r a t i o n  toward t h e  s u r f a c e  i n d i c a t i n g  
d i f f u s i o n  of t h e  m e t a l s  t o  t h e  j u n c t i o n  r e g i o n  and e l e c t r i c a l  d e a c t i v a t i o n .  
The e l e c t r i c a l l y  a c t i v e  C r  c o n c e n t r a t i o n  which was abou t  1014 b e f o r e  h e a t  
t r e a t m e n t  f e l l  below t h e  DLTS d e t e c t i o n  l i m i t  of 3.5 x lo1' cmm3 a t  a l l  
l o c a t i o n s  i n  t h e  sample. No change i n  t h e  Mo c o n c e n t r a t i o n  c o u l d  b e  d e t e c t e d .  
A more d e t a i l e d  s t u d y  of T i  g e t t e r i n g ,  F i g u r e  13,  i n d i c a t e d  t h a t  t h e  p r o c e s s  
was d i f f u s i o n  c o n t r o l l e d  and cou ld  be  modeled c l o s e l y  by assuming a n  
a c t i v a t i o n  energy of 1 .66 e v ( 1 3 ) .  I n  g e n e r a l ,  t h e  e f f e c t i v e n e s s  of POCR3 
g e t t e r i n g  depended d i r e c t l y  on t h e  d i f f u s i o n  c o e f f i c i e n t  of t h e  s p e c i e s  
(Dcr >DTi>DV>DMo) and s o  t h e  p r o c e s s  c y c l e  must be  t a i l o r e d  t o  some e x t e n t  f o r  
each i m p u r i t y  o r  c l a s s  o f  i m p u r i t y  (Fe,  C r ,  Co, Cu). 

For  example, t h e  d a t a  i n  Tab le  4  i n d i c a t e  how s o l a r  c e l l  e f f i c i e n c y  
and s i l i c o n  i m p u r i t y  c o n c e n t r a t i o n  v a r y  w i t h  t h e  g e t t e r i n g  t r e a t m e n t  f o r  s i l i c o n  
which i n i t i a l l y  c o n t a i n e d  8  x  1013 cm- of e l e c t r i c a l l y  a c t i v e  T i .  Higher  
t empera tu res  and l o n g e r  t i m e s  d e c r e a s e  t h e  T i  c o n c e n t r a t i o n  n e a r  t h e  s u r f a c e  and 
i n c r e a s e  t h e  c e l l  e f f i c i e n c y .  For t h e  s t a r t i n g  c o n c e n t r a t i o n  chosen i n  t h e s e  
exper iments ,  no p r o c e s s  t e s t e d  comple te ly  d e a c t i v a t e d  a l l  t h e  T i ,  s o  t h e  c e l l  
e f f i c i e n c y  recovered  t o  o n l y  abou t  70% of t h e  uncontaminated b a s e l i n e  v a l u e  of 
14%. For  r a p i d l y  d i f f u s i n g  s p e c i e s  l i k e  C r  and Fe, f u l l  r ecovery  of t h e  base -  
l i n e  c e l l  e f f i c i e n c y  was ach ieved( '  ', '). For i m p u r i t i e s  l i k e  Mo, a lmos t  no 
improvement i n  c e l l  e f f i c i e n c y  was o b t a i n e d  even a f t e r  s e v e r a l  hours  POCR3 
g e t t e r i n ;  a t  1200°C. 

HCR t r e a t m e n t s  a t  t empera tu res  between 825 and 1200°C prov ided  
q u a l i t a t i v e l y  s i m i l a r  r e s u l t s  b u t  appeared t o  b e  somewhat more e f f e c t i v e  t h a n  
t h e  POCR3 t r e a t m e n t .  S h o r t e r  t i m e s  o r  lower t e m p e r a t u r e s  diminished t h e  
i m p u r i t y  e f f e c t s  t o  t h e  same l e v e l  a s  f o r  POCR3. Backside  damage and a r g o n  
implant-induced damage reduced t h e  e l e c t r i c a l  a c t i v i t y  o f  most con taminan ts  
s t u d i e d  b u t  were most e f f e c t i v e  when used i n  combinat ion w i t h  HCR t r e a t m e n t s  (10) 

The d a t a  on g e t t e r i n g  a r e  encouraging a s  a  means t o  improve c e l l  
e f f i c i e n c y ,  b u t  we know of  no s y s t e m a t i c  s t u d i e s  i n  which t h e  method h a s  been 
employed t o  produce h i g h e r  e f f i c i e n c y  d e v i c e s  t h a n  t h o s e  a t t a i n e d  by c o n v e n t i o n a l  
methods. 

Coupled w i t h  f l o a t  zoning,  g e t t e r i n g  may p r o v i d e  m a t e r i a l  q u a l i t y  
enhancements p e r m i t t i n g  t h e  f u l l  e x p l o i t a t i o n  of d e v i c e  des ign  improvements 
sugges ted  from t h e  model s t u d i e s .  

5.  CONCLUSION 

Economic a n a l y s e s  i n d i c a t e  t h a t  h i g h  e f f i c i e n c y  (> 18%) s o l a r  c e l l s  
and modules w i l l  be  r e q u i r e d  i f  p h o t o v o l t a i c  power g e n e r a t i o n  systems a r e  t o  
a c h i e v e  widespread a p p l i c a t i o n ,  e s p e c i a l l y  i n  u t i l i t y  networks .  While c l e v e r  
c e l l  d e s i g n  can produce s i g n i f i c a n t  e f f i c i e n c y  improvements, t h e  q u a l i t y  o f  t h e  
s i l i c o n  from which t h e  c e l l s  a r e  made must be  i n c r e a s e d  and i t s  b u l k  p r o p e r t i e s  
mainta ined d u r i n g  c e l l  p r o c e s s i n g  i f  t h e s e  d e s i g n  improvements a r e  t o  b e  f u l l y  
r e a l i z e d .  



C e l l  e f f i c i e n c y ,  p a r t i c u l a r l y  i n  h i g h  e f f i c i e n c y  d e v i c e s ,  i s  s t r o n g l y  
degraded by m e t a l  con taminan ts  which reduce  bu lk  d i f f u s i o n  l e n g t h ,  For example,  
a s  few a s  1011 T i  atoms can reduce t h e  e f f i c i e n c y  of an 18 .5% t o  1 6 . 8 % ,  
a  s i g n i f i c a n t  d e p r e c i a t i o n ,  Elements t o  t h e  l e f t  of t h e  p e r i o d i c  t a b l e  l i k e  W 
and Mo a r e  more harmful  p e r  u n i t  c o n c e n t r a t i o n  t h a n  a r e  e lements  t o  t h e  r i g h t  
l i k e  C r  and  Fe.  Low b a s e  r e s i s t i v i t y  p e r m i t s  lower d i f f u s i o n  l e n g t h s  t o r  a  
g iven e f f i c i e n c y  so  t h a t  such d e v i c e s  a r e  more i m p u r i t y  t o l e r a n t .  

Ra i s ing  b u l k  d i f f u s i o n  l e n g t h  can b e  ach ieved  mainly  by s t a r t i n g  w i t h  
h i g h  p u r i t y  s i l i c o n  t h e n  employing zone r e f i n i n g .  The s e g r e g a t i o n  c o e f f i c i e n t s  
f o r  a l l  m e t a l  con taminan ts  a r e  s m a l l ,  t y p i c a l l y  l o M 5  o r  l e s s  s o  t h a t  s e v e r a l  
zone p a s s e s  lower  t h e  i m p u r i t y  c o n c e n t r a t i o n  w e l l  below t h e  d e t e c t i o n  l i m i t s  of  
even t h e  most s e n s i t i v e  a n a l y t i c a l  t e c h n i q u e s .  To p r e s e r v e  d i f f u s i o n  l e n g t h  
d u r i n g  s i l i c o n  h a n d l i n g  i s  more d i f f i c u l t  and r e q u i r e s  ex t remely  c l e a n  p rocedures  
t o  guard a g a i n s t  unwanted contaminat ion.  A g e t t e r i n g  s t e p  t o  main ta in  d i f f u s i o n  
l e n g t h  d u r i n g  p r o c e s s i n g  u l t i m a t e l y  may b e  r e q u i r e d  t o  p rov ide  t h e  h i g h e s t  
e f f i c i e n c y  d e v i c e s .  
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TABLE I 

RESISTIVITY AND DIFFUSION LENGTH REOUIREMENTS 
FOR HIGH EFFICIENCY SOLAR CELLS 

W = 150 Dm ( c e l l  th ickness)  
- 

N = 3 x 1017 cm ( e m i t t e r  junc t ion  edge doping concent ra t ion)  
x j 

S + = S + = 500 cm/sec ( su r f ace  recombination v e l o c i t i e s )  
OP on 

N = 2 x lo2'  cme3 ( emi t t e r  su r f ace  coping concent ra t ion)  
S 

L 
J 

P S C "OC rl 
9-cm (urn) (ma /cm2 ) ( v o l t s )  - 



TABLE 2 

EFFECTIVE SEGREGATION COEFFICIENTS IN SILICON 

Element Segregation Coefficient 



TABLE 3 

OXIDE-PASSIVATED SOLAR CELLS WITH DOUBLE-LAYER ANTIREFLECTTVE 

COATING PRODUCED ON 0.25 R-cm FLOAT ZONED SILICON 

Area J ~ c  oc rl 
v 

Cell ID* cm 2 m ~ / c m ~  mV FF 
- % - 

TABLE 4 

VARIATION IN CELL EFFICIENCY AND TRAP CONCENTRATION (NT) AS A FUNCTION OF 

GETTERING TREATMENT FOR SILICON CONTAINING A METALLURGICAL TI 

Gettering Condition 

None (starting wafer) 

None (solar cell) 

950°C/1 hr. 

1000°C/l hr. 

llOO°C/l hr. 

1100°C/2 hr. 

1100°C/3 hr. 

1100°C/5 hr. 

Cell Efficiency 
(%> 

Concentration 
(NT) of EV + 0.30 
eV TRAP 

8.0 x 1013 
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DISCUSSION 

AULICH: Did you look at the effects of boron, phosphorus, and carbon on the 
impurity relationships? 

HOPKLNS: We did a very small amount of work with carbon. We had a great deal 
of difficulty getting structurally good ingots. Jim NcCormick (Hemlock 
Semiconductor) is more familiar with the ingot-growing problems and could 
answer questions about that part better than I can. We really didn't 
investigate carbon extensively. We did some work with phosphorus. I 
can't remember the concentration levels, but they were fairly high, There 
does seem to be a turnover for phosphorus. Ranny Davis believed that this 
was largely due to a reduction in mobility due to ionized impurity 
scattering. We did not do a significant study using boron. 

AULICH: If an impurity level is detrimental, can anything be done during cell 
processing to inactivate the impurity? In other words, is there a chance 
of converting an impure, bad material into a good efficiency material? 

HOPKINS: Our experience wouldn't lead to a claim that this could be done. 
However, in some of our systematic studies of gettering using conventional 
back-surface damage (or phosphorus oxychloride or HCL as gettering agents, 
or in some cases using ion implantation damage to stimulate gettering), we 
found that the electrically active concentrations of a number of the 
impurities could be deactivated or reduced. If the impurities behaved 
like chromium and iron, which have relatively high diffusion coefficients, 
the electrically active concentrations were reduced to essentially zero. 
The concentrations of impurities having diffusion properties similar to 
titanium and vanadium could be reduced, but not eliminated. Thus, the 
efficiencies of devices containing titanium or vanadium, for example, 
could be improved by one or maybe two points over the range of 
temperatures and times we used experimentally, but the uncontaminated 
baseline values could not be reached. Some benefits can be obtained from 
gettering. We didn't do enough to really define the total spectrum of 
conditions needed to render all impurities harmless, but I think there is 
a limit to how much can be done if the initial impurity concentrations are 
very high. 

HWANG: In a recent report describing silicon solar cells with efficiencies 
exceeding 18%, the materials used (with very few exceptions) were 
float-zone crystals with resistivities of 0.2 to 0.3 ohm-cm. This seems 
to indicate that phosphorus and boron might have a larger effect than the 
metal content. In these cases, the diffusion lengths were just a few 
tenths of a micrometer. Would you kindly comment on these data? 

HOPKINS: What you said is true. In fact, the data that I showed for the 18% 
cells were for cells made from a seemingly unique piece of low-resistivity 
float-zone material. It doesn't seem to be unique anymore. The diffusion 
length was low, but it was still up in the hundreds of micrometers. I 
think the metal contamination levels must be kept very low to achieve 
these high--efficiency values. In fact, in our modeling of the 18% 



devices, it became clear t h a t  the diffusion l e n g t h  must be high, which i t  
was, even though the resistivity was low. Our conclusion was that dhe  
impurity concentrations must be kepk at very low levels to get 
high-efficiency cells. 

SCHPIZD: It seems that oxygen and carbon would be very significant elements 
in influencing the levels of impurities. I guess most of the work you did 
was with high-quality silicon. What were the levels of oxygen and carbon? 

HOPKIMS: Levels of oxygen were typically those found in most Czochralski-grown 
ingots, on the order of lox8, and the level of carbon was about an order 
of magnitude lower. We did some work with float-zone crystals, and we 
found that the oxygen and carbon were reduced and there were lower levels 
of the metal impurities, although it wasn't dramatic. However, we only 
looked at three or four ingots out of a total of 200 or more. 

SCHHlD: You mentioned that you did some work in higher carbon content and you 
did see some breakdown. At what level did you see the breakdown as a 
factor of just increasing carbon concentration? 

HOPKINS: I wish I could answer. It's been quite awhile, and the amount of 
work we did with carbon was relatively low. I don't think I can 
characterize the effects. I think the people who work with castings could 
describe the levels of carbon concentration which cause problems. As I 
said, we used Czochralski ingots for most of our work, and the main issue 
was to maintain the oxygen and carbon concentrations nearly the same from 
crystal to crystal to provide a valid method of comparison for determining 
the effects of impurities. I would like to look at that problem. If our 
program had not ended in 1982, we would have. 
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Minimum reoombination and low i n j e c t i o n  l e v e l  a r e  e s s e n t i a l  f o r  high 
e f f i c i ency .  Twenty percent  AM1 e f f i c i ency  requ i res  a dark recombination 
c u r r e n t  d e n s i t y  of  2x10'-I A I C ~ ~  and a reoombination c e n t e r  d e n s i t y  o f  l e s s  than 
about lo1 O ~ m ' ~ .  Recombination mechanisms a t  t h i r t e e n  l o c a t i o n s  i n  a conven- 
t i o n a l  s i n g l e - c r y s t a l l i n e  s i l i c o n  c e l l  design a r e  reviewed. Three a d d i t i o n a l  
reoombination l o c a t i o n s  a r e  described a t  g r a i n  boundaries i n  po lyc rys ta l l ine  
c e l l s .  Mater ia l  pe r fec t ion  and f a b r i c a t i o n  process opt imizat ion  requirements 
f o r  high e f f i c i e n c y  are outl ined.  Innovative device des igns  t o  reduce recom- 
b ina t ion  i n  t h e  bulk and i n t e r f a c e s  of s i n g l e - c r y s t a l l i n e  c e l l s  and i n  t h e  
g r a i n  boundary of poly-crys ta l l ine  c e l l s  a r e  reviewed. 

I. INTRODUCTION 

Increas ing e f f i c i e n c y  and lowering c o s t  have been t h e  main ob jec t ives  of  
s o l a r  c e l l  research  t o  achieve cos t  p a r i t y  with o t h e r  e l e c t r i c a l  power genera- 
t i o n  methods. S ing le -c rys ta l l ine  s i l i c o n  cell  e f f i c i e n c y  approaching 18% (AM1) 
has been a t t a i n e d  under production environment, moving t h e  c u r r e n t  research  
t a r g e t  t o  20% o r  beyond 113. Poly-crystal l ine s i l i c o n  c e l l  approach may lower 
t h e  manufacturing c o s t  f u r t h e r  t o  a competitive l e v e l .  

This  paper w i l l  provide a review of t h e  requirements f o r  achieving high 
e f f i c i e n c i e s .  The next  sec t ion ,  11, w i l l  review t h e  dark  d.c. current-voltage 
c h a r a c t e r i s t i c s  of  a c e l l .  Sect ion I11 descr ibes  t h e  dominant recombination 
mechanisms a t  t h i r t e e n  loca t ions  i n  s ing le -c rys ta l l ine  and t h r e e  a d d i t i o n a l  
g r a i n  boundary loc'ations i n  poly-crystal l ine c e l l s .  Sect ion  I V  ou t l ines  t h e  
ma te r i a l  requirements f o r  minimizing reoombination. Sect ion  V g ives  a discus- 
s i o n  o f  process optimizat ions f o r  high e f f i c i ency .  Device design optimizat ions 
f o r  high e f f i c i e n c y  are reviewed i n  sec t ion  V I .  Sec t ion  V I I  g ives  a summary. 

11 D. C. CURRENT-VOLTAGE CHARACTERISTICS 

The doc .  current-voltage c h a r a c t e r i s t i c s  of a s o l a r  c e l l  i n  t h e  dark 
provides a c l e a r  i n d i c a t i o n  of  its performance under sun l i g h t .  It can be 
expressed genera l ly  by the  diode equation 

where J is t h e  dark cur ren t  dens i ty   om^), J, is the  recombination cur ren t  
dens i ty  c o e f f i c i e n t  ( ~ / c m *  ) which w i l l  be c a l l e d  recombination cur ren t ,  q is 
t h e  charge of the  e l ec t ron ,  V is the  voltage ac ross  the  c e l l  with p-side 
pos i t ive  and n-side negative i n  the  p/n junction c e l l ,  r is t h e  recombination 
law o r  junct ion  i d e a l i t y  f a c t o r ,  k is the  Boltzmann constant  and T is t h e  c e l l  
temperature. 



Tks h i g h e s t  e f f i c i e n c y  is achieved when both Jr and r a r e  smll, The 
demndenee on r is i l lkus tsa ted  by t h e  i l b m i n a w d  eu~$enL;evoltage eharae te r -  
i s t ic  of a s o l a r  c e l l  i n  Flg.1 whose equ iva l en t  c i r c u i t  is a l s o  g iven  i n  t h i s  
f igure .  It is ev iden t  t h a t  t h e  smallest r g i v e s  t h e  largest a r e a  under t h e  
i l l m i n a t e d  1 - V  curve and hence t h e  h i g h e s t  power d e l i v e r a b l e  t o  t h e  load ,  In 
a practical @ebb whose e f f i c i e n c y  l o s s  o m e s  frm e l e c t r o a - b l e  ~ e c a b i n a t f s n  
a t  t r a p s  due t o  c r y s t a l l i n e  imperfec t ions ,  t h e  lowes t  recombination f a c t o r  
is r = l .  This  corresponds t o  low l e v e l  i n j e c t i o n ,  t h a t  is, t h e  photogenerated 
e l e c t r o n  and ho le  concen t r a t ion  l e v e l s  are much less t h a n  t h e  da rk  e q u i l i b r i m  
ma jo r i ty  c a r r i e r  ( e l e c t r o n  i n  n-type o r  ho le  i n  p-type s i l i c o n )  concent ra t ion ,  
The l i m i t i n g  recombination is v i a  imperfec t ion  l o c a t e d  i n  t h e  base l a y e r  o f  t h e  
cell under t h e  low l e v e l  condi t ion  i n  a proper ly  designed h igh  e f f i c i e n c y  c e l l .  

The o t h e r  I - V  curves i n  Fig.  1 a r e  from d i f f e r e n t  recombination and 
conduct ion mechanisms. The i d e a l  zero  recombination case, r = O ,  is a l s o  'mown 
a s  t h e  th re sho ld  diode.  The r = 2 / 3  case  comes from ze ro  imperfec t ion  s o  t h a t  
t h e  r e s i d u a l  recombination is due t o  t h e  d i r e c t  recombination of a n  e l e c t r o n  
with a  ho le  dur ing  which another  e l e c t r o n  o r  h o l e  c a r r i e s  away t h e  recombina- 
t i o n  energy. This  is  known a s  t h e  in te rband Auger recombination. The f a c t o r  
2/3 arises from t h e  high i n j e c t i o n  l e v e l  cond i t i on  i n  a n  in t e rband  Auger 
recombination-limited c e l l  s i n c e  e l e c t r o n  and ho le  d e n s i t i e s  a r e  i n c r e a s i n g  
with t h e  te rmina l  vo l t age  V as exp(qV/2kT) whi le  t h e  recombination r a t e  o r  
c u r r e n t  is  i n c r e a s i n g  wi th  t h e  product of concen t r a t ion  o f  two e l e c t r o n s  and 
one h o l e  o r  one e l e c t r o n  and two ho le s ,  N*P o r  N P ~ .  Addi t iona l  d i scuss ions  and 
r e f e r e n c e s  are given by t h i s  a u t h o r  i n  a r e c e n t  review a r t i c l e  C2J. The r = 2  
case comes from high- leve l  recombination a t  t h e  imperfec t ion  cen te r s .  The SCL 
curve h a s  t h e  c u r r e n t  l i m i t e d  by t h e  space  charge of  t h e  photogenerated e lec-  
t r o n s  and h o l e s ,  known a s  t h e  space-charge-limited case .  It is  t h e  worse e f f i -  
c iency  case and was a  l i m i t a t i o n  of  some e a r l i e r  amorphous s i l i c o n  c e l l s  [ 31  
whose base l a y e r  has  a r a t h e r  high r e s i s t i v i t y .  

Thus, t h e  h i g h e s t  e f f i c i e n c y  f o r  t h e  c u r r e n t  technology i n  which 
e lec t ron-hole  recombination a t  the t r a p s  due t o  imperfec t ions  dominates is a 
cell  whose r should be made t o  approach one and whose recombination c u r r e n t  
dens i ty ,  J, o r  J1, be reduced t o  as smal l  a va lue  as poss ib le .  

I n  Table I, t h e  t h e o r e t i c a l  r e s u l t s  t h a t  r e l a t e  J 1  t o  t h e  AM1 e f f i c i e n c y  
are given. They show t h a t  i n  o r d e r  t o  reach  a 20% AM1 e f f i c i e n c y  g iven  i n  t h e  
column l a b e l e d  EFF, t h e  recombination c u r r e n t  d e n s i t y ,  JL, must be less than 
0.2 pico-ampere p e r  square  oent imeter .  They a l s o  show t h a t  f o r  each 21  
i n c r e a s e  of  t h e  e f f i c i e n c y ,  t h e  recombination c u r r e n t  d e n s i t y  must decrease  by 
one o r d e r  o f  magnitude. It lowers t o  0.2 femto-ampere p e r  squa re  cen t ime te r  i n  
o r d e r  f o r  t h e  e f f i c i e n c y  t o  reach 26%. A t  t h i s  low recombination l o s s  l e v e l ,  
t h e  recombination even t s  a r e  dominated by t h e  in t e rband  Auger mechanism i n s t e a d  
of  t h e  t r a p  mechanism and t h e  former l i m i t s  t h e  i n t r i n s i c  o r  u l t ima te  e f f i -  
c iency  t o  about  25% f o r  s i l i c o n  s o l a r  c e l l  a t  AM1 i l l u m i n a t i o n  on t h e  e a r t h  
s u r f a c e  121. 

The f i g u r e s  i n  t h e  t a b l e  a r e  obtained by a  s imple  ca lcu . la t ion  t o  maximize 
t h e  output  power t o  t h e  load ,  P = I V ,  using Eq.(l) with r=l. The s h o r t  c i r c u i t  
c u r r e n t ,  JSC, is  taken t o  be a  cons tan t  36.0 m ~ / c r n ~  while  t h e  c e l l  temperature.  
is assumed t o  be a t  297.15K o r  24C. VOC is  t h e  open c i r c u i t  vol tage.  FF is 
t h e  P i l l  f a c t o r ,  sometimes c a l l e d  t h e  curve f a c t o r  (CF) and i t  is  def ined  by 
FF=PMAX/ (JSCVOC ) where PKAX is t h e  maximum a v a i l a b l e  power. 



EII. RECQMBINATIBN LOG WTIBNS AND MEGHMIWS 

I n  o r d e r  ts r e d u c e  and e l i m i n a t e  recombina t ion  l o s s e s ,  a r e v i e w  sf t h e  
s e c o m b i n a t t s n  I s e a t i o m  and d m i n a n t  recsmlsiwatisn me@hanisms is g i v e n  i n  t h i s  
s e c t i o n .  The s i n g l e - c r y s t a l l i n e  c e l l  w i l l  be d i s c u s s e d  f i r s t  fo l lowed  by an 
e x t e n s i o n  t o  p o l y - c r y s t a l l i n e  c e l l s .  

A. SINGLE-CRYSTALLINE CELL 

A c o n v e n t i o n a l  s i n g l e - c r y s t a l l i n e  c e l l  s t r u c t u r e  is used whose 
c r o s s - s e c t i o n a l  view is g i v e n  i n  Fig .  2. T h i r t e e n  recombina t ion  l o c a t i o n s  are 
i d e n t i f i e d  and n u m e r i c a l l y  l a b e l e d .  These are now d e s c r i b e d  by d e v i d i n g  t h e  
c e l l  i n t o  f o u r  e l e c t r i c a l l y  a c t i v e  l a y e r s  i n  t h e  f o u r - l a y e r  model. 

EMITTER QUASI-NEUTRAL LAYER 
n n A I I A A A A A l l A A A A A A A - 4 4 C I A A A A A  

1 .  C o n t a c t  Metal t o  S i l i c o n  E m i t t e r  I n t e r f a c e  

Thermal recombina t ion  dominates  a t  t h e  i n t e r f a c e  t r a p s ,  e s p e c i a l l y  when 
t h e  i n t e r f a c i a l  c o n t a c t  l a y e r  is imbedded w i t h  o x i d e  i s l a n d s  which c a n  
g i v e  rise t o  s i l i c o n  and oxygen d a n g l i n g  bonds t h a t  are e f f i c i e n t  
e l e c t r o n - h o l e  recombinat ion s i t e s .  These a r e  similar t o  t h e  i n t e r f a c e  
t r a p s  which a l s o  degrade t h e  performance o f  m e t a l - o x i d e - s i l i c o n  f i e l d -  
e f f e c t  t r a n s i s t o r s .  Th i s  recombina t ion  is  a l s o  known as t h e  Shockley- 
Read-Hall (SRH) the rmal  recombina t ion  mechanisms i n  which t h e  recombina- 
t i o n  e n e r g y  is d i s s i p a t e d  by l a t t i c e  v i b r a t i o n  o r  phonon emiss ion .  

2. A n t i - R e f l e c t i o n  Coated Oxide t o  S i l i c o n  E m i t t e r  I n t e r f a c e  

SRH t h e r m a l  as w e l l  a s  t h e  in te rband-  and bound-Auger recombina t ion  
mechanisms c a n  be i m p o r t a n t ,  t h e  fo rmer  a t  t h e  o x i d e / s i l i c o n  i n t e r f a c e  
t r a p s  due t o  d a n g l i n g  s i l i c o n  and  oxygen bonds and  t h e  l a t t e r  due t o  t h e  
h i g h  c o n c e n t r a t i o n  o f  m a j o r i t y  c a r r i e r  o r  dopan t  i m p u r i t y  a t  t h e  s i l i c o n  
s u r f a c e  under  t h e  o x i d e / s i l i c o n  i n t e r f a c e .  

3.  Bulk E m i t t e r  Layer  

SRH the rmal  and t h e  in te rband-  and bound-Auger recombina t ion  mechanisms 
can  be i m p o r t a n t  due t o  t h e  h i g h  dopan t  i m p u r i t y  d e n s i t y  which c a n  r e s u l t  
i n  h i g h  d e n s i t y  o f  t r a p s  i n  t h e  emitter l a y e r .  

4. E m i t t e r  P e r i m e t e r  

Saw damage and  exposed chemical ly-e tched s u r f a c e  a t  t h e  emitter p e r i m e t e r  
w i l l  have b o t h  h i g h  d e n s i t y  of d a n g l i n g  s i l i c o n  bonds and non-dopant 
i m p u r i t i e s  which may be e l e c t r o n - h o l e  recombina t ion  t r a p s .  



WITTEW SPACE CHARGE LAYER 
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5, W i t t e r  Bulk Space Charge Layer  

Dominant recombina t ion  i n  t h i s  l a y e r  is mainly  t h r o u &  t h e  the rmal  SWK 
mechanism a t  t r a p s  due t o  r e s i d u a l  non-dopant i m p u r i t i e s .  A r = 2  v a l u e  
can  be expec ted  f o r  t h e  most dominant t r a p s  w i t h  bound state energy  l e v e l  
a t  t h e  midgap p o s i t i o n  o f  t h e  s i l i c o n  energy  gap. G e n e r a l l y ,  1 < r < 2 
h a s  been observed.  

6. E m i t t e r  P e r i m e t e r  Space Charge Layer 

The dominant recombina t ion  is a l s o  t h e  the rmal  SRH mechanism a t  t h e  t r a p s  
due t o  d a n g l i n g  s i l i c o n  bonds a t  t h e  exposed s u r f a c e  and s i l i c o n  and 
oxygen d a n g l i n g  bonds a t  p a r t i a l l y  oxide-covered s i l i c o n  s u r f a c e .  

BASE QUASI-NEUTRAL LAYER 
L A b n A A A A * - A A n e * A A A f i A I I A I  

7, Bulk Base Layer  

The 20% e f f i c i e n c y  i s  l i m i t e d  by t h e  e x t r i n s i c  recombina t ion  mechanism 
due t o  the rmal  SRH recombinat ion a t  r e s i d u a l  non-dopant i m p u r i t y  t r a p s  
and a t  p h y s i c a l  d e f e c t s  o r  d a n g l i n g  s i l i c o n  bonds. The u l t i m a t e  e f f i -  
c i e n c y  o f  25 t o  262 is l i m i t e d  by t h e  i n t r i n s i c  recombina t ion  mechanisms 
o f  i n t e r b a n d  Auger recombinat ion and i n t e r b a n d  r a d i a t i v e  recombina t ion  
o f  e l e c t r o n s  w i t h  h o l e s  d i r e c t l y .  

8. Back Contac t  Metal  t o  S i l i c o n  I n t e r f a c e  

T h i s  is  s i m i l a r  t o  t h e  f r o n t  c o n t a c t  m e t a l  t o  s i l i c o n  i n t e r f a c e  d e s c r i b e d  
f o r  l o c a t i o n  1 p r e v i o u s l y .  However, i t s  recombina t ion  r a t e  cou ld  be 
h i g h e r  due t o  t h e  lower  dopant  i m p u r i t y  c o n c e n t r a t i o n  t h a n  t h a t  o f  t h e  
d i f f u s e d  f r o n t  s u r f a c e ,  t h e  l a t t e r  may have a  p o t e n t i a l  b a r r i e r  r e p u l s i v e  
t o  m i n o r i t y  c a r r i e r s .  The the rmal  SRH mechanism dominates .  Two d e v i c e  
d e s i g n s  have been employed t o  reduce  t h i s  l o s s .  One i s  t h e  use  o f  a v e r y  
t h i c k  s i l i c o n  wafer .  The o t h e r  is  t h e  u s e  o f  a b u i l t - i n  e l e c t r i c  f i e l d  
from t h e  dopant  i m p u r i t y  c o n c e n t r a t i o n  g r a d i e n t  t o  r e p u l s e  t h e  photo- 
g e n e r a t e d  m i n o r i t y  c a r r i e r s .  T h i s  is known a s  t h e  back s u r f a c e  f i e l d  
c e l l  and d i s c u s s e d  i n  t h e  f o l l o w i n g  s u b s e c t i o n  w i t h  l o c a t i o n  n u m b e r s  10 
t o  13. 

9. Base Layer  P e r i m e t e r  

Thermal S R H  recombina t ion  donainates a t  t h e  t r a p s  due t o  d a n g l i n g  s i l i c o n  
bonds a t  t h e  exposed and saw damaged s u r f a c e  and s i l i c o n  and oxygen 
d a n g l i n g  bonds a t  t h e  p a r t i a l l y  oxide-covered s u r f a c e  f r m  e t c h i n g  
r e s i d u a l s .  



BACK-SURFACE-FIELD LAYER 
A I I I A A I A A A I A A I I I A I I I A 1 A ~  

The c ros s - sec t iona l  view of  t h e  Back-Surface-Field (BSF) s o l a r  c e l l  
s t r u c t u r e  i s  shown i n  F igs  3. The BSF l a y e r  can be f a b r i c a t e d  e i t h e r  
by a l l o y i n g  aluminun i n t o  a p-type s i l i c o n  bulk  s i n c e  aluminum is a 
dopant  accep to r  impur i ty  wi th  s o l u b i l i t y  above 1018 ~ l / c m ~ ,  o r  it can  
be f a b r i c a t e d  by s o l i d  s t a t e  d i f f u s i o n  o f  e i t h e r  boron i n t o  a  p-type 
s u b s t r a t e  o r  phosphorus, a r s e n i c  o r  antimony i n t o  a n-type s u b s t r a t e .  
The aluminum a l l o y i n g  is a n  e a r l i e r  t echnique  which is n o t  a s  e f f e c t i v e  
due t o  deep and less c o n t r o l l e d  p e n e t r a t i o n  o f  t h e  a l l o y  l a y e r  i n t o  t h e  
s i l i c o n  base C43 whi le  t h e  d i f f u s e d  BSF l a y e r  i n  18% s i l i c o n  c e l l s  ha s  
been demonstrated more r e c e n t l y  but  is l e s s  r ep roduc ib l e  due t o  t h e  
imper f ec t ions  in t roduced  dur ing  h i g h  tempera ture  d i f f u s i o n .  

10. Bulk N+ ( o r  P+) Layer 

Th i s  i s  a h i g h l y  doped l a y e r  where t h e  recombinat ion l o s s e s  a r e  mainly 
due t o  t h e  thermal  SRH mechanism a t  t r a p s  a r i s e n  from t h e  heavy doping. 

11. Back Contact  Metal t o  S i l i c o n  I n t e r f a c e  

Recombination a t  t h i s  i n t e r f a c e  is i d e n t i c a l  t o  t h a t  a t  t h e  s i m i l a r  f r o n t  
i n t e r f a c e .  However, i t s  e f f e c t  on e f f i c i e n c y  is  less s i n c e  i t  i s  away 
from t h e  r eg ion  where e l e c t r o n s  and h o l e s  a r e  genera ted  by l i g h t .  

12, Back Oxide t o  S i l i c o n  I n t e r f a c e  

Recombination a t  i n t e r f a c e  t r a p s  on t h e  back i n t e r f a c e  h e r e  is  s i m i l a r  
t o  t h a t  a t  t h e  f r o n t  i n t e r f a c e  d i scussed  f o r  l o c a t i o n  2 above. The 
e f f e c t  on e f f i c i e n c y  is aga in  s m a l l e r  t h a n  t h a t  from t h e  f r o n t  i n t e r f a c e .  
However, recombination l o s s e s  at both l o c a t i o n s  11 and 12 cannot be 
neg lec t ed  i n  h igh  e f f i c i e n c y  c e l l  des igns .  

13. Back Sur face  F i e l d  Perimeter  

Recombination i n  t h i s  l a y e r  i s  dominated mainly by t h e  thermal  SRH 
mechanism due t o  t h e  presence o f  s u r f a c e  and i n t e r f a c e  t r a p s  similar t o  
t hose  p re sen t  a t  t h e  o t h e r  p a r t  o f  t h e  per imeter  s u r f a c e ,  such a s  
l o c a t i o n s  4 ,  6 and 9. However, a h igh  i n t e r f a c i a l  recombination l o s s  
can s e r i o u s l y  o f f s e t  t h e  e f f e c t  o f  s h i e l d i n g  t h e  back con tac t /  and oxide/ 
s i l i c o n  i n t e r f a c e  recombination sites from t h e  photogenerated mino r i t y  
c a r r i e r s  [4]. 

B. POLY-CRYSTALLINE CELLS 

A l l  of t h e  above recombination l o c a t i o n s  and mechanisms a r e  impor tan t  i n  
p o l y - c r y s t a l l i n e  c e l l s .  Most a r e  emphasized s i n c e  t h e r e  a r e  more non-dopant 
impur i ty  t r a p s  and more phys ica l  d e f e c t s  i n  t h e  p o l y c r y s t a l l i n e  s i l i c o n  
ma te r i a l .  I n  a d d i t i o n  t o  t he se ,  an important  and f r equen t ly  dominating l o s s  of 
photogenerated e l e c t r o n s  and holes  is recombination a t  t h e  g r a i n  boundaries  
s e p a r a t i n g  t h e  s i n g l e - c r y s t a l l i n e  g r a i n s  i n  t h e  p o l y - c r y s t a l l i n e  m a t e r i a l s .  We 
env i s ion  t h r e e  g r a i n  boundary l o c a t i o n s  which have somewhat d i f f e r e n t  recom- 



binat ion  mechanisms and rates, These are discussed using P i g ,  4, 

Grain  Boundary in the  Bulk  Film 

Gra in  boundary has  h igh  d e n s i t y  of dangl ing  s i l i c o n  bonds which are 
recombination s i tes  f o r  e l e c t r o n s  and ho le s ,  Gra in  b o w d a r i e s  p e n e t r a t e  
t h r o u a  t h e  e n t i r e  p o l y - c r y s t a l l i n e  s i l i c o n  f i l m  pass ing  through t h e  f o u r  
l a y e r s :  t h e  N+ e m i t t e r  l a y e r ,  t h e  N+/P emitter j u n c t i o n  space  charge 
l a y e r ,  t h e  P quas i -neu t r a l  base and t h e  P/P+ BSF l a y e r .  I n  each l a y e r ,  
t h e  recombination r a t e  a t  t h e  g r a i n  boundary t r a p s  is  d i f f e r e n t  a l though 
a l l  wi th  t h e  same t h e m a l  SRH recombinat ion mechanism. 

15. Grain Boundary I n t e r s e c t  a t  t h e  Oxide/Si l icon-Emit ter  I n t e r f a c e  

Again t h e  thermal  SRH mechanism and t h e  in te rband-  and bound-Auger 
mechanism may dominate t h e  e lec t ron-hole  recombination. However, t h e  
h igh  d e n s i t y  o f  dangl ing bond t r a p s  a t  t h e  g r a i n  boundary would f u r t h e r  
i n c r e a s e  t h e  recombination l o s s  a t  t h i s  i n t e r s e c t i o n .  

16. Gra in  Boundary I n t e r s e c t  a t  Contact-Metal/Silicon-Emitter I n t e r f a c e  

The high d e n s i t y  of  t r a p s  i n  t h e  g r a i n  boundary would a l s o  i n c r e a s e  t h e  
recombination l o s s  a t  t h i s  con tac t .  

I V .  MATERIAL IMPERFECTIONS 

If quantum mechanical e l e c t r o n  bound s t a t e s  a r e  p re sen t  a t  an  imperfec- 
t i o n  i n  a  c r y s t a l ,  i t  w i l l  t r a p  o r  bound an  e l e c t r o n  and e f f e c t i n g  t h e  
recombination o f  a  h o l e  wi th  t h e  t rapped  e l e c t r o n .  A s i m i l a r  e l ec t ron -ho le  
recombination can occur  a t  a n  imperfec t ion  which h a s  a  h o l e  bound s t a t e  o r  can 
t r a p  a  ho le .  Such a n  e l e c t o n i c a l l y  a c t i v e  imper f ec t ion  is commonly known as 
a n  e l e c t r o n i c  ( e i t h e r  e l e c t r o n  o r  ho l e )  t r a p .  Imperfec t ions  can a l s o  a c t  a s  
a tomic t r a p s  which can t r a p  and r e l e a s e  o t h e r  atoms o r  i o n s ,  f o r  example t h e  
hydrogen t r app ing  p rope r ty  of  t h e  group-111 accep to r s  (B, A l ,  Ga and I n )  
r e c e n t l y  d i scovered  by us  [61. An imperfec t ion  i n  a  c r y s t a l  can be an 
e l e c t r o n i c  t r a p ,  a n  atomic t r a p ,  e i t h e r  a n  e l e c t r o n i c  t r a p  o r  a n  atomic t r a p  
d i f f e r i n g  i n  a tomic con f igu ra t i on ,  both a n  e l e c t r o n i c  t r a p  and a n  atomic 
t r a p ,  and n e i t h e r  a n  e l e c t r o n i c  nor an  atomic t r a p .  It is ev iden t  t h a t  a  
combination o f  t h e s e  p r o p e r t i e s  t o  e l i m i n a t e  t h e  e l e c t r o n i c  t r a p p i n g  p rope r ty  
o r  t h e  e l e c t r o n i c  bound s t a t e  would be t h e  goa l  f o r  improving e f f i c i e n c y .  The 
oxygen and s i l i c o n  dangl ing  bond type of  imper fec t ion  a t  t h e  o x i d e / s i l i c o n  
i n t e r f a c e  is  a n  example i n  which i ts e l e c t r o n i c  t r a p  o r  e l ec t ron -ho le  recom- 
b i n a t i o n  p r o p e r t i e s  can be e l imina t ed  by atomic o r  hydrogen t r a p p i n g  which is 
known a s  hydrogenation of  t h e  dangl ing  bonds. I n  a d d i t i o n ,  impe r f ec t ions  may 
a l s o  aggrega te  t o  form extended conduction pa ths  o r  i n s u l a t i n g  reg ions  which 
may s e r i o u s l y  reduce t h e  c e l l  e f f i c i e n c y  by d i s t o r t i n g  t h e  i d e a l  cu r r en t -  
vo l tage  c h a r a c t e r i s t i c s  of  t h e  s o l a r  c e l l  junc t ion .  

Ma te r i a l  imper fec t ions  can be d iv ided  i n t o  two groups ,  t h e  chemical 
i m p u r i t i e s  and t h e  phys ica l  d e f e c t s .  These a r e  b r i e f l y  d i s cus sed  below. 



I .  Recombination S i t e s  

Meta l s  (Au, T i ,  V, Mo, W ,  Zn, Ag and o t h e r s )  and non-metals (S, Se, 
Te and o t h e r s )  a r e  known e l e c t r o n i c  t r a p s  in s i l i c o n .  Au is  a 
dominant r e s i d u a l  t r a p  i n  unprocessed s i n g l e  c r y s t a l  s i l i c o n  and 
af ter  h igh  tempera ture  i n t e g r a t e d  c i r c u i t  processing.  T i ,  Mo and W 
were shown t o  be among t h e  dominant r e s i d u a l  i m p u r i t i e s  i n  s o l a r  cell  
grade  s i n g l e  c r y s t a l  and t h e s e  metals cannot  be e a s i l y  and completely 
g e t t e r e d  o u t  o f  t h e  c e l l  l a y e r s  d u r i n g  c e l l  f a b r i c a t i o n .  

2. Low Res i s t ance  Pa ths  

Copper s e g r e g a t e s  on to  d i s l o c a t i o n s  t o  form r e s i s t a n c e  pa ths  which 
may p a r a l l e l  t h e  p/n j unc t ion  o f  t h e  c e l l ,  caus ing  s h o r t s  o r  low 
r e s i s t i v e  s h u n t s  t h a t  reduce t h e  c e l l  e f f i c i e n c y .  

3. C a r r i e r  F luc tua t ion  

Random c l u s t e r s  of  dopant i m p u r i t i e s  (B, Ga, A l ,  P, A s  and Sb) may 
occur  a t  h igh  concen t r a t i ons  which could cause l a r g e  s p a t i a l  f l u c -  
t u a t i o n  of t h e  e l e c t r o n  and ho le  concen t r a t i ons .  Such f l u c t u a t i o n s  
could s i g n i f i c a n t l y  degrade t h e  i d e a l  cur ren t -vo l tage  c h a r a c t e r i s t i c s  
o f  a  h igh-ef f ic iency  c e l l .  

4. I n s u l a t i n g  C l u s t e r s  

Oxygen and n i t r o g e n  i n  s i l i c o n  may form s i l i con -ox ide  and s i l i c o n -  
n i t r i d e  c l u s t e r s  of  random s i z e s ,  They a r e  i n s u l a t i n g  o r  having a  
l a r g e  energy  gap and hence high p o t e n t i a l  b a r r i e r  t h a t  prevent  t h e  
t r a n s p o r t  of  e l e c t r o n s  and holes .  These i n s u l a t i n g  l a y e r s  w i l l  a l s o  
degrade t h e  cur ren t -vo l tage  c h a r a c t e r i s t i c s  and reduce e f f i c i e n c y .  
There were i n d i c a t i o n s  t h a t  they may a l s o  s e r v e  a s  s i n k s  f o r  t h e  
recombinat ion i m p u r i t i e s  t o  reduce t h e  t r a p  d e n s i t y  i n  t h e  a c t i v e  
r eg ion  of a  i n t e g r a t e d  c i r c u i t  t r a n s i s t o r .  This  proper ty  is l e s s  
e f f e c t i v e  s i n c e  t h e  t h i c k n e s s  o f  t h e  e l e c t r o n i c a l l y  a c t i v e  l a y e r  
i n  s o l a r  ce l l  is  much l a r g e r  (about  100 micro-meters) than  t h a t  i n  
i n t e g r a t e d  c i r c u i t s  ( a  few micro--meters o r  l e s s ) .  

5. E l e c t r o n i c  Trap Pas s iva t ion  

It has  been known t h a t  atomic hydrogen is very  e f f e c t i v e  i n  
p a s s i v a t i o n  of  e l e c t r o n i c  t r a p s  a t  non-dopant i m p u r i t i e s  and g ra in -  o 

boundary. The former is  a r e s u l t  o f  hydrogen-impurity bond format ion  
known a s  hydrogenation of  t h e  impur i ty  which r ende r s  t h e  impur i ty  
e l e c t r o n i c a l l y  i n a c t i v e  o r  causes  i t s  e l e c t r o n i c  bound s t a t e  t o  
d i sappear .  Grain boundary pas s iva t ion  by hydrogen has  been known f o r  
many y e a r s  and is  presumbly due t o  t h e  hydrogen bond formation w i t h  
t h e  dangl ing  s i l i c o n  bonds i n  t h e  g r a i n  boundary. 



Be PHYSICAL DEFECTS 

Phys i ca l  d e f e c t s  a r e  miss ing  h o s t  a t m s  and e x t r a  h o s t  a t m s  i n  i n t e r s t i -  
t i a l  s i tes ,  Most sf t h e  miss ing  h o s t  d e f e c t s  are known e l e c t r o n i c  t r a p s  which 
can be r e a d i l y  d e a c t i v a t e d  by hydrogenat ion e l e c t r i c a l l y ,  Some o f  t h e s e  a r e  
t h e  vacancy, divacancy and vacancy c l u s t e r s ,  vacancy-impurity c l u s t e r s ,  g r a i n  
boundaries  and per imeter  dmages .  

V. PROCESS OPTIMIZATION 

There a r e  v a r i o u s  ways t o  reduce t h e  imper f ec t ion  d e n s i t y  and t h e  recom- 
b ina t ion  l o s s e s  v i a  s e l e c t i o n  of  f a b r i c a t i o n  processes .  A few p o s s i b i l i t i e s  
a r e  reviewed. 

A .  CLEAN PROCESS 

A major p a r t  o f  t h e  recombination impur i ty  may be in t roduced  du r ing  wafer 
handl ing  p r i o r  t o  h igh  temperature  processing.  Clean handl ing  is  c r i t i c a l  t o  
reduce t h e  r e s i d u a l  recombination impur i ty  t o  l e s s  t han  about  101° ~ m ' - ~  which 
would g i v e  a  l i f e t i m e  of about 300 microseconds and a  recombinat ion c u r r e n t  
d e n s i t y  o f  about  2 x 1 0 - ~ ~  A/cm2 needed t o  reach  20% AM1 e f f i c i e n c y .  The d e n s i t y  
was based on a e l e c t r o n  t r app ing  diameter  of 10A and base doping d e n s i t y  of  
1016 cm-3. 

B. LOW TEMPERATURE 

Recombination l o s s e s  a t  phys ica l  d e f e c t s  and de fec t - impur i t y  complexes a r e  
important  l i m i t i n g  f a c t o r  i n  h igh  e f f i c i e n c y  c e l l s  due t o  t h e  very low d e n s i t y  
requirement we j u s t  i n d i c a t e d  on t h e  recombination i m p u r i t i e s .  S i l i c o n  
dangl ing  bonds and o t h e r  phys ica l  d e f e c t s  a r e  less l i k e l y  t o  form a t  lower 
process ing  temperatures .  The c u r r e n t  s i l i c o n  s o l a r  c e l l  p rocess ing  temperature  
of  800 t o  900C may a l r e a d y  be i n  t h e  optimum range. 

C. PASSIVATION 

~ a s s i v a t i b n  o f  t h e  impur i ty  and d e f e c t  recombination c e n t e r s  by atomic 
hydrogen is  a  d i s t i n c t  p o s s i b i l i t y  t o  f u r t h e r  reduce t h e  r e s i d u a l  e l e c t r i c a l l y  
a c t i v e  recombinat ion c e n t e r s .  Hydrogenation o f  t h e  r e s i d u a l  dangl ing bonds a t  
t h e  o x i d e / s i l i c o n  i n t e r f a c e  and some m e t a l l i c  recombination i m p u r i t i e s  and 
s i l i c o n  vacancy c l u s t e r s  i n  t h e  s i l i c o n  bulk have been demonstrated i n  s i l i c o n  
s i n g l e  c r y s t a l s  but  y e t  t o  be i n  s i l i c o n  device  o r  s o l a r  c e l l s .  Hydrogen 
p a s s i v a t i o n  o f  t h e  s i l i c o n  dangl ing  bonds a t  g r a i n  boundary and i n  amorphous 
s i l i c o n  has  been w e l l  known f o r  many years .  I n  view o f  t h e  very low d e n s i t y  
requirement o f  t h e  high e f f i c i e n c y  c e l l s ,  t h e  dangl ing  bond d e n s i t y  i n  t h e  
s t a r t i n g  s i l i c o n  and i n  t h e  f i n i s h e d  c e l l  before  p a s s i v a t i o n  must be very low 
and then  a  n e a r l y  complete pas s iva t ion  by hydrogen o f  t h e  r e s i d u a l  bonds may be 
a t t a i n e d  which is  necessary  f o r  t h e  very high e f f i c i e n c y  c e l l s .  Pas s iva t ion  
by hydrogen may be a  v i a b l e  process  f o r  s o l a r  c e l l s  whose a c t i v e  l a y e r s  a r e  
t h i c k  ( t e n s  t o  hundreds of micrometers) s i n c e  t he  d i f f u s i o n  and migra t ion  r a t e  
of atomic hydrogen is  very high a t  temperatures  s l i g h t l y  above room 
temperature .  This  high mob i l i t y ,  a l though an advantage f o r  d e a c t i v a t i n g  t h e  
dangl ing bonds of t h e  recombination t r a p s ,  may a l s o  be a  l i m i t i n g  f a c t o r  on t h e  



c e l l  ~ e l i a b i l i t y  such a s  t h e  goal of 20-year o r  t h e  more recent 38-year 
o p e r a t i n g  l i f e ,  

G e t t e r i n g  o f  t h e  recombinat ion i m p u r i t i e s  t o  reduce  recombination o r  J 1  has  
been s u c c e s s f u l l y  demonstrated i n  t h e  l a b o r a t o r y  and g e t t e r i n g  h a s  sometimes 
been employed i n  t h e  product ion  o f  s i l i c o n  t r a n s i s t o r s  and i n t e g r a t e d  c i r c u i t s .  
The s i n k  f o r  t h e  recombinat ion i m p u r i t i e s  du r ing  a h i g h  tempera ture  g e t t e r i n g  
procedure i s  u s u a l l y  a s u r f a c e  ox ide  g l a s s ,  a damaged s u r f a c e  l a y e r ,  a h igh  
concen t r a t i on  d i f f u s e d  s u r f a c e  l a y e r  o r  even a  p o l y s i l i c o n  s u r f a c e  l aye r .  The 
l a s t  ha s  been t h e  most e f f e c t i v e .  G e t t e r i n g  r e l i e s  on  t h e  h igh  mob i l i t y  o r  
d i f f u s i v i t y  o f  t h e  recombinat ion i m p u r i t i e s  i n  s i l i c o n  a t  t h e  g e t t e r i n g  
tempera tures ,  u s u a l l y  n e a r l y  t h e  d i f f u s i o n  o r  t h e  o x i d a t i o n  temperature .  It 
a l s o  r e l i e s  on t h e  assumption t h a t  t h e  s i n k  has  a  much h ighe r  s o l u b i l i t y  than  
s i l i c o n  a t  t h e  g e t t e r i n g  temperature  and t h e  g e t t e r i n g  volume o r  l a y e r  t h i ck -  
n e s s  i s  s u f f i c i e n t l y  l a r g e  s o  t h a t  i t  is n o t  s a t u r a t e d  by t h e  g e t t e r e d  
impur i ty ,  G e t t e r i n g  can be made e f f e c t i v e  i n  many s i l i c o n  t r a n s i s t o r  and 
i n t e g r a t e d  c i r c u i t  f a b r i c a t i o n  processes  s i n c e  t h e  a c t i v e  s i l i c o n  l a y e r s  a r e  
u s u a l l y  very  t h i n  s o  t h a t  a  r e l a t i v e l y  s h o r t  g e t t e r i n g  time and low g e t t e r i n g  
temperature  a r e  adequate .  G e t t e r i n g  may n o t  be a s  e f f e c t i v e  i n  s o l a r  c e l l ,  
e s p e c i a l l y  f o r  improving t h e  e f f i c i e n c y  t o  beyond 20% s i n c e  t h e  a c t i v e  l a y e r  i n  
s o l a r  c e l l  is very t h i c k  and may be t e n  o r  more times l a r g e r  t han  d i f f u s i o n  
l e n g t h  o f  t h e  to-be-get tered recombination i m p u r i t i e s  f o r  a  one-hour h igh  
temperature  g e t t e r i n g .  Considerable  r e sea rch  e f f o r t s  have been spen t  t o  show 
t h a t  t h e  important  recombinat ion i m p u r i t i e s ,  T i ,  Mo, and W, i n  s i l i c o n  s o l a r  
ce l l  on ly  d i f f u s e s  toward t h e  s u r f a c e  s i n k s  by a  sma l l  amount, up t o  about  f i v e  
microns,  i n  t h e  ce l l  f a b r i c a t i o n  temperature  range o f  800 t o  1000C. T h i s  is 
h ighly  inadequate  f o r  g e t t e r i n g  t h e s e  i m p u r i t i e s  by a s u r f a c e  s i n k  i n  a  
100-micrometer a c t i v e  l a y e r  o f  a  h igh  e f f i c i e n c y  s i l i c o n  s o l a r  c e l l .  

V I .  DEVICE DESIGNS 

Innovat ive  device  des igns  have been proposed and demonstrated by a  number 
o f  s i l i c o n  s o l a r  c e l l  r e s e a r c h e r s  t o  reduce recombinat ion l o s s e s  i n  o r d e r  t o  
improve t h e  e f f i c i e n c y  t o  20% and beyond. Some o f  t h e s e  a r e  descr ibed  below. 
More d e t a i l e d  d e s c r i p t i o n s  o f  t h e s e  c e l l  s t r u c t u r e s  and t h e  experimental  
r e s u l t s  can be found i n  t h e  a r t i c l e s  of  t h e  s p e c i a l  i s s u e  o f  S o l a r  Cell 111 
and i n  r e f e r ences  c i t e d  i n  123. 

A. REDUCTION OF INTERFACE RECOMBINATION LOSSES 

P o l y s i l i c o n  e m i t t e r  and p o l y s i l i c o n  base c o n t a c t s  have been proposed and 
demonstrated t o  reduce t h e  i n t e r f a c i a l  recombinat ion l o s s e s  a t  t h e s e  c o n t a c t s  
which were d i s cus sed  a s  recombination l o c a t i o n s  1 and 11. 

The p o l y s i l i c o n  e m i t t e r  concept may be thought  o f  a s  a n  ex tens ion  o f  t h e  
th in-oxide-bar r ie r  between t h e  e m i t t e r  metal  c o n t a c t  and t h e  s i l i c o n  e m i t t e r  
used by Green t o  a t t a i n  19% AM1 e f f i c i e n c y .  The r e l i a b i l i t y  and reproduci- 
b i l i t y  o f  t h e  t h i n  t unne l ing  oxide b a r r i e r  a r e  y e t  t o  be demonstrated f o r  t h e  
very l a r g e  a r e a  c e l l s  while  t h e  p o l y s i l i c o n  emitter is  expected t o  be much 
s u p e r i o r  due t o  t h e  h igher  temperature  o f  formation and t h e  t h i c k e r  f i lm  o f  t h e  
p o l y s i l i e o n  e m i t t e r .  



Oxid ized  f r o n t  and back s i l i c o n  surfaces have a lso been employed t o  reduce 
t h e  i n t e r f a c i a l  r ecombina t ion  l o s s e s  a t  t h e  exposed f r o n t  s u r f a c e  ( 1 m a t i o n  2 )  
and  a major  p a r t  of' t h e  back s u r f a c e  ( I s e a t i o n  9%) j u s t  d e s c r i b e d ,  The improve- 
ment i s  e s p e c i a l l y  drastic f o r  t h e  f r o n t  s u r f a c e  which was demomdra ted  by 
removing t h e  f r o n t  o x i d e ,  r e s u l t i n g  i n  a l a r g e  r i s e  o f  t h e  d a r k  recombina t ion  
c u r r e n t ,  J1, and  a n o t i c e a b l e  lower ing  sf t h e  e f f i c i e n c y .  The o x i d e  pass iva -  
t i o n  c o n c e p t  h a s  been ex tended  and implemented t o  t h e  back s u r f a c e  w i t h  obser -  
v a b l e  improvement bu t  t h e  e f f e c t  is less due t o  s h i e l d i n g  by t h e  BSF l a y e r .  

The h igh / low j u n c t i o n  s h i e l d  concep t  was f i rs t  employed f o r  t h e  back 
s u r f a c e  by t h e  NASA-Lewis group { s e e  r e f e r e n c e s  i n  [ 4 ] } .  T h i s  was ex tended  t o  
t h e  f r o n t  e m i t t e r  l a y e r  by u s  C71 and i n c l u d e d  some i n n o v a t i v e  h i g h  e f f i c i e n c y  
ce l l  d e s i g n s  by o t h e r s  suppor ted  by t h e  JPL/DOE program. It i s  probab le  t h a t  
t h e  n e a r l y  20% c e l l  o f  Green had such  a h igh / low e m i t t e r  j u n c t i o n  which is 
i n e v i t a b l y  p r e s e n t  i n  a doubly d i f f u s e d  emitter t h a t  c o n s i s t s  o f  a first low- 
c o n c e n t r a t i o n  and d e e p e r  (0.2 micron)  d i f f u s i o n  and a second h i g h - c o n c e n t r a t i o n  
s h a l l o w e r  d i f f u s i o n  (0 .1  micron o r  less).  

B. REDUCTION OF BULK RECOMBINATION LOSSES 

Thin [ 8 ]  and graded [ 9 ]  base ,  e s p e c i a l l y  u s i n g  e p i t a x i a l  l a y e r s  on h i g h l y  
doped s u b s t r a t e ,  shou ld  be e f f e c t i v e  i n  r e d u c i n g  t h e  base  recombina t ion  l o s s e s  
which are thought  t o  be t h e  main remaining l o s s  a f t e r  e m i t t e r  r ecombina t ion  
l o s s e s  are e l i m i n a t e d  i n  h i g h  e f f i c i e n c y  (20%) t o  v e r y  h i g h  e f f i c i e n c y  0 2 0 % )  
c e l l s .  Design demons t ra t ions  were g i v e n  by u s  r e c e n t l y  C81 which showed t h a t  
20% c e l l s  can  be  a t t a i n e d  by reduc ing  t h e  a c t i v e  base  t o  a b o u t  50 microns  even 
f o r  a not- too-high m i n o r i t y  c a r r i e r  l i f e t i m e ,  20 microseconds,  o r  a base  recom- 
b i n a t i o n  i m p u r i t y  d e n s i t y  o f  l o J 2  ~ r n - ~ .  T h i s  recombina t ion  i m p u r i t y  concen t ra -  
t i o n  requ i rement  i g  100 times less s e v e r e  t h a n  101° ~ m - ~ ~ u o t e d  i n  t h e  e a r l y  
p a r t  o f  t h i s  paper  f o r  a t h i c k  base  c e l l .  It d r a m a t i c a l l y  i l l u s t r a t e s  one  
a t t r a c t i v e  c e l l  d e s i g n  concep t  f o r  h i g h  e f f i c i e n c y ,  t h e  t h i n  g raded  b a s e ,  which 
h a s  y e t  t o  be f u l l y  e x p l o r e d  e x p e r i m e n t a l l y .  

C. REDUCTION OF PERIMETER RECOMBINATION LOSSES 

P e r i m e t e r  recombina t ion  l o s s e s  ( l o c a t i o n s  4, 6 ,  9 and 13) can  d r a s t i c a l l y  
r e d u c e  t h e  c e l l  e f f i c i e n c y  [51. Dic ing  t h e  c e l l  by chemica l  e t c h  i n s t e a d  saw 
c u t  c o u l d  reduce  t h e  recombinat ion t r a p  d e n s i t y  on t h e  p e r i m e t e r  s u r f a c e .  
Etched groove which is subsequen t ly  o x i d i z e d  can  f u r t h e r  r e d u c e  p e r i m e t e r  
recombina t ion  l o s s e s .  D i f f u s i o n  i s o l a t i o n  o f  t h e  c e l l  edge may be most 
e f f e c t i v e  a t  t h e  expense o f  a s m a l l  r e d u c t i o n  o f  t h e  e f f e c t i v e  ce l l  a r e a .  The 
main p o i n t  is t h a t  t o  r e a c h  e f f i c i e n c i e s  o f  more t h a n  20$, t h e  p e r i m e t e r  
recombina t ion  l o s s ,  p r e v i o u s l y  unimportant  i n  17% o r  less c e l l s ,  may become a 
l i m i t i n g  f a c t o r .  

D. G R A I N  BOUNDARY PASSIVATION I N  POLYSILICON CELLS 

I n  p o l y - c r y s t a l l i n e  s i l i c o n  s o l a r  c e l l s ,  h igh  e f f i c i e n c y  c e l l  s t r u c t u r e s  
may be f a b r i c a t e d  u s i n g  t h e  h i g h  d i f f u s i v i t y  o f  phosphorus and hydrogen a l o n g  
t h e  g r a i n  boundary p lane .  F ig .  5 shows a P+/N/N+ c e l l  s t r u c t u r e  where use  is 
made o f  t h e  fast phosphorus d i f f u s i o n  a l o n g  t h e  g r a i n  boundary Grom t h e  back 



s u r f a c e  du r ing  t h e  N+ BSF d i f f u s i o n .  Pig.  6 shows t h e  oppos i t e  o f  Fig.  5 i n  
whieh t h e  phosphorus d i f f u s i o n  down t h e  g r a i n  boundary is  frm t h e  f ron t  
s u r f a c e  du r ing  t h e  N+ emitter d i f f u s i o n  i n  a n  M+/P/$a eel1 s t r u c t u r e .  Pos  
e a s e  of i l l u s t r a t i o n ,  t h e  g r a i n  boundaries  are shown pe rpend icu l a r  t o  t h e  f i l m  
p lane  and e q m l l y  spaced. Gra in  s i z e  and boundary a r e  randonaly d i s t r i b u t e d  i n  
r e a l i s t i c  s i t u a t i o m .  For  both o f  t h e s e  two s t r u c t u r e s ,  t h e  g r a i n  boundary 
d i f f u s i o n  o f  phosphorus has  he lped  t o  form a high/ low Junc t ion  s h i e l d  l a b e l e d  1 
on t h e s e  f i g u r e s  (N+/N i n  t h e  P+/N/N+ c e l l  i n  Fig.  5 and P+/P i n  t h e  N+/P/P+ 
c e l l  i n  Fig.  6) .  These high/low junc t ion  p o t e n t i a l  b a r r i e r s  s h i e l d  t h e  photo- 
genera ted  mino r i t y  c a r r i e r s  from reaching  t h e  g r a i n  boundary which c o n t a i n s  a 
h igh  d e n s i t y  of recombination c e n t e r s .  The r eg ion  l a b e l e d  2 i n  Fig.  6 is a N/P 
junc t ion  which s h i e l d s  t h e  g r a i n  boundary from t h e  m i n o r i t y  c a r r i e r s .  The 
i n t e r s e c t i o n  a t  t h e  ox ide  s u r f a c e ,  l a b e l e d  3, could al lowed enhanced hydrogen 
d i f f u s i o n  down t o  t h e  g r a i n  boundary i n  o r d e r  t o  p a s s i v a t e  t h e  g r a i n  boundary 
t r a p s  by hydrogenat ion,  which would be f u t h e r  enhanced i f  t h e  ox ide  on t h e  end 
o f  t h e  g r a i n  boundary can be removed by a p r e f e r e n t i a l  e t c h a n t .  

V I I .  SUMMARY 

The requirements  f o r  h igh-ef f ic iency  s i l i c o n  s o l a r  c e l l s  a r e :  ( 1 )  low 
r e s i s t i v i t y  bulk t o  main ta in  low i n j e c t i o n  l e v e l  i n  t h e  base i n  o r d e r  t o  have 
t h e  r=l  i d e a l  Shockley da rk  d iode  law, ( 2 )  low recombinat ion c e n t e r  d e n s i t y  i n  
t h e  base,  a f t e r  e m i t t e r  and i n t e r f a c e  recombination l o s s e s  a r e  reduced o r  
e l imina t ed ,  and low recombination c e n t e r  d e n s i t y  i n  g r a i n  boundaries  of  
p o l y s i l i c o n  cel ls  such  a s  by phosphorus and hydrogen d i f f u s i o n  p a s s i v a t i o n ,  ( 3 )  
low tempera ture  and c l e a n  f a b r i c a t i o n  process ing  t o  reduce impur i t y  and 
phys i ca l  d e f e c t  recombination s i t e s ,  and ( 4 )  innovat ive  c e l l  des igns  t o  s h i e l d  
t h e  h igh  t r a p  d e n s i t y  s i t e s  from photo-generated m i n o r i t y  c a r r i e r s  by p o t e n t i a l  
b a r r i e r s  o f  high/low junc t ions  and p o l y s i l i c o n / s i l i c o n  c o n t a c t s  b a r r i e r s .  
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HIGH EFFICIENCY REQUIREMENTS 

Figure 1 Current-Voltage characteristics of five illmineted 
diodes wi th  different recombination mechanisms and 
their equivalent circuit diaram. 
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Figure 2 Nine imporbnt rscmbination looations and dominant 
mechanisms in  a typical single-crystalline solar c e l l .  
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Figure 3 Four rscombinaLion loeations i n  the back surface f i e ld  
layer of a single-eryslalline solar c e l l .  
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Figure 4 Recombination loca t ions  i n  t h e  g ra in  boundaries of a  
poly-crys ta l l ine  s o l a r  c e l l .  
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Figure  5 Pas s iva t ion  o r  s h i e l d i n g  o f  t h e  g r a i n  boundaries by 
phosphorus and hydrogen d i f f u s i o n  i n  a  n-type 
p o l y s i l i c o n  s o l a r  c e l l .  
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Figure  6 Pass iva t ion  o r  s h i e l d i n g  s f  t h e  g r a i n  boundaries by 
phosphorus and hydrogen d i f f u s i o n  in a g-type 
go ly - s i l f  con solar  c e l l .  



DISCUSSION 

PRINCE: You gave us a very thorough discussion of the various recombination 
processes, 13 in single-crystal and 1 6  in polyerystal. Have you ordered 
these in some way to tell us which are the most importank ones that must 
be eliminated, or are you going to have that information in your paper, or 
can you reference some papers that have this information? 

SAH: I think for single-crystal material, the impurity recombination in the 
base would be the remaining one. After most of the impurity recombination 
in the base is renloved, then a limit will be reached that will not be 
possible to reduce much further due to the radiative intra--band Auger 
recombination. At that point, cells with efficiencies of 23 to 24% or 
more will be obtained. In the polycrystalline cells, the grain boundary 
is the most serious problem. One needs to eliminate the recombinations in 
the grain boundary by, perhaps, specially designed devices, structure 
design, or by hydrogenation. I think that if the dangling bonds in the 
grain boundary were tied up with hydrogen, they will not be electrically 
active as recombination sites. 
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Economics of  Polys i l icon Process-A view from Japan 

Yasuhiro Shimizu 
Osaka Titanium Co., Ltd. 
Amagasaki , Hyogo, Japan- 

Abstract  

Osaka Titanium Co., Ltd. and Shin-etsu Chemical Co., Ltd. have researched 
t h e  production process of solar-grade S i l i c o n  (SOG-Si) through t r i c h l o r o s i l a n e  
(TCS) i n  a program sponsored by New Energy Development Organization (NEDO). 
The NEDO process c o n s i s t s  of  the  following two s t eps :  

(1) TCS production from by-product s i l i c o n  t e t r ach lo r ide  (STC) 
( 2 )  SOG-Si formation from TCS using a fluidized-bed r e a c t o r  (FBR) 

Based on the  d a t a  obtained during the  research program, t h e  manufacturing 
c o s t  of  the  NEDO process and o the r  polys i l icon manufacturing processes l i s t e d  
below were compared. 

(1) TCS processes;  Conventional Siemens, NEDO FBR and Recycle-filament 
processes 

( 2 )  Dichlorosi lane (DCS) process; Hemlock f i lament  process 
( 3 )  Monosilane (MS) processes; UCC f i lament and UCC-JPL FBR processes. 

The manufacturing c o s t  was ca lcula ted  on t h e  b a s i s  of 1000 tons/year  
production, using da ta  and information i n  r epor t s  issued by the  Subcommittee 
on S i l i con  Metal and Resources, Japan Elec t ronic  Industry Development 
Association ("the Subcommittee Reportstt)  and i n  o the r  da ta  i n  published 
repor t s ,  magazines, newspapers, e t c .  

Actual manufacturing c o s t s  a r e  d i f f i c u l t  t o  compare because of d i f f e r -  
ences i n  l o c a l  condit ions,  production s c a l e ,  contents  of d i r e c t  and i n d i r e c t  
c o s t s  and r e l i a b i l i t y  of published data. To reduce these  d i f ferences ,  t h e  
published data  was modified according t o  a c e r t a i n  est imate method p r i o r  t o  
manufacturing c o s t  ca lcula t ion .  

Our cos t  est imate showed t h a t  the  c o s t  of producing s i l i c o n  by a l l  of new 
processes is l e s s  than the  c o s t  by the  conventional Siemens process. Using a 
new process, the  c o s t  of producing semiconductor-grade s i l i c o n  (SEG-Si) was 
found t o  be v i r t u a l l y  t h e  same with any of t h e  TCS, DCS and MS processes when 
by-products a r e  recycled. 

The SOGSi manufacturing processes using FBR, ( t h e  NEDO and UCC-JPL FBR 
processes , )  which need f u r t h e r  development f o r  p r a c t i c a l  appl ica t ion ,  have a 
g r e a t e r  probabi l i ty  of cos t  reduction than the  f i lament processes. 

PRECEDING PAGE BLANK NOT FILMED 



1, INTRODUCTION 

Research and development of v a r i o u s  p r o c e s s e s  f o r  manufactur ing low c o s t  
SOG-Si a r e  under way worldwide, One approach is t h e  s o l i d  p u r i f i c a t i o n  
p r o c e s s ,  i n  which SOG-Si i s  produced d i r e c t l y  from t h e  r e d u c t i o n  o f  s i l i c a  i n  
s o l i d  s t a t e .  A s u b s t a n t i a l  c o s t  r e d u c t i o n  can be expec ted ,  b u t  t h e  impur i ty  
removal t echn ique  h a s  n o t  y e t  been e s t a b l i s h e d .  I n  t h i s  p r o c e s s  it would be  
d i f f i c u l t  t o  upgrade t h e  p r e s e n t  SOG-Si t o  SEG-Si i n  t h e  f u t u r e .  Another 
approach t o  c o s t  r e d u c t i o n  u s e s  g a s  p u r i f i c a t i o n  based on t h e  c u r r e n t  SEG-Si 
manufactur ing p r o c e s s .  Th i s  re f inement  o f  t h e  gaseous  s i l i c o n  compounds 
s a t i s f i e s  t h e  q u a l i t y  r e q u i r e d  f o r  as SOG-Si. 

T h i s  r e p o r t  compares manufactur ing c o s t s  o f  g a s  p u r i f i c a t i o n  p r o c e s s e s  
whose developments a r e  r e a c h i n g  complet ion.  

Sponsored by NEDO, t h e  Japan E l e c t r o n i c  I n d u s t r y  Development A s s o c i a t i o n  
i n v e s t i g a t e d  demand, p r o c e s s i n g  t e c h n o l o g i e s ,  and f u t u r e  t a s k s  r e g a r d i n g  
s i l i c a ,  m e t a l l u r g i c a l  s i l i c o n  (MG-Si) and p o l y s i l i c o n ,  necessa ry  f o r  s o l a r  
c e l l  manufacture.  The summary o f  t h i s  i n v e s t i g a t i o n  was r e p o r t e d  i n  t h e  
J o u r n a l  of E l e c t r o n i c s  I n d u s t r y  ( 1 ) .  Manufactur ing c o s t  were e s t i m a t e d  on t h e  
b a s i s  o f  t h e  d a t a  i n  t h e  Subcommittee Repor t s  and t h e  f i n a l  r e p o r t s  o f  Hemlock 
and UCC ( 2 ,  3) as w e l l  as d a t a  pub l i shed  i n  newspapers,  magazines, e t c .  

2 .  MANUFACTURING PROCESSES AND MATERIAL FLOW 

2-1. TCS: Convent ional  Siemens Process  

I n  t h i s  most common SEG-Si manufactur ing p r o c e s s ,  p o l y s i l i c o n  d e p o s i t s  
from TCS o n t o  s i l i c o n  s l i m  rods  ( f i l a m e n t s )  i n  a b e l l  j a r  r e a c t o r .  F i g s .  1 
and 2 show t h e  p r o c e s s  diagram and t h e  m a t e r i a l  f low o f  t h i s  p r o c e s s  ( 2 ) .  

H C 1  is produced v i a  a H2-C1 r e a c t i o n ;  a d d i t i o n a l  H is  used t o  e n s u r e  
100% C 1  consumption i n  t h e  r e a c s i o n .  P a s s i n g  through & s o r p t i o n ,  s t r i p p e r  

2 and d r y l n g  towers ,  HC1-  is  in t roduced  i n t o  MG-Si FBR a t  around 3 0 0 ' ~  t o  produce 
TCS. A r e a c t i o n  g a s  roughly o f  90 % TCS and 1 0  % STC is  cooled and condensed. 
I m p u r i t i e s  such as B ,  P and carbon compounds a r e  removed by d i s t i l l a t i o n .  A 
p u r i t y  o f  around 11 N is r e q u i r e d  t o  o b t a i n  t h e  m a t e r i a l  g a s  f o r  SEG-Si. 
D i s t i l l a t i o n  columns a r e  des igned t o  be  opera ted  w i t h  a h i g h  r e f l u x  r a t i o  and 
equipped wi th  many t r a y s .  This  p r o c e s s  r e q u i r e s  a l a r g e  amount o f  energy p e r  
u n i t  weight  o f  p roduc t .  

0 
P o l y s i l i c o n  d e p o s i t s  on s i l i c o n  f i l a m e n t s  heated t o  1050 - 1150 C .  The 

convers ion  y i e l d  o f  TCS i n t o  s i l i c o n  is a s  low as 1 0  t o  20 %. Unreacted TCS 
and by-product STC i n  decomposit ion r e a c t o r  a r e  t h e n  coo led ,  condensed,  
c o l l e c t e d  and d i s t i l l e d .  The d i s t i l l e d  TCS is reused  as m a t e r i a l s ,  whereas 
STC i s  removed from t h e  p r o c e s s  and used a s  raw m a t e r i a l  f o r  s i l i c a  powder, 
e t c .  The major problems of  t h i s  conven t iona l  Siemens p r o c e s s  a r e ;  1) t h e  
amount o f  by-product STC over  t e n  t imes  o r  more t h a n  t h a t  of p o l y s i l i c o n ,  and 
2 )  a l a r g e  amount o f  energy r e q u i r e d  f o r  u n i t  weight o f  p roduc t .  

2-2. TCS: NEDO Process  



This  process  i n  which MG-Si i s  converted i n t o  SOGSi by supplying energy 
on ly ,  i d e a l l y  r e q u i r e s  no o t h e r  raw m a t e r i a l  than MG-Si. The process  diagram 
and m a t e r i a l  flow a r e  shown i n  F igs .  3 and 4.  

D i s t i l l a t e d  TCS is  d i l u t e d  wi th  H2 and introduced t o  a FBR f i l l e d  wi th  
s i l i c o n  seeds .  SOG-Si d e p o s i t s  on t h e  s eeds ,  growing i n t o  l a r g e r  g ranu le s .  
A s  i n  t h e  convent ional  Siemens process ,  unreacted TCS and by-product STC a r e  
condensed and recovered. Af t e r  d i s t i l l a t i o n ,  TCS then  being reused a s  
m a t e r i a l ,  and by-product STC i s  used a s  raw m a t e r i a l  of TCS i n  t h e  r e c y c l e  
system. 

The TCS reproduct ion  process  is t h e  same a s  t h a t  used i n  Hemlock and UCC 
processes ,  i . e . ,  

I n  t h e  NEDO process ,  t h e  r e a c t i o n  t a k e s  p l ace  a t  a lower-pressure and 
h ighe r  H /STC molar r a t i o  than  i n  t h e  Hemlock and UCC processes .  The r e l a t i v e  

2 
advantages a s  compared with high-pressure,  low-molar r a t i o  ope ra t i on  depend on 
t h e  equipment and ope ra t i on  c o s t s  r equ i r ed  f o r  s a f e t y  and l e g a l  r e g u l a t i o n s .  

A p i l o t  p l a n t  of  10 t ons /yea r  of s i l i c o n  g ranu le s  has  a l ready  been 
operated f o r  2000 t o  3000 hours ,  r e s u l t i n g  i n  a power requirement of  30 
kwh/Si-kg f o r  decomposition. The b a s i c  ope ra t i on  technology has  been es tab-  
l i s h e d ,  and t h e  q u a l i t y  of  S i  i n  t h i s  process  has  a l ready  been demonstrated. 
Future  t a s k s  a r e  t o  develop l a r g e  s c a l e  FBR and e s t a b l i s h  technology f o r  a 
long-term continuous ope ra t i on .  

2-3. TCS Recycle-Filament Process  

SEG-Si is c u r r e n t l y  produced and consumed a t  approx. 5000 tons  a yea r  
worldwide. Considering t h e  expected i nc rease  i n  t h e  consumption o f  
semiconductors,  t h e  demand f o r  SEG-Si is very l i k e l y  t o  grow s t e a d i l y  t o  
10,000 t o  15,000 tons  i n  1990. I n  t h e  convent ional  Siemens process ,  where a 
l a r g e  amount of STC is  by-produced, t h e  r ecyc l ing  system of STC would be  
necessary  i n  a la rge-sca le  p o l y s i l i c o n  p l a n t .  

A p roces s ,  which combines f i l amen t  decomposition wi th  t h e  r ecyc l e  o f  by- 
product  STC, would be one of t h e  l ead ing  processes  f o r  manufacturing SEG-Si. 
I n  t h i s  combined process ,  by-product STC is fed  wi th  hydrogen i n t o  MG-Si F B R ,  
hydrogenated and recyc led  a s  TCS. 

The f i l ament  r e a c t o r  used f o r  t h e  reduc t ion  of TCS should be made o f  
metal .  A l a r g e  r e a c t o r  is necessary t o  decrease power consumption. The 
process  diagram and ma te r i a l  flow of t h i s  Recycle-Filament process  a r e  shown 
i n  F igs .  5 and 6. 

The c a l c u l a t i o n  was done on t h e  b a s i s  of energy and m a t e r i a l  requi red  f o r  
t h e  reduc t ion  i n  t h e  convent ional  Siemens process  and f o r  t h e  hydrogenation i n  
t h e  NEDO process .  Fig.  6 sugges ts  t h a t ,  approaching complete r ecyc l e ,  t h e  
requi red  amounts of STC and hydrogen decrease ,  and MG-Si i s  converted through 



TCS and STC into SEG-Si. The key points of this process are; 1) recycling of 
by-product STC via hydrogenation into TCS, and 2) complete recycling of vent 
gases generated in reduction and other stages. 

2-4. DCS: FIemlock Process 

The high cost of the conventional Siemens process is mostly due to high 
power consumption for the reduction of TCS. Hemlock used DCS instead of TCS 
as material, which may lead to a lower power requirement for the reduction and 
to higher productivity. Figs. 7 and 8 show the process diagram and material 
flow of the Hemlock process. This process is characterized by; 1) DCS 
synthesis by TCS redistribution, 

2SiHC13 SiH 2 C1 2 + SiC14 

2) polysilicon formation by DCS reduction in an improved Siemens reactor, and 
3) hydrogenation of by-product STC in FBR, as in the UCC process. 

Conversion efficiency of DCS into Si is higher than that of TCS, 
therefore less amount of DCS is required. Figs. 2 and 8 show, however, nearly 
the same amount of TCS is necessary as in the conventional Siemens process. 
Nearly the same capacity is required for TCS distillation as in the conven- 
tional Siemens process, and additionally to purify DCS suitable for SEG-Si, 
the boron removal column or the DCS distillation columns need to be highly 

0 
efficient since the boiling points of DCS (8.2'~) and BC1 (12.5 C) are quite 
close. 

3 

In the DCS reduction stage, the decomposition rate, yield and temperature 
are more favorable than in TCS. However, to prevent metal fog generation 
i . . ,  homogeneous decomposition), high H /DCS molar ratio operation is 
necessary, which reduces the advantage 08 DCS high reactivity. Another 
drawback is larger energy requirement for the reaction gas recovery. The 
energy requirement for refrigenator is larger than in TCS because of the low 
DCS concentration in the reaction gases and the low-boiling point materials 
involved in this process. 

2-5. UCC-JPL FBR Process 

Basic research into this process began in the early 1970's by UCC, 
followed by DOE-supported development (3). 

2SiH C1 + SiH + SiH C1 
3 4 2 2 

.. . (4) 
TCS is synthesized by hydrogenation of STC as expressed in equation (1) 

above, then MS is synthesized, followed by redistribution reaction (2) through 
(4) above. 



The UCC f i n a l  r e p o r t  proposed decomposition of MS i n  a  f r e e  space r e a c t o r  
and then producing lump SOG-Si v i a  s i l i c o n  powder conso l ida t ion  o r  c a s t i n g .  
UCC and J P L  a r e  now conducting research  f o r  p r a c t i c a l  a p p l i c a t i o n  of g ranule  
S i  formation us ing  FBR. The process  diagram and m a t e r i a l  flow of UCC-JPL FBR 
process  a r e  shown i n  F igs .  9 and 10. 

The wide bo i l ing-poin t  d i f f e r e n c e  between MS (b .p .  - 1 1 2 ~ ~ )  and t h e  o t h e r  
impur i t i e s  such a s  B o r  P compounds permi ts  easy s epa ra t i on  of  impur i t i e s  from 
MS dur ing  t h e  d i s t i l l a t i o n .  A s  a  r e s u l t ,  d i s t i l l a t i o n  is  simple and energy 
per  u n i t  d i s t i l l a t e  c o s t s  low. 

I n  t h e  manufacture of S i  g ranules  from MS wi th  FBR, product/seed weight  
r a t i o  should be 100 o r  h igher  ( a s  i n  t h e  f i l amen t  processes )  from t h e  
viewpoint of  c o s t .  MS mus t  be s u b s t a n t i a l l y  d i l u t e d  with H t o  ach ieve  
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higher  gas  flow v e l o c i t y  i n  FBR. S ince  decomposition temperature  of MS is  
lower than  t h a t  of TCS, t h e  des ign  and ope ra t i ng  cond i t i ons  of FBR a r e  e a s i e r  
and s impler  than those  i n  t h e  NEDO process .  

2-6. UCC Filament Process  

This  s e c t i o n  d i s cus se s  a  process  producing p o l y s i l i c o n  wi th  f i l a m e n t s  
from MS synthes ized .  MS reduc t ion  occures  a t  a  lower temperature  and a t  a  
f a s t e r  r a t e  wi th  h igher  conversion y i e l d  t o  S i  than  TCS and DCS. I t  should be 
noted t h a t  MS reduc t ion  begins  a t  400°c, r a p i d l y  i nc reas ing  i ts  r a t e  a t  6 0 0 ~ ~  
and above, and reaches  t h e  f u l l  r educ t ion  l e v e l  a t  800 C ( 3 ) .  To dep re s s  
decomposition i n  f r e e  space of  r e a c t o r ,  i t s  temperature  i s  maintained low 
provid ing  s t e e p  temperature g r a d i e n t  a long  d i s t ance  from t h e  f i l amen t s .  It  
would be d i f f i c u l t  t o  produce l a r g e  diameter p o l y s i l i c o n  rods  i n  a l a r g e  
r e a c t o r  wi th  mul t ip le  f i l amen t s ,  t h e r e f o r e  t h e  high r e a c t i v i t y  of  MS cannot  be 
made f u l l  use o f .  

3 .  COST COMPARISON 

Since a c t u a l  manufacturing c o s t  v a r i e s  wi th  l o c a l  condi t ions ,  p roduct ion  
s c a l e ,  u t i l i z a t i o n  r a t i o ,  r e se rve  funds ,  con ten t s  of  d i r e c t  and i n d i r e c t  
c o s t s ,  e t c . ,  emphasis i n  t h i s  r e p o r t  is  placed on r e l a t i v e  comparison u s i n g  a  
f i xed  u n i t  c o s t  b a s i s .  Ca lcu la t ion  was based on the  Subcommittee Repor t s ,  
wi th  product ion s c a l e  f i xed  a t  1000 t o n s  a  year  and t h e  yen-dollar exchange 
r a t e  a t  Y250/$. 

For t h e  conventional Siemens and NEDO processes ,  f i g u r e s  were used 
without  modif i c a t i o n .  

3-1. Equipment Cost 

To e s t ima te  equipment and cons t ruc t ion  c o s t ,  t h e  amounts of l i q u i d s / g a s e s  
processed a r e  f i gu red  a t  each manufacturing s t a g e  and shown i n  Table 1. For 
t h e  cons t ruc t ion  c o s t  f o r  SEG-Si manufacture,  d a t a  published i n  newspapers and 
magazines a r e  used. 



(1) TCS: Recycle-Filament Process  

Wacker's expansion p lan  d a t a  i n  E lec t ron ic  Business News of January 1, 
1985, were used f o r  es t imat ion .  

( 2 )  DCS: Hemlock Process  

The amounts of l i qu ids /gases  i n  Table 1 were compared wi th  those  f o r  t h e  
NEDO process ,  and t h e  est imated c a p i t a l  c o s t s  i n  t h e  Subcommittee Report 
were used. 

( 3 )  MS: UCC Filament Process 

The amounts of l i qu ids /gases  processed a t  each manufacturing s t a g e  a r e  
shown i n  t a b l e  1. Equipment c o s t  f o r  t h i s  process  is  taken from an 
a r t i c l e  on UCC i n  t h e  Nikkei Sangyo Newspaper of February 7 ,  1985. 

( 4 )  MS: UCC-JPL FBR Process  

Since t h i s  process  has  many s i m i l a r i t i e s  t o  t h e  NEDO process ,  t h e  
est imated f i g u r e s  i n  t h e  Subcomittee Reports were used. 

3-2. Mater ia l  Cost 

The amounts of ma te r i a l s  requi red  f o r  manufacturing one kg of product S i  
were ca l cu la t ed  on t h e  b a s i s  of ma te r i a l  chemical r eac t ion .  Mater ia l s  u n i t  
p r i c e s  a r e  Y300/% f o r  MG-Si, Y250/kg f o r  STC when purchased, Y120/kg f o r  STC 
when s o l d ,  Y100/m f o r  H2 ,  Y6O/kg f o r  C 1 2  and Y70/kg f o r  NaOH. Mater ia l  c o s t s  
a l s o  inc lude  c o s t  o f  S i  seeds ,  c a t a l y s t  and o the r  gases .  

3-3. E l e c t r i c  Power Cost 

For t h e  TCS process ,  100 - 150 kwh/Si-kg was repor ted  us ing  t h e  most 
advanced equipment ( 4 ) .  Based on these  f i g u r e s ,  t h e  average value of 125 
kwh/Si-kg was adopted f o r  t h e  Recycle-Filament process .  

For t h e  DCS process ,  t h e  experimental d a t a  a t  Hemlock CVD r e a c t o r s  ranged 
from 90 t o  130 kwh/Si-kg. However, t h e  60 kwh/Si-kg t a r g e t  was considered 
a t t a i n a b l e  i n  comparison with t h e  TCS process .  When t h e  power f o r  o the r  than  
decomposition was added, 90 kwh/Si-kg was adopted. 

I n  t h e  UCC f i lament  process ,  power requirements i n  t h e  reduct ion r e a c t o r  
were est imated apporoximately 40 kwh/Si-kg, cons ider ing  hea t  t r a n s f e r  t o  
cool ing  water v i a  thermal r a d i a t i o n  and gas  conduction, and t h e  ope ra t ion  
temperature i n  TCS and i n  MS decomposition being 1050 t o  1 1 5 0 ~ ~  and 700 t o  
~ O O O ~ C ,  r e spec t ive ly .  For t h e  UCC-JPL FBR process ,  power requirments i n  t h e  
reduct ion  r e a c t o r  were est imated t o  be approximately 10 kwh/Si-kg and t h e  
t o t a l  power consumption was est imated t o  be 40 kwh/Si-kg. 

The power c o s t  hea t ing  t h e  STC hydrogenation r e a c t o r  was a l s o  included.  
The power c o s t  f o r  one kwh was f ixed  a t  Y15 i n  Japan. 



3-4, Steam and Fuel Costs 

Energy for heating was calculated on the basis of the amounts of 
liquids/gases and shown in Table I .  

3-5. Other Operating Cost 

Although other operating costs, including repair cost, vary with 
different manufacturing processes, the fixed values given in the Subcommittee 
Reports were used. 

3-6. Labor Cost 

SEG-Si is manufactured by the filament processes and SOG-Si by the FBR 
processes. Considering the characteristics of these manufacturing processes 
and the data from the Subcommittee Reports, a 75-worker operation was assumed 
for the filament processes and 50-worker operation for the FBR processes. 

3-7. Other Cost 

Depreciation, interest, indirect and general administrative costs were 
calculated by the same rule as used in the Subcommittee reports. 

3-8. Results 

Our calculation results are shown in Table 2 and Fig. 11. For those 
processes in which STC is recycled via hydrogenation into TCS, manufacturing 
costs are virtually the same for all filament processes regardless of material 
gas. The manufacturing cost of SEG-Si can be reduced to 80 % of that in the 
conventional Siemens process. 

SOG-Si manufacturing costs by the FBR processes are almost the same, at 
the Y5000/Si-kg level, about 50 % of conventional Siemens-process manufac- 
turing cost. 

This study focusing on relative comparisons under fixed conditions, the 
resultant estimates differ from actual manufacturing costs. According to the 
NEDO' s interim report, SOG-Si manufacturing costs with the NEDO process will 
be approximately Y4300/Si-kg at a commercialized plant. 

CONCLUSION 

The manufacturing costs for various processes were estimated on the basis 
of SOG-Si production research sponsored by the NEDO. 

When the by-products are recycled, all processes for SEG-Si will result 
in similar manufacturing costs. The TCS processes with filaments will be more 
firmly established if electric power for polysilicon formation can be lowered. 
The DCS process can save silicon deposition power consumption, but entails a 
large amount of energy for the distillation and redistribution. Moreover, the 
advantage of high DCS reactivity may not be fully utilized since reduction 



must be kept  a t  low D C S  concent ra t ion  t o  prevent  metal fog.  Whereas, i n  t h e  
MS p roces s ,  t h e  ma te r i a l  gas  can be produced a t  lower c o s t ,  but  t he  t o t a l  
manufacturing c o s t  i s  v i r t u a l l y  t h e  same a s  those  of o t h e r  processes  s i n c e  t h e  
advantage of high MS r e a c t i v i t y  cannot be f u l l y  u t i l i z e d  f o r  t h e  s i l i c o n  
formation.  

The Si-granule product ion by FBR c o s t  approx. V5000/kg. The MS p roces s ,  
i n  p a r t i c u l a r ,  permits  low temperature ope ra t i on ,  compared t o  t h e  TCS p roces s ,  
and f a c i l i t a t e s  t h e  des ign  and development of equipment: f u t u r e  advances a r e  
f u l l y  hoped f o r .  
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DISCUSSION 

mYGQCK: When you use the 1 5  y e n / k m  for the e%eckricity c o s t ,  is that your 
estimate of the average or %he actual cost in Japan? 

SHIHIZU: That is the industrial cost. 

HAYCOCK: I wondered, because there is a factor of two in that number in the 
world now. 

SHIHIZU: It is much cheaper in the United States. In general, other cost 
estimates can still vary from my estimate. 

LEIPOLD: You mentioned that the quality of the silicon from the NED0 
fluidized-bed reactor process is proven. Can you define the word "proven" 
further with any analyses? 

SHIHIZU: This silicon granular material is now being used in the casting 
process. 

PELLIN: Can you give concentration levels of boron and phosphorus? 

SHIHIZU: The resistivity is about 10 ohm-cm. 

AULICH: What are the next goals in your project? You said that 10 MT/year is 
being produced. What are the future plans? 

SHIMIZU: I'm not sure I can answer. This question is best asked of Dr. Noda. 



ECONOMICS OF POLYSILICON PROCESSES 

Carl L. Yaws, K. Y. L i  and S. M. Chou 
Lamar University 

Beaumont, Texas 77710, U.S.A. 11 3891 

ABSTRACT 

New technologies are being developed to provide lower cost polysilicon material 
for solar cells. Existing technology which normally provides semiconductor industry 
polysilicon material is undergoing changes and also being used to provide polysilicon 
material for solar cells. 

Economics of new and existing technologies are presented for producing 
polysilicon. The economics are primarily based on the preliminary process design of a 
plant to produce 1,000 metric tons/year of silicon. The polysilicon processes include: 
Siemen s process (hydrogen reduction of trichlorosilane); Union Carbide process 
(silane decomposition) and Hemlock Semiconductor process (hydrogen reduction of 
dichlorosilane). The economics include cost estimates of capital investment and 
product cost to produce the polysilicon via the technology. Sensitivity analysis 
results are also presented to  disclose the effect of major parameters such as 
utilities, labor, raw materials and capital investment. 



1. INTRODUCTION 

A typical sequence for process selection is presented in Figure 1, The process 
evaluation activities are shown in relation t o  their usefulness in the comparison of 
processes and in the selection for scale-up to  pilot plant and large scale plant. The 
process evaluation activities which primarily involve chemical engineering and 
economic analyses are useful in the evaluation of alternate processes under 
consideration for the production of polysilicon. Specifically, the process evaluation 
provides technical and economic data which may he used for the identification of 
those processes having good potential for  producing polysilicon within the cost goals 
of the project, 

The objective of the present work is t o  provide initial economics for several 
processes for the production of polysilicon. The results are intended t o  be 
semi-quantitative and useful in initial project studies. 

3,. SIEMEN S PROCESS 

The flowsheet (1, 2, 33, 34, 36, 39, 41-43, 45) for  the Siemens process, 
consisting of several rnajor processing operations of hydrochlorination, condensation, 
distillation and chemical vapor deposition, is shown in Figure 2. 

Initially, metallilrgical grade silicon (MGSi) is reacted with anhydrous hydrogen 
chloride (HC1) in a fluidized bed (300-350C) t o  produce a mixture of chlorosilanes. 
The mixture is primarily trichlorosilane (T C S) and silicon tetrachloride (T ET) which 
are produced via the representative reactions: 

Since the reactions are highly exothermic, heat transfer for removal of heat of 
reaction is required to maintain reaction temperature control. 

The mixture of chlorosilanes from the reaction is condensed and subjected to  
several distillations to  separate by-products and remove impurities. Representative 
results for boron impurity removal from TCS are shown in Figure 2 A .  Figure 2R 
presents representative results for phosphorous impurity removal. 

The purified TCS is reacted with hydrogen ( H Z )  in a rod reactor to  obtain 
polysilicon deposition via the representative reaction: 

The deposition reaction occurs on the surface of a hot rod ( 1 0 0 0 - 1 1 0 0 ~ ~ )  which is 
heated by passage of electrical current through the rod. Large electrical energy 
reqllirements are necessary because of the endothermic reaction, radiation heat 
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DATA INVESTIGATION 
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FIGURE 1, TYPICAL SEQUENCE FOR PROCESS SELECTION 
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FIGUaE 2A. REPRESENTATIVE RESULTS FOR BORON IMPURITY REMOVAL 
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FIGURE 2B. REPRESENTATIVE: RESULTS FOR PHOSPHORUS IMPURITY REMOVAL 



losses and incomplete conversion of the TCS, Unreacted chlorosilanes, hydrogen 
chloride and hydrogen are separated and recycled. 

A representative polysilicon deposition reactor using trichlorosilane as  the 
silicon source material is shown in Figure 3. 

In the chemical engineerinp analysis of the process, a process design was 
performed to obtain data for  the cost analysis. The design was based on a plant for 
the production of 1,900 metric tons/yr of polysilicon via the Siemens process. The 
detailed design included TCS production in a fluidized bed; TCS purification by 
distillation; silicon production by chemical vapor deposition in a Siemen s type rod 
reactor; recycle of chlorosilanes, hydrogen chloride, and hydrogen; waste treatment 
provisions to meet environmental quality; and storape considerations for feed, 
in-process and product materials. 

The process design provided detailed data for raw materials, utilities, major 
process equipment and production labor requirements which are necessary for 
polysilicon production. . 

The cost analysis results for producing silicon by this technology are presented 
in Table 1 including costs for raw materials, labor, utilities and other items 
composing the product cost (total cost of producing silicon). The tabulation 
summarizes all of these items to  give a total product cost without profit of 29.49 
$ k g  Si (1985 dollars). This product cost without profit includes direct manufacturing 
cost, indirect manufacturing cost, plant overhead and general expenses. 

The economic summary for the process is given in Table 2. Results for process, 
plant size, plant product, plant investment, profitability analysis and sensitivity 
analysis are displayed in the tabulation. 

A sensitivity analysis was peformed t o  determine the influence of cost 
parameters on the economics of producing silicon by this technology. The cost 
sensitivity results are given in Figure 4 in which product cost ($/kg Si) is plotted vs 
variation (-100 t o  0 t o  +I00 percent) of the primary cost parameters (raw materials, 
labor and utilities). The O per cent variation represents the base case. The -100 per 
cent variation corresponds to  the case of no costs for the parameter; and the +I00 
per cent represents the case for  a doubling of cost for each parameter. The plot 
illustrates that product cost is greatly influenced by utilities (electrical energy). 

The variation of product cost ( $ / k g  Si) with electrical energy requirements 
(kw-hr/k.g Si) is shown in Figure 5. The present study which is based on electrical 
energy requirements of 120 kw-hr/kg of Si and 5 Q/kw-hr is shown as the darkened 
circle in the figure. If electrical energy requirements are increased from 120 t o  220 
kw-hr, the product cost increases from $29.5 to  $34.5 per kg of Si. The increase is 
even more pronounced a t  7.5 Qkw-hr electricity. 



uaste gases ,- electric energy 

FIGURE 3. REPRESENTATIVE POLYCILICON DEPOSITION REACTION FOR TRICHLOROSILANE 
( GOVERNMENT REPORT: CISZEK (2) ) 



TABLE 1. 

ESIXMATPBN 8F PRBBUCI COST FOR SIEMENS PROCESS 

............ 1. Direct Manufacturing Cost. 16- 09 
Raw Materials 
Direct Operating Labor 
Utilities 
Supervision and Clerical 
Maintenance and Repairs 
Operating Suppl i es 
Laboratory Charge 

.......... 2. Indirect Manufacturing Cost. 7.80 
Bepreci ati on 
Local Taxes 
Insurance 

3. Plant Overhead.............-..-....... 1.76 

.................... 4. General Expenses.. 3.85 
Administration 
Distribution and Sales 
Research and Devel poment 

------- 

5. Product Cost without Profit..- ........ 29.49 

Note: 1985 Dollars 



TABLE 2 

ECBNOMlC SUMMARY: COST ANALYSIS FOR SIEMENS PRBCESS 

1- process ......................... SIEMENS PRBCESS 
2. Plant Size ...................... 1000 MT/yr 
3 m  Plant Product ----A,.----.----------- POLYS~LICON . . 

4. Pl ant Investment ---------------- B 69.00 Million 

Fixed Capital ---- B 60.00 Million 
Working Capital -- $ 9.00 Million 
Total Capital ---- B 69.00 Million 

5. Profitability Analysis 

Return on Original Investment after Taxes ( %  ROI) 
Discounted Cash Flow Rate of Return after Taxes 4 %  DCF) 

Return 

0 % ROI 
10 % ROI 
20 % ROI 
SO % ROI 
40 % ROI 
50 % ROI 
60 % ROI 
70 % ROI 
80 % ROI 
90 % ROI 

100 % ROI 

Sales Price 
%/kg of Si Return 

Sales Price 
$/kg of Si 

0 % DCF 
10 % DCF 
20 % DCF 
SO % DCF 
40 % DCF 
50 % DCF 
60 % DCF 
70 % DCF 
80 % DCF 
90 % DCF 

100 % DCF 

Based on 10 year project life and 10 year straight 
line depreciation. Tax rate (federal) of 46 %, 

6. Sensitivity Analysis 
Product Cost, $/kg of Si 

-100% -50% BASE 950% +10OX DELTA 
----- ----- ----- ----- ----- ----- 

Raw Materi a1 s 25.40 27.45 29.49 31.54 33.58 4.09 
Labor 27-60 28.54 29.49 50.44 31.39 1-90 
Utilities 21-76 25-63 29.49 33.36 37.22 7-73 
Plant Investment 17.93 23.71 29.49 35.27 41.05 11.56 
(Fixed Capital 

Note: 1985 Dollars 



Var ia t ion ,  % 

FIGURE 4 ,  SENSITIVIIFY PLOT FOR SIEMEN S PROCESS 
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FIGURE 5. PRODUCT COST VS. ELECTRICITY REQUIREMENTS FOR SIEMEN S PROCESS 



2. UNION CARBIDE PROCESS 

The Union Carbide process (7-9, 27, 36, 39) for silicon involves several 
processing operations of hydrogenation-hydrochlorination reaction, stripping, 
distillation, redistribution reaction, silane purification, and silicon deposition. The 
process flowsheet is shown in Figure 6. 

Hydrogen, silicon tetrachloride, and metallurigical grade silicon are fed to  the 
hydrogenation reactor (fluidized bed, SOOC, 515 psia, copper catalyst) t o  produce a 
mixture of chlorosilanes. The mixture of chlorosilsnes from the hydrogenation 
reaction is condensed and subjected t o  several distillations to separate components 
and remove impurities. 

Initially, the condensed liquid mixture is sent to  D-01 stripper (90 psia) to  
remove inert gases and volatile impurities. The stripper bottoms go t o  D-02 
distillation (55 psia) which separates T C S (trichlorosilane) and T$ T (silicon 
tetrachloride). The TCS redistribution reactor (liquid phase, 85 psia, 140 F catalyst) 
is used to  produce DCS (dichlorosilane). The separation of DCS and TCS is achieved 
in D-03 distillation (320 psia). The overhead goes to  DCS redistribution reactor (liquid 
phase, 510 psia, 140 F, catalyst) t o  produce silane (SiH 1. The silane is purified by 
separation from trace impurities (such a s  R2H6) by 6-04 distillation (355 psia). 
Representative results for diborane impurity removal are shown in Figure 6 A .  

The purified silane is mixed with hydrogen and then introduced into the 
deposition reactor (Komatsu license, 7 )  t o  produce silicon via the representative 
reaction: 

The reaction occurs in a deposition reactor which is heated by passage of electrical 
current through the silicon rods to attain a temperature in the 800-900C range (21, 
22). Deposition rates of 4-8 micrometers/rnin of silicon on the rod surface are 
reported in the Komatscl patents. 

For the deposition reactor, the homogeneous decomposition reaction resulting in 
silicon dust for mation is not desireable. The heterogeneous decomposition reaction 
resulting in silicon deposition on the rod surface is desirable. The temperature 
dependence of critical silane concentration for homogeneous and heterogeneous 
decomposition regions has been studied by Iya (20) and others (28). Results from the 
recent report of Dudukovic (5) are  shown in Figure 7. At 800C, the heterogeneous 
decomposition region appears to  be in the 1-2% concentration range for silane in 
hydrogen. 

A representative polysilicon deposition reactor for silane is shown in Figure 8 
(Kornatsu patent: 21, 22). The thermal insulator in  the reaction chamber is obvious in 
both the side and top views. The thermal insulators provide for radiation benefits 
(individual silicon rods from radiation from the other red-heated. silicon rods) and for 
temperature control benefits for reduction of homogeneous reaction in the gas phase. 
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En the chemical engineering analysis of the Union Carbide process, a process 
design was performed for a plant to produce 1,000 metric tons/y-r of polysilicon, 

Cost analysis results for producing polysilicon via the Union Carbide process 
with chemical vapor deposition reactors are  given in Table 3. The results indicate a 
product cost without profit of 24.55 $/kg Si (1985 dollars). 

Table 4 presents the economic summary of results for process, plant size, plant 
product, plant investment, profitability analysis and sensitivity analysis. The capital 
investment of $74.75 million of the present study for  1,900 metric ton plant is in the 
range of the $85 million for  a 1,500 metric ton plant reported by Union Carbide in a 
news release (9) and $90 million reported for a doubling of capacity to  2,400 metric 
tons (8). 

The sensitivity analysis plot is shown in Figure 9. The product cost is influenced 
most by utilities (electrical energy). 

4. HEMLOCK SEMICONDUCTOR PROCESS 

Process Descri~tion and Desien 

The process flowsheet for Hemlock Semiconductor process for polysilicon is 
shown in Figure 10. The process involves major processing operations of 
hydrochlorination, separation, several distillation units, redistribution, boron removal, 
silicon deposition, recovery unit and waste treatment. 

Metallurgical grade silicon is hydrochlorinated in the presence of hydroqen and 
silicon tetrachloride in a fluidized bed reactor (5OOC, 515 psia). In the process, the 
r e a c t i o n  p r o d u c t  i s s u i n g  f r o m  t h e  h y d r o c h l o r i n a t i o n  r e a c t o r  
(hydrochlorination-hydrogenation reaction) is cooled and undergoes a vapor-liquid 
flash separation. The vapor fraction containing the hydrogen from the flash is 
recycled back to  the hydrochlorination reactor. The liquid fraction containing the 
chlorosilanes and dissolved gases is fed to  the initial distillation column. 

The function of the initial distillation column (D-01, stripper column, 90 psia) in 
the process is to remove volatile gases (such as hydrogen and nitrogen) which are 
dissolved m liquid chlorosilanes. For the engineering design, TCS (trichlorosilane) was 
selected as  the heavy key component for the separation. 

The second distillation column (D-02, TCS column, 90 psia) in the process 
separates TCS (trichlorosilane) and TET (silicon tetrachloride). The distillation 
column has three feeds (bottons fro% the third distillation, chlorosilanes from t l ~ e  
recovery unit and bottoms from the initial distillation). The T E T  from the distillation 
is recycled to  the hydrochlorination reactor for additional conversion. 



TABLE 3 

ESTIM&TION OF PRODUCT COST FOR UNIBN CARBIDE PROCESS 

............ 1. Direct Manufacturing Cost. 11.19 
Raw Materi a1 s 
Direct Operating Labor 
Utilities 
Supervision and Clerical 
Maintenance and Repairs 
Operating Suppl i es 
Laboratory Charge 

2. Indirect Manufacturing Cost........... 8-45 
Depreci ati on 
Local Taxes 
Insurance 

T a. Plant O v e r h e a d . . . . . . . . . . . . - . . . . . - . . . - .  1.80 

..................... 4. General Expenses. 3- 21 
Qdministration 
Distribution and Sales 
Research and Develpoment 

5. Product Cost without Profit.. ......... 24.65 

Note: 1985 Dollars 



TABLE 4 

ECBNBMTC SUMMARY: COST ANALYSIS  FOR UNION CARBIDE PROCESS 

1. process ......................... UNION CfiRBIDE PROCESS 
2. Plant Size ...................... 1000 MT/yr 
3, Plant Product --------.----------- POLYSILICON 
4. Plant Investment ---------------- Q 74.75 Million 

Fixed Capital ---- $ 65.00 Million 
Working Capital -- $ 9.75 Million 
Total Capital ---- $ 74.75 Million 

5. Prof i tabi l i ty Analysis 

Return on Original Investment after Taxes ( %  ROI) 
Discounted Cash Flow Rate of Return after Taxes (% DCF) 

Return 
Sales Price 
$/kg of Si Return 

Sales Price 
$/kg of Si 

0 % ROI 
18 % ROI 
20 % ROI 
30 % ROI 
40 % ROI 
50 % ROI 
60 % ROI 
70 % ROI 
80 % ROI 
90 % ROI 
100 % ROI 

0 % DCF 
10 % DCF 
20 % DCF 
30 % DCF 
40 % DCF 
50 % DCF 
60 % DCF 
70 % DCF 
80 X DCF 
90 % DCF 
100 % DCF 

Based on 10 year project life and 1 0  year straight 
line depreciation. Tax rate <federal) of 46 %. 

6. Sensitivity Analysis 
Product Cost, $/kg af Si 

-100% -50% BASE +50% +100% DELTA 
----- ----- ----- ----- ----- ----- 

Raw Mater i a1 s 21.74 23.19 24.65 26.10 27-55 2.91 
Labor 22.75 23.70 24.65 25-57 26.54 1.90 
Utilities 20.78 22.71 24.65 26.58 28.51 3.87 
Plant Investment 12-13 18.39 24.&5 30.91 37.17 12.52 
(Fixed Capital 1 
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FIGURE 9. SENSITIVITY PLOT FOR UNION CARBIDE PROCESS 





The TCS from the second distillation is sent to  the redistribution reactor (liquid 
phase, 80 psia, 80C) where TCS is  redistributed t o  DCS and T E T  accordin9 to  the 
representative chemical reaction equation: 

The conversion from pure TCS is  about 10.5% to  DCS. 

After redistribution the stream is  sent to  the boron removal unit and the third 
distillation. The third distillation column (D-03, DCS column, 90 psia) in the process 
separates DCS (dichlorosilane) and T C S (trichlorosilane). D CS from the distillation is 
sent t o  the silicon deposition reactors. 

The purified DCS is reacted with hydrogen (HZ) in a rod reactor to obtain 
polysilicon deposition via the following representative chemical reaction equation: 

The above reaction equation may include several reaction steps. Chemical 
equilibrium is involved and in reality, several chlorosilanes (such as  SiH C1 SiHC13 
and Sic1 ) are also present in the gas phase by-products. 

2 2, 
4 

The chemical vapor deposition reaction with DCS is  very fast and occurs on the 
surface of a hot rod (1000-1200C) which is heated by passage of electrical current 
through the rod. Deposition rates and conversions for  dichlorosilane are 
approximately twice (2x1 those for the usual trichlorosilane process. Other benefits 
include higher molar silicon conversion and lower power consumption (25, 26). 

In this process using dichlorosilane as  the silicon source material, wall deposits 
resulting from the dichlorosilane deposition reaction are not desirable. 
Representative bell jar silicon deposition is shown in Figure 11. The homogeneous gas 
phase reaction resulting in the formation of solid silicon particles (not on the rod 
surface) is 31~0 not desirable. The reduction of wall deposits has been investigated by 
Hemlock Semiconductor (26). One approach involved an advanced decomposition 
reactor with a cool bell jar temperature (300C) as compared with hot bell jar reactor 
(750C). The study also encompassed screening of lower cost materials of construction 
such as  stainless steels and other metallic alloys. 

A process design was performed to obtain data for a cost analysis of a process 
plant t o  produce 1,900 metric tons/yr of polysilicon via the Hemlock Semiconductor 
process. 

Cost analysis results for producing polysilicon by the Hemlock Semiconductor 
process are displayed in Table 5 including raw materials, labor, utilities and other 
items. A total product cost without profit of 19.45 $/kg Si (1985 dollars) is indicated. 

The economic summary for the process is provided in Table 6 including plant 
investment, profitability analysis and sensitivity analysis. 



T r a n s i t i o n  Smooth  t o  - 
N o d u l a r  S i l i c o n  
( - Q . 0 4 0 "  t o  0 . 3 "  t h i c k n e s s )  

Smooth  S i l i c o n  
(< 0 . 0 4 0 "  t h i c k n e s s )  

FIGURE 11. REPRESENTATIVE BELL JAR SILICON DEPOSITION ( GOVERNMENT REP0RT:HEMLOCK 
SEMICONDUCTOR, REF.25, PAGE 79 ) 



TABLE 5 

ESTLMGTIBN OF PRODUCT CQST FOR HEMLOCK SEMICONDUCTOR PWBCESS 

1. Direct Manufacturing Cost.. ........... I d ,  OS 
Raw Materials 
Direct Operating Labor 
Utilities 
Supervision and Clerical 
Maintenance and Repairs 
Oper at i ng Supp 1 i es 
Laboratory Charge 

2. Indirect Manufacturing Co~t.......~... 4.68 
Depreciation 
Local Taxes 
Insurance 

3. Plant O~erhead,...............-..~..~. 1.21 

...................... 4. General Expenses 2.54 
Administration 
Distribution and Sales 
Research and Develpoment 

......... 5. Product Cost without Prof it.. 17-48 

Note: 1985 Dollars 





The sensitivity analysis results for primary cost parameters is displayed in 
Figure 12. The product cost is influenced much by utilities (electrical ener<y), 

5. COST COMPARISON 

A cursory cost comparison for capital investment is aade in Figure 13 for the 
Siemen s process. In 1980, Wacker (12) announced a $13 million capital investment for 
a 500 MT/yr polysilicon plant expansion (1,200-1,300 to 1,800 MT/yr). The first block 
in the figure shows this data. The second block with a capital investment of $31.2 
million represents this data adjusted to 1,000 MT/yr expansion and 1985 dollars. The 
third block presents the present study. The capital investment of $69 million 
(complete plant) of the present study is higher than the $31.2 million (plant 
expansion). 

Results for capital investment for the Union Carbide process are displayed in 
Figures 14 and 15. In 1984, Union Carbide (9) announced its plans to start silane 
production in its $85 million polysilicon facility (Moses Lake, Washington) capable of 
producing 1,500 MT/yr. The first block in Figure 14 presents this data. The second 
block shows the adjusted data of $56.7 million (1,000 MT/yr, 1985 dollars). The result 
of $74.8 million (1,000 MT/yr, 1985 dollars) for the present study is higher. In 1985, 
capital investment of $90 million was reported (8) to  double the capacity of the 
polysilicon facility to 2,400 MT annually. The adjusted value for a 1,000 M T h r  is 
about $75 million (plant expansion). The adjusted value is about the sane as the 
result of $74.75 (complete plant) of the present study. 

Capital investment results for the Hemlock Semiconductor process are presented 
in Figure 16. A capital investment of $25.21 million (1980 dollars) for 1,000 MT/yr 
polysilicon plant using dichlorosilane as t'le silicon source material is given in the 
Hemlock Semiconductor report (25). The adjusted value is $30.25 million (1985 
dollars). The results of $41.40 million (1985 dollars) of the present study are higher. 

The results for product cost are shown in Figure 17 for the Hemlock 
Serniconductor process. A product cost for polysilicon of 15.60 $/kg (1980 dollars) is 
presented in the Hemlock semiconductor report (25). The adjusted value is  about 
18.72 $/kg (1985 dollars). The product cost of 19.48 $/kg (1985 dollars) of the 
present study is slightly higher. Both results suggest product cost without profit is in 
the 20 $/kg range. 

Results for capital investment are shown in Figure 18 for Siemen s, Union 
Carbide and Hemlock Semiconductor processes. The cursory comparison suggests that 
capital investment of $41.4 million for the Hemlock Semiconductor process is lower 
than the $69 million and $74.75 million for Siemens and Union Carbide processes, 

The results for product cost are given in Figure 19. The product cost per kg of 
polysilicon of $29.49 for Siemen s process appears to be the highest. The $24.65 for 
Union Carbide process appears to be intermediate. The $19.49 for Hemlock 
Serniconductor process appears to be lowest. 
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FIGURE 12. SENSITIVITY PLOT FOR HEMLOCK SEMICONDUCTOR PROCESS 
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F I G U R E  13 R E S U L T S  FOR CAPITAL INVESTMENT: SIEMEN S PROCESS 
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FIGURE 14 R E S U L T S  FOR C A P I T A L  INVESTMENT: UNION CARBIDE PROCESS 
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FIGURE 15 RESULTS FOR CAPITAL INVESTMENT: UNION CARBIDE PROCESS 
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FIGURE 16 RESULTS FOR CAPITAL INVESTMENT: HEMLOCK SEMICONDUCTOR PROCESS 
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FIGURE 17 RESULTS FOR PRODUCT COST: HEMLOCK SEMICONDUCTOR PROCESS 
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FIGURE 18 RESULTS FOR CAPITAL INVESTMENT 



SIEMEN S 
PROCESS 

1985 DOLLARS 

UNION 
CARRIDE 
PROCESS 

HEMLOCK 
SEllICONDUCTOR 
PROCESS 

1985 DOLLARS 1985 DOLLARS 

FIGURE 19 RESULTS FOR PRODUCT COST 



5 OTHER PROCESSES 

Other processes that  depart from csnventional technology are also under 
consideration for the production of polysilicon: 

Zinc R eduction of Silicon Tetrachloride (Ratelle Columbus Laboratories) 
Bromosilsne Process (J. C. Schumacher Co.) 
Sodium R eduction of Silicon T e trafluoride (S RI International, Inc.) 
Sodium Reduction of Silicon Tetrachloride ( AeroChem Research 
T,aboratories, Inc., and Universal Silicon, 1rlc.I. 
Direct-Arc Furnace Process (Dow Corning Corporation) 
Silicon Dif  luoride Transport Process (Motorola Inc.) 
Carbothermic Reduction of Silicon Dioxide (Texas Instruments, Inc.) 
Rotary Chamber Reactor for Use in a Closed-Cycle Process (Texas 
Instruments, Inc.) 
High-Capacity Arc Heater Process (Westinghouse Electric Corporation) 
Gaseous Melt Replenishment System (Energy Materials Corporation) 
FBR Process (Qsaka Titanium Co.) 
Refining of tvletallurgical-Grade Silicon (Heliotronic, G mbh) 
Solar Cell -Grade Silicon Prepared By Carbothermic Reduction of Silica 
(Siemen s Research Laboratories) 
A Metallurgical Route to  Solar Grade Silicon (Elkem) 
Solar Silicon From Directional Solidification of MG Silicon Produced Via 
The Sllicon Carbide Route (Enichmico) 
Silane Based Polysillcon Process (Eagle-Picher Industries, Inc.) 
Silicon Purification Using A Cu-Si Alloy Source (Solar Energy Research 
Institute) 

Initial economics of process 1 are  given by Yaws (38, 39). Several recent news 
releases (16-18) relate t o  process 2. A good summary of processes 1-9 is provided by 
Lutwack (24). Process 10 is reported by Jewett,  Bates and Hi l l  (47). The remaining 
processes 11-17 are  discussed in the proceedings of this meeting. 

7. SUMMARY A N D  CONCLUSIONS 

The following summary and conclusions are made as a result of the present 
study: 

1. The economics of producing polysilicon in a 1,000 MT/yr plant are 
presented for the Siernen s process (hydroqen reduction of trichlorosilane), Union 
Carbide process (silane decomposition) and Hemlock Semiconductor process 
(hydrogen reduction of dichlorosilane). The economics include estimates of 
capital investment and product cost to produce the polysilicon. 

2. For the Siemen s process usino, trichlorosilane, the product cost without 
profit is estimated t o  be 29.49 $/kg Si (1985 dollars). This product cost i~lcludes 
provisions for hydrogen recycle, hydro,gen chloride recycle and chlorosilane 
recycle. Without such raw material recycle, the product cost w i l l  be higher. The 
product cost also includes low electrical usage (120 kw-hr/kg Si). If higher 



electrical usage is required, the product cost w i l l  be higher. 

3. For the Union Carbide process using silane in a hot rod reactor (Xsmatsu), 
the product cost without profit is estimated to  be 24.65 $ h g  Si (1985 dollars), 
This product cost assumes reasonable resolution of homogeneous gas phase 
decomposition reaction. Electrical usage is estimated a t  62.4 kw-hrkg Si. 

4. For the Hemlock Semiconductor process using dichlorosilane, the product 
cost without profit is estimated a t  19.48 $/kg Si. This product cost assumes 
reasonable resolution of wall deposits and homogeneous reaction. An overall 
electrical power consumption of 52 kw-hr/kg Si is used. 

5. A cursory cost comparison is made for capital investment cost. For the 
Siemen s process, the comparison suggests that the capital investment of 569 
million of the present study may he high. For the Union Carbide process, the 
comparison indicates that the capital investment of the present study may be 
slightly high or  equivalent. For the Hemlock semiconductor process, the 
comparison suggests that the capital investment of the present study may be 
slightly high. 

6. The polysilicon economics (capital investment, product cost) presented in 
the present study are intended for  use in initial project studies. 

The JPL Low-Cost Solar Array Project is sponsored by the U. S. 
Department of Ener-oy and forms part. of the Solar Photovoltaic Conversion Program 
to  initiate a major effort toward the development of low-cost solar arrays. A portion 
of this work was performed for the J e t  Propulsion Laboratory, California Institute of 
Technology by agreement between N A S A  and DOE. 
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APPENDIX A 

COSTS USED IN ECONOMIC ANALYSIS 

1. Raw Material Costs 

Raw Material Raw Material Cost 

1. M, G. Silicon ,763 $Ah 
2. Silicon Tetrachloride 227  $/lb 
3. Liquid Hydrogen 9 $/lo00 f t  
4 .  Copper Catalyst 1,548 $/lb 
5. Hydrate Lime ,0252 $Ab 
6. Hydrogen Chloride .I68 $Ah 
7. Nitroqen 4.08 $/I000 f t 3  

Source: Zemlock Semiconductor (ref. 25), page 129, adjusted to  1985 dollars 

2. Utility Costs 

Electricity 5 /kw-hr 
Steam 1.89 $/mmBTU 
Hot Oi l  1.89 $/mmBTU 
Cooling Water .I44 $/rngal 
Process Water .680 $/mgal 
Refrigerant (-48'~) 18.68 $/mmBTU 
Refrigerant (34 F) 3.75 $/mmBT[J 
1,000 

= 1,000,000 

Source: Hemlock Semiconductor (ref. 25), page 128, and Peters and Timmerhaus (ref 
431, page 881, adjusted to  1985 dollars 

3. Labor Cost 12.00 $/hr 

Source: Electronic Wews (ref. 19) 
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SHLMIZU: This morning, I presented a paper about the same sub jec t  and 1 
obtained quite different conclusions. Would you cement on my paper? 

YAWS: Although I didn't write down complete notes on your paper, the order in 
which the processes was placed is about the same as in my analysis. I 
think you had the Hemlock Semiconductor process lower than the Union 
Carbide process with the Komatsu reactor, and you had the conventional 
Siemens process at a higher cost than Union Carbide. 

SHIMIZU: Also, this morning, I compared those processes and others. In the 
case of silane, I compared two processes. One was the fluidized-bed 
reactor process, and the other was the Komatsu reactor. 

YAWS: The comparison showed that the Union Carbide process with the Komatsu 
reactor had a lower production cost than the Siemens process. 

SHIMIZU: In my estimate, the cost is about 80% that of the conventional 
Siemens process. 

YAWS: Your table showed that the Siemens process is the most expensive. Union 
Carbide, using the Komatsu reactor, is second. The third is Hemlock using 
dichlorosilane. Those are the same results that I got. Now the numbers 
may be a little different, but I think our ranking orders are the same. I 
didn't look at as many processes as you did. 

WRIGHT: You used a scaling factor for production levels from about 
1500 MT/year down to 1000 MT/year. Was that a linear scaling factor? 
What was your justification for using that particular scaling factor? 

YAWS: For normal chemical industry equipment, the factor is about 0.6, or a 
scaling factor which has been determined to be best for a specific type of 
equipment can be used. I assumed that the major cost was in reactors so 
that a linear factor was used for additional reactors. 

PRINCE: Did you make the calculations for the Union Carbide process with the 
fluidized-bed reactor? 

YAWS: No. That was not part of this study. The calculations were for the 
Union carbide process operating with Komatsu deposition reactors. 

AULICH: Your calculations were for 1000 MT/year. Since 1000 MT/year capacity 
plants are not needed now for the photovoltaic industry, what is the 
analysis of the cost of these processes if smaller units of about 
200 MT/year are used? 

YAWS: Smaller plants would result in higher costs. Someone would have to do 
a study to get the answers. I can't respond to your question now, because 
I haven't done the analysis, but it can be done. 
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The P r o j e c t  Analysis  and I n t e g r a t i o n  (PA&I) t a s k  of t h e  F l a t -P l a t e  S o l a r  
Array (FSA) p r o j e c t  has  prepared economic eva lua t ion  methods and ana lyses  of 
emerging photovol ta ic  (PV) technology s i n c e  1976. The purpose of t h i s  paper 
i s  t o  apply t h i s  type  of a n a l y s i s  t o  t h e  s i l i c o n  r e sea rch  po r t i on  of t h e  PV 
Program i n  order  t o  determine t h e  importance of t h i s  r e sea rch  e f f o r t  i n  
r e l a t i o n s h i p  t o  t he  succes s fu l  development of commercial PV systems. 

This  a n a l y s i s  addresses  a l l  four  of  t h e  gener ic  types  of PV t h a t  use  
s i l i c o n .  The f i r s t  gener ic  type  of PV i s  the  one t h a t  u se s  t h e  most s i l i c o n ,  
where c r y s t a l l i n e  s i l i c o n  ingo t s  a r e  grown e i t h e r  by t h e  Czochralski method o r  
by some s o r t  of ingot  c a s t i n g  method. The second type  of PV uses  r ibbons  t h a t  
a r e  pu l led  d i r e c t l y  from molten s i l i c o n ,  thus avoid ing  m a t e r i a l  l o s s e s  
a s soc i a t ed  wi th  sawing wafers  from an ingot .  The t h i r d  type  of PV device  i s  
an amorphous s i l i c o n  t h i n  f i l m ,  which a t tempts  t o  achieve low c o s t  by 
minimizing s i l i c o n  m a t e r i a l  u t i l i z a t i o n .  A fou r th  type  of PV device i s  t h e  
concent ra tor  system, which can use high concen t r a t i on  l e n s e s  (500x t o  1 0 0 0 ~ )  
t o  minimize s i l i c o n  m a t e r i a l  u t i l i z a t i o n .  This l a s t  type  of PV technology can 
be  analyzed very  simply because t he  amount of s i l i c o n  used w i l l  be roughly 500 
t o  1000 times l e s s  per  u n i t  of  PV energy produced than  would be  t h e  c a s e  wi th  
t h e  f i r s t  gener ic  type of PV. 

SILICON COST RANGE 

In  order  t o  show t h e  va lue  of t h e  s i l i c o n  r e sea rch  program, it is f i r s t  
necessary t o  c o n s t r u c t  a  hypo the t i ca l  range of s i l i c o n  p r i c e s  t h a t  would occur  
i f  t h e r e  had been no program. I n  1975, a t  t h e  s t a r t  of t h e  program, t h e  p r i c e  
of semiconductor grade p o l y c r y s t a l l i n e  s i l i c o n  was $50/kg. I n  order  t o  
s t anda rd i ze  f i n a n c i a l  u n i t s ,  t h i s  c o s t  f i g u r e  (and a l l  subsequent c o s t  f i g u r e s  
i n  t h i s  paper) w i l l  be i n f l a t e d  t o  1982 d o l l a r s .  I n f l a t i o n  over t h a t  per iod 
was a  f a c t o r  of 1.68, thus i f  t h e  p r i c e  of  s i l i c o n  had increased with 
i n f l a t i o n  i t  would now be $84/kg i n  1982 d o l l a r s .  However, t h e  market p r i c e  
of s i l i c o n  f l u c t u a t e s  due t o  changes i n  supply and demand, so  t h a t  a  p r i c e  
range o f  $50/kg t o  $120/kg i n  1982 would be appropr ia te .  

However, a  s i l i c o n  manufacturing research  program has  been conducted 
s i n c e  1975, which i s  expected t o  have a  s i g n i f i c a n t  impact on f u t u r e  s i l i c o n  
p r i ce .  L, Re i t e r  (Ref. 1 )  conducted a  s tudy where PV p r i c e s  were p ro j ec t ed  
f o r  t he  1990s. In  t h i s  s tudy ,  p r i c e  was def ined a s  t h e  revenue r equ i r ed  t o  
meet a l l  d i r e c t  and i n d i r e c t  c o s t s ,  inc lud ing  t h e  a f t e r - t a x  r e t u r n  on 
investment t h a t  i s  normally obtained by the  chemical i ndus t ry ,  Three 
technologies  were analyzed: t h e  Union Carbide f l u i d i z e d  bed r eac to r  p rocess ,  



t h e  Hemlock process ,  and t h e  Union Carbide Komatsu process .  The major 
components of each process  were assessed  i n  terms of t h e  c o s t s  of c a p i t a l  
equipment, l abo r ,  m a t e r i a l s ,  and u t i l i t i e s .  These assessments were encoded a s  
t he  p r o b a b i l i t i e s  ass igned by expe r t s  f o r  ach iev ing  v a r i o u s  c o s t  va lues  o r  
product ion r a t e s .  The r e s u l t  was a combined p r o b a b i l i t y  curve of  s i l i c o n  
c o s t .  This i s  a reasonable  approach because of  t h e  u n c e r t a i n t i e s  i nhe ren t  i.n 
a r e sea rch  program and i n  p r o j e c t i o n s  of t h e  fu tu re .  The 1st and 99th 
p e r c e n t i l e s  of  t h e  r e s u l t i n g  p r o b a b i l i t y  s u w e  were approximately $lO/kg and 
$30/kg ( i n  1982 d o l l a r s ) ,  r e s p e c t i v e l y .  These va lues  a r e  used i n  t h i s  
a n a l y s i s  a s  t h e  range of s i l i c o n  p r i c e s  t h a t  may be  found i n  t he  i ndus t ry  i n  
t h e  1990s, due t o  t h e  s i l i c o n  r e sea rch  program. 

The impact of s i l i c o n  r e sea rch  on PV c o s t s  i s  determined not  only on t h e  
two c o s t  ranges descr ibed  above, bu t  a l s o  on t h e  amount of s i l i c o n  needed t o  
c o n s t r u c t  a PV device.  This amount w i l l  va ry  with d i f f e r e n t  types  of PV 
technology. 

INGOT AND RIBBON PHOTOVOLTAICS 

Ingots  r e q u i r e  t h e  g r e a t e s t  amount of  s i l i c o n  per square meter of  PV 
c e l l .  The th i cknes s  of the  wafer must be increased by t h e  s i z e  of t h e  k e r f  
l o s s ,  which v a r i e s  with d i f f e r e n t  types of saws. S i l i c o n  u t i l i z a t i o n  is a l s o  
reduced by ingot  growth l o s s e s ,  s l i c i n g  l o s s e s ,  and c e l l  manufacturing 
y i e l d s .  Table 1 provides  r e p r e s e n t a t i v e  va lues  f o r  each of t he se  parameters ,  
and shows t h a t  between 1.6 and 2.8 kilograms of s i l i c o n  a r e  requi red  f o r  every 
square  meter of PV c e l l  a rea .  

Table 1. Ingot  PV S i l i c o n  Mass per Square Meter of  Ce l l  

Kiligrams of 
Representative Yields (%) Silicon 

Thickness per Square Meter 
(mils) S a w T y p e  Growth Slice Cells Cumulative of Cell 

16 9 5 70 8 5 5 7 1.68 
20 Wire 95 9 0 85 7 3 1.63 
24 ID 9 5 9 5 8 5 7 7 1.85 
28 Prl BS 95 9 5 8 5 7 7 2.16 
3 2 9 5 9 5 8 5 7 7 2.47 
36 95 9 5 8 5 7 7 2.78 



One of t h e  major reasons f o r  t h e  development of r ibbon technology is t o  
reduce the  amount of s i l i c o n  t h a t  must be u t i l i z e d  t o  manufacture PV c e l l s ,  
Table 2 shows the  th ickness  a s soc i a t ed  with four  types of ribbon. Typica l ly  
t hese  range from 4 m i l s  t o  l 4  m i l s  of c r y s t a l  th ickness ,  with no k e r f  l o s s .  
A s  a  r e s u l t ,  t h e  number of kilograms of s i l i c o n  per  square meter of c e l l  i.s 
reduced s i g n i f i c a n t l y .  

Table 2. Ribbon PV Sil . icon Mass per Square Meter of Ce1.l. 

Kiligrams of 
Representative Yields (%) Silicon 

Thickness per Square Meter 
(mils) Ribbon Type Growth Cells Cumulative of Cell 

1 Web 

t LASS 90 85 77 
95 8 5 8 1 

1 ESP 95 85 8 1 
95 8 5 8 1 

The r e s u l t s  of Tables 1 and 2  can be combined with t h e  s i l i c o n  c o s t  
ranges developed previously t o  show the  con t r ibu t ion  of s i l i c o n  t o  PV module 
c o s t .  This i s  done i n  Table 3, where the  con t r ibu t ion  t o  PV module c o s t  is 
expressed i n  1982 $/sqm. I n  t hese  u n i t s  i t  i s  poss ib l e  t o  compare those  
r e s u l t s  with t h e  DOE Program goal  f o r  modules, which is $90/sqm. It can be 
seen immediately t h a t  without  a s i l i c o n  research  program t h a t  ingot  PV would 
have no chance of meeting the  DOE goal ,  p a r t i c u l a r l y  when it is r e a l i z e d  t h a t  
p a r t  o f  t h a t  goa l  must be a l l o c a t e d  t o  t h e  c o s t s  of ingot  growth and s l i c i n g ,  
c e l l  f a b r i c a t i o n ,  and module encapsula t ion  (Ref. 2,3).  In  t h e  l a t e s t  pub1 ished 
s e t  of Al loca t ion  Guidelines (pg 502, Ref. 31, t h e  a l l o c a t i o n  f o r  s i l i c o n  and 
shee t  f a b r i c a t i o n  ( inc luding  c o s t s  a s soc i a t ed  wi th  l abo r ,  investment, and 
u t i l i t i e s ,  a s  we l l  a s  f o r  m a t e r i a l s )  f o r  an  advanced, 15% e f f i c i e n t  module i.s 
$31 per  square meter i n  1982 d o l l a r s .  Because of t he  s i l i c o n  research  program, 
ingot  technology may have some chance of meeting t h e  M E  energy c o s t  goa l ,  
p a r t i c u l a r l y  i f  c e l l  e f f i c i e n c i e s  can be increased above 15%, bu t  only i f  
s i l i c o n  u t i l i z a t i o n  r a t e s  a r e  minimized and s i l i c o n  p r i c e  comes i n  a t  t h e  low 
end of t h e  p r o b a b i l i t y  range, and reduct ions  i n  t h e  o t h e r  c o s t s  of shee t  
product ion ( ingo t  growth and s l i c i n g )  a r e  r ea l i zed .  

Ribbon technology has what appears  t o  be a  more r e a l i s t i c  chance of  
achiev ing  the  DOE energy c o s t  goal  because i t  uses  l e s s  s i l i c o n .  The s i l i c o n  
c o s t  r educ t ion  research  program s t i l l  plays an important r o l e  i n  t he  develop- 
ment of  t h i s  technology, however, because i t  provides potenti .al  cos t  reduct ions  
t h a t  range from $14/sqm t o  $106/sqm of ceT1, 



Table 3 ,  Silicon Con t r ibu t i on  t o  Ingot  PV c o s t  

KiBaagrams sf 
Silicon per Silicon Cost (1 982 Slkg) 

Sheet Square Meter 
TY P@ cell 10 20 30 50 84 120 

Ribbon 0.30 
0.45 
0.60 
0.75 
0.90 
1.05 

A burden rate of 20% and a cell-to-module area ratio of 0.94 are assumed. 

AMORPHOUS SILICON PHOTOVOLTAICS 

Amorphous s i l i c o n  i s  grown from s i l a n e .  High e f f i c i e n c y  i s  r equ i r ed ,  and 
i n  order  t o  ob t a in  h igh  e f f i c i e n c y ,  it i s  l i k e l y  t h a t  only very pure (device  
grade)  s i l a n e  can be  used. A t  t h i s  t ime,  device grade s i l a n e  c o s t s  from 
$500/kg t o  $2000/kg. I n  i n d u s t r i a l  q u a n t i t i e s  t h i s  c o s t  range might go down 
t o  $200 t o  $500/kg. However, a  sp inof f  from t h e  s i l i c o n  r e sea rch  program i s  a  
Union Carbide method t o  produce very pure s i l a n e  a t  a  c o s t  of $5/kg t o  $lO/kg. 

An important f e a t u r e  of t h i n  f i l m  photovol ta ics  i s  t h e  f a c t  t h a t  very 
l i t t l e  m a t e r i a l  is used. Mater ia l  requirements  w i l l  be p ropor t i ona l  t o  device  
t h i cknes s ,  s i l a n e  u t i l i z a t i o n  r a t e s ,  and module y i e l d .  I n  t h i s  a n a l y s i s ,  a 
nominal th ickness  of  0.7 microns is  used,  a long wi th  a  range of s i l a n e  
u t i l i z a t i o n  r a t e s  of  2% t o  40%. Module y i e l d  is  no t  known a t  t h i s  t ime,  but 
f o r  purposes of t h i s  a n a l y s i s  a  range of 50% t o  100% is  used. The 50% f i g u r e  
was s e l e c t e d  a s  a  lower bound because it is  u n l i k e l y  t h a t  amorphous s i l i c o n  
would be commercially v i a b l e  a t  lower y i e l d s ,  due t o  t he  c o s t s  of module 
encapsula t ion  m a t e r i a l s  and processing (Ref. 4 ) .  



Table 4 shows t h e  amount s f  s i l a n e  used per square meter of c e l l  a r e a ,  
based on the  f i g u r e s  descr ibed  above, It can be  seen  t h a t  m a t e r i a l  
u t i l i z a t i o n  is  indeed lower f o r  t h i s  technology. TSre worst ease  amorphous 
s i l i c o n  m t e r i a l  requirement is  a f a c t o r  of 2 l e s s  t han  t h e  lowest s i l i c o n  
m a t e r i a l  requirements f o r  r ibbon technology, and i n  most cases  i.t is a g r e a t  
d e a l  lower. 

Table 4. Amorphous S i l i c o n  S i l ane  Mass per  Square Meter of  Ce l l  

Kilogram Silane 
per Square Meter Silane Cost ($/kg) 

of Cell 5 10 200 500 

A burden rate of 20% and a cell-to-module area ratio of 0.94 are assumed. 

These low s i l a n e  ma te r i a l  requirements a r e  combined with t h e  r a t h e r  l a r g e  
s i l a n e  c o s t  range i n  Table 5, t o  ob ta in  s i l a n e  con t r ibu t ion  t o  t h e  c o s t  o f  an 
amorphous PV module, i n  1982 d o l l a r s  per square meter of module. It can be  
seen immediately t h a t  t he  lower s i l a n e  c o s t s  t h a t  may r e s u l t  from t h e  s i l i c o n  
research  program s i g n i f i c a n t l y  reduces the  s e n s i t i v i t y  of s i l a n e  u t i l i z a t i o n  
r a t e  on module c o s t ,  and thus may s impl i fy  t h e  development of t h i s  technology 
considerably.  I f  s i l a n e  c o s t  were t o  remain a t  $500/kg, then ma te r i a l  
u t i l i z a t i o n  r a t e s  would be a c r i t i c a l  parameter which might conceivably 
compromise the  achievement of o t h e r  t a r g e t s  t h a t  must be met i n  order  t o  
commercialize t h i s  form of PV. 



Table 5. S i l ane  Contributi .on t o  Module Cost (1982  $/sqm) 

IMPACT ON PHOTOVOLTAIC ENERGY COST 

There a r e  a  number o f  ways t h a t  PV energy c o s t  can be d e r i v e d  from module 
c o s t  and o t h e r  f a c t o r s  t h a t  need t o  be  cons idered .  The s t a n d a r d  approach o f  
t h e  DOE PV r e s e a r c h  program i s  d e s c r i b e d  i n  t h e  F ive  Year P h o t o v o l t a i c  
Research P l a n  (Ref. 51, and a d i s c u s s i o n  o f  how t o  b e s t  implement t h a t  
approach can b e  found i n  JPL ' s  s e n s i t i v i t y  a n a l y s i s  o f  c e n t r a l  s t a t i o n  
p h o t o v o l t a i c  sys tems (Ref. 6 ) .  While t h e r e  a r e  many f a c t o r s  t o  b e  c o n s i d e r e d  
such as i n s o l a t i o n  l e v e l s ,  t r a c k i n g  o p t i o n s ,  and system l i f e t i m e ;  two v e r y  
important  f a c t o r s  a r e  module c o s t  and module e f f i c i e n c y  (page 2 ,  Ref. 6 ) .  

The DOE energy c o s t  g o a l  i s  $0.15/kWh. Using t h e  DOE energy c o s t  
e q u a t i o n  and JPL's recommended parameter v a l u e s  f o r  a  f i x e d  f l a t  p l a t e  sys tem 
a  rough r u l e  o f  thumb can  be c a l c u l a t e d  t o  de te rmine  t h e  s e n s i t i v i t y  o f  energy 
c o s t  t o  changes i n  module c o s t .  I f  t h e  module i s  15% e f f i c i e n t ,  t h e n  a  
$lO/sqm change i n  module c o s t  w i l l  r e s u l t  i n  a  $0.0l/kWh change i n  sys tem 
energy c o s t .  Th i s  r u l e  o f  thumb can be used f o r  b o t h  i n g o t  and r i b b o n  
technology. I f  t h e  module i s  10% e f f i c i e n t ,  t h e n  a  $6.6/sqm change i.n module 
c o s t  w i l l  r e s u l t  i n  a $0.0l/kWh change i n  sys tem energy c o s t .  Th i s  r u l e  o f  
thumb can be a p p l i e d  t o  f u t u r e  t h i n  f i l m s  o r  t o  low e f f i c i e n c y  (e.g., c a s t  
i n g o t s  u s i n g  lower g r a d e  s i l i c o n )  types  o f  PV modules. 

S u c c e s s f u l  s i l i c o n  r e s e a r c h  and commercia l iza t i .on w i l l  reduce t h e  c o s t  of 
energy from i n g o t  PV by about $ 0 . 1 5 / k ~ h .  Th is  r e p r e s e n t s  c r i t i c a l  p r o g r e s s  
towards v i a b i l i t y  f o r  t h i s  type o f  PV module. Without s i l i c o n  r e s e a r c h ,  t h e  
energy c o s t  from t h i s  t y p e  o f  PV approach would be  a t  l e a s t  double  t h e  DOE 
goa l .  



Energy cos t  from ribbon PV is reduced by about $0.03/ke~k f o r  the  th inner  
ribbons (web), and by about Q o , o s / ~  f o r  the th icke r  ribbons (EFG, ESP). 
Successful s i l i c o n  research has been very imppartant f o r  t h i s  type of PV 
approach. Without t h a t  research,  energy coats  would be a t  l e a s t  20% t o  30% 
above t h e  DOE goal. 

Energy cos t  from amorphous s i l i c o n  systems w i l l  be reduced by about 
$0.0l/kWh t o  $0.04/kWh i f  s i l a n e  u t i l i z a t i o n  is  on the  order  of 10% t o  2%, 
respect ive ly .  Successful s i l a n e  R&D w i l l  make it unnecessary t o  achieve high 
mate r i a l  u t i l i z a t i o n  r a t e s ,  and thus is an important s t e p  i n  the  development 
of v i a b l e  commercial amorphous s i l i c o n  PV. 

Energy cos t  from concentrat ing systems i s  2 t o  3 orders of magnitude l e s s  
s e n s i t i v e  t o  the  cos t  of s i l i c o n  than f l a t  p l a t e  ingot technology, and 
the re fo re  t h i s  research program w i l l  not  be  a f a c t o r  i n  t h e  successful  
commerciallization of t h i s  p a r t i c u l a r  technology. However, a l l  of the  f l a t  
p l a t e  v a r i e t i e s  of PV t h a t  use s i l i c o n  have benef i ted  g r e a t l y  by the  success 
of t h i s  p a r t  of the  DOE PV research Program. 

CONCLUSION 

A successful  s i l i c o n  research program w i l l .  play a major r o l e  i n  t h e  
e f f o r t  t o  reduce the  cost  of energy derived from photovoltaic systems. Thi.s 
is p a r t i c u l a r l y  t r u e  fo r  today's  commercial technology, which is  ingot-based, 
and w i l l  remain t r u e  fo r  the  major f l a t  p l a t e  PV options of t h e  foreseeable  
fu ture .  
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DISCUSSION 

SCWHlDT: You used a comparison between ingot and ribbon, and E would like to 
corntent OK t h a t ,  Typically, there Isn" a lot of segregation in ribbon 
processes and, therefore, the quality sf the silicon material used for 
ribbon should be much higher than for an ingot process. There is very 
effective segregation using a good ingot process and lower quality 
material could be used, and the overall cost would be about the same or 
maybe even less. 

ASTER: Thank you for that coment. There are a lot of tradeoffs between 
material use and efficiency. It's difficult to predict what the ultimate 
answer is for that comparison. 

HUmG: You presented data for ribbon and amorphous-silicon technologies. What 
is the position in your calculations for the combination of solar-grade 
silicon with,a casting process? 

ASTER: 1% not sure what solar-grade silicon is. If metallurgical-grade 
silicon is used, the module efficiencies are too low to be commercially 
useful . 

HWmG: X don't mean metallurgical-grade silicon. I mean solar-grade silicon 
as it is conventionally defined. 

ASTER: Edell, when the FSA Project started, there was a belief that a solar- 
grade silicon could be produced that would be significantly less costly 
than semiconductor-grade silicon, and part of the Project had a goal of 
developing those processes. I used the data for the Union Carbide and 
Hemlock Semiconductor processes in my calculations. I assumed $10 to 
$30/kg for those processes. There may be other, less expensive processes 
producing silicon adequate for cells. Please comment on them, if you will. 

H W a G :  This morning, the NED0 processes for semiconductor-grade silicon and 
solar-grade silicon were described. Where would be the position of that 
type of solar-grade material coupled with a casting process in your 
calculations on the assumption of 110% module efficiency? 

ASTER: $ would use the same technology as I used for semiconductor-grade 
silieon, since it applies to casting as well as for Czochralski ingots. 
Then, I would use the $7/m2 of module cost which is equivalent to 
$0.0%/kWh; I think this percentage/kilowatt hour is appropriate. Of 
course, usefulness sf the solar-grade silicon for 10% cells would have to 
be demonstrated. 

PELELN: ms rphous  silicon requires a substrate, whether it be plastic, glass, 
or stainless steel. Wow would the amorphous silicon compare when the cost 
of the substrate is included? 

ASTER: Well, the best way ts compare the sost of rather different photovoltaic 
technologies is on the basis sf energy cost. These have been attempts to 



/ c  

I do it in many other ways, The basis of dellars/square meter is probably 
not appropriate, because efficiency is important, We do know the cost sf 
the substrate, the metallization of amorphous silicon, and so forth, will 
probably be about $3/m2 in any event, even if the photovoltaic system is 
free. The comparisons have to be made on a comon basis to be valid. The 
best. comon basis is energy cost, and I believe the program goal of about 
$50/m2 for 10% amorphous-silicon modules is roughly equivalent to 
$90/m2 for a 15% module in terms of energy cost. 

LEIPOLD: I have a conunent rather than a question. When considering other 
elements of amorphous-silicon cost (for example, the silane utilization of 
2 to 5 % ) ,  the need to dispose of the other 95 to 982 of the unutilized 
silane may, in fact, cost more than the product that is put in. 

ASTER: I think that, eventually, the maturity of research in that area will 
allow us to look at the effluent cost and other aspects of the cost, and 
then we can do a complete cost analysis of that technology. I think it's 
too early to do that at this point. 

WRIGHT: We are in the process of completing a paper for the Electric Power 
Research Institute that will be published some time in December or 
January. In the paper, we go over the four technology areas that you have 
commented on. Effluent disposal in amorphous-silicon production was 
accounted for in our cost model. I'm not prepared to present our results 
at this time, but I feel you might be interested in looking at the 
published paper. 
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FOR THE PRODUCTION OF LOW-COST POLYSILICON 
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INTRODUCTION 

Union Carbide Corporation (UCC) has been a major participant 
in the Jet Propulsion Laboratory (JPL)/Department of Energy 
(DOE) Flat-Plate Solar Array (FSA) Project to develop the tech- 
nology for producing low-cost polysilicon for terrestrial photo- 
voltaic solar cell applications. Based on its technology devel- 
oped over many years of research activities, UCC responded to a 
request for proposal from JPL to conduct process feasibility 
studies aimed at producing polycrystalline silicon in accordance 
with stringent economic goals of the Solar Array Project, and 
was awarded a contract in late 1975. This contractual work pro- 
gressed through several phases, culminating with the final 
design of a 100 metric tons per year Experimental Process System 
Development Unit (EPSDU). This pilot plant was originally to be 
installed on the site of a UCC facility in East Chicago, 
Indiana. However, shortly after the start of its construction, 
the activity was stopped because of contract-funding 
reductions. By mutual agreement between UCC and DOE, it was 
decided to relocate EPSDU to Washougal, Washington, and continue 
the pilot plant program using UCC funds as a first step in the 
commercialization of the silane to silicon process. A licensing 
agreement was arranged with Komatsu Electronic Metals of Japan 
to obtain commercially proven technology for decomposing silane 
to produce polycrystalline silicon. 

Construction of the silane to silicon EPSDU was completed in 
1982, and it was operated successfully to produce silane and 
polysilicon of exceptionally high purity for the electronics 
industry. Based on the original design data base developed 
under the JPL/DOE program, UCC constructed a 1200 metric tons 
per year capacity commercial plant in Moses Lake, Washington. 
This plant was brought on stream in early 1985, and is currently 
supplying high purity polysilicon to the industry. 

Early in the JPL/DOE program, it was recognized that the 
traditional "hot rodN type deposition process for decomposing 
silane is energy intensive, and a different approach for con- 
verting silane to silicon was required to address the low-cost 
goals. A fluidized bed process was chosen to be the most 
promising method for this purpose, and its development was pur- 
sued with a laboratory process development unit (PDU). Several 
encouraging test runs have been conducted to date on the fluid 
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bed PDU and this technology continues to be a very promising one 
for producing low-cost polysilicon, 

This paper will discuss the UCC s i P a w e  process and the 
research and development (R&Dj work on fluidized bed silane 
decomposition conducted under JPL/DOE sponsorship. 

The UCC silane process is based on many technical innova- 
tions in proven chlorosilane chemistry to achieve very high 
purity levels in the product. The use of silane as a single 
reactant instead of a binary trichlorosilane-hydrogen mixture as 
in the traditional Siemens Process has the following significant 
advantages: 

0 The boiling point of silane is lower than that of all 
the chlorosilanes and impurities such as the chlorides 
and hydrides of boron, phosphorus, and arsenic. 
Consequently, it is easier to purify silane and it can 
be purified to higher levels than any of the chloro- 
silanes. 

@ Silane can be totally decomposed to produce'high-purity 
silicon and hydrogen in a single pass. since silane is 
converted to silicon in single-pass operation, the 
possibility of contamination is minimized. 

0 The byproduct hydrogen can be readily separated from 
the solid silicon product, and is electrically 
inactive. 

@ The absence of corrosive chlorine compounds in the 
product stream minimizes the chances of contamination, 
and simplifies material selection. 

The silane to silicon process starts with metallugical grade 
(m.g.) silicon and refines it to semiconductor grade product in 
a series of reaction and purification steps. The process 
consists of three major steps: 

@ Hydrogenation, where silicon, silicon tetrachloride 
(STC), and hydrogen react at high temperature and 
pressure to form trichlorosilane (TCS), 

@ Redistribution, where the hydrogen and chlorine atoms 
are redistributed within the chlorssilane molecules, 
eventually yielding high-purity silane, and 

e Decomposition, where purified sflane is thermally 
decomposed to yield semfconduetor grade pslycrystalline 
silicon. 



The process is described by the flow diagram shown in 
Figure 1. M, G ,  silicon, STC and hydrogen are reacted at high 
pressure and temperature i n  the hydrogenation reactor to yield 
TCS : 

This reaction is carried out in a fluidized bed consisting sf 
fine silicon particles. The hot product gases leaving the 
reactor are quenched to their dew point in a venturi contactor. 
The wenched two-phase mixture enters a waste settler tank where 
many of the metal contaminants fom insoluable complexes with 
one another and settle to the bottom. Vapors from the settler 
are cooled in a quench condenser which condenses the chloro- 
silanes . The condensed 'crudeg TCS is sent to a storage tank, 
and the uncondensed hydrogen is recycled to the hydrogenation 
reactor. The heavy non- volatile impurities and elutriated 
silicon fines are periodically purged out of the settler to the 
waste treatment area. 

The next major processing area is distillation/redist~ibu- 
tion. In this section, TCS is redistributed eventually foming 
silane, and the impurities are rejected from the process 
streams. The redistribution reactions take place in two packed- 
bed liquid phase reactors containing an ion-exchange resin which 
sewes as a catalyst for the reactions. In the TCS redistribu- 
tion reactor, dichlorosilane (BCS) and STC are produced accord- 
ing to the reaction, 

In the DCS redistribution reactor, DCS is redistributed to 
form msnochlorosilane (MCS) which rapidly redistributes to form 
silane, 

The remainder of the purification train consists of four distil- 
lation columns which provide the re-ired feed composition f o r  
the reactors and reject the impurities, 

The first distillation column is a light-gas stripper. It 
receives the crude TGS product from the hydrogenation reactor 
and removes dissolved gases such as residual hydrogen from 
hydrogenation and inert gases from process purges, 

The TCS column separates TCS and DCS from STC, It receives 
the stripped crude TGS from the stripper and the product from 
the TCS redistribution reactor, The distilled TCS-DCS mixture 
is fed to the DCS distillation column, and the STC bottoms pro- 
duct i s  recycled t o  hydrogenation, 



T h e  DCS column provides proper feeds to the r e d i s t r i b u t i o n  
reactors. It receives the TCS-BCS mixture from the overhead of 
the TCS column and t h e  bottoms stream from the s i l a n e  column, 
The bottoms product from t h e  DCS column (primarily TCS) is fed 
to the TCS redistribution reactor, and the distillate, which is 
BCS with some MCS, is fed to the DCS redistribution reactor. 

The silane column is designed to produce very high-purity 
silane while rejecting all chlorosilanes and any other contami- 
nants. The feed stream to this column is the product from the 
DCS redistribution reactor. Silane is removed as the overhead 
product and is sent to storage tanks, while the bottoms stream 
containing the remaining chlorosilanes is returned to the DCS 
column. The silane column is keyed for separating silane from 
diborane which is the most volatile electronic contaminant in 
the system. 

Silane thus produced is decomposed utilizing the technology 
acquired from Komatsu Electronic Metals of Japan, 

Heterogeneous decomposition of silane is accomplished on 
electrically heated seed rods which grow from an inital diameter 
of 7.5 mm to final diameters in the range of 80 to 100 mrn. The 
byproduct hydrogen is recycled to hydrogenation. 

POLYSIEICON PURITY EVALUATION 
. . 

Purity evaluation of polycrystalline silicon is accomplished 
by taking core samples from the polysilicon rod product, and 
zone-refining into small single crystal rods. Wafers sliced 
from the seed and tang ends of the single crystal rod are 
analyzed by ~ourier transform photoluminescence (FTPL) 
spectroscopy at liquid helium temperature to obtain donor/ 
acceptor impurity concentrations in the material. Carbon and 
oxygen impurity levels are measured by Fourier transform infra- 
red (FTIR) spectroscopy at liquid helium temperature. Resis- 
tivity values are obtained with a high-impedance four-point 
probe. Resistivity profiling of the sample single crystal ingot 
is done by a high impedance two point probe. The sample ingot 
is also analyzed for minority carrier lifetime. 

Typical purity evaluation data for the present production 
grade silicon material are as shown below: 

Boron K Q . 0 6  ppba 

Phosphorus < 0 , 3 8  ppba 

Aluminum Not Detected 



Arsenic  Not Detected 

Antimony Not Detected 

Carbon < B , S  ppma 

Lifetime 5 milliseconds 

Resistivity >1,000 ohm-cm 

The above material is ideally suited for single crystalliza- 
tion by Czochralski or Float Zone method for semiconductor 
applications. 

FLUID BED 8E E DECOMPOSITION 

Fluid bed pyrolysis of silane involves heterogeneous decom- 
position of silane gas on hot silicon seeds to produce free- 
flowing particles of silicon. The method offers the potential 
for converting high-purity silane into pure silicon product at a 
cost which is consistent with the overall goals of the FSA pro- 
gram. Furthermore, since the fluid bed product consists of 
free-flowing particles, it can be directly processed in a 
~zochralski furnace where continuous growth by melt replenish- 
ment may be feasible, 

Under the JPL/DOE program, UCG has been engaged in W&D work 
on deposition of silicon in a fluidized bed reactor, The goals 
sf this program are to demonstrate the process feasibility, 
detemine a suitable ~perating window for the fluid bed reactor, 
conduct long-duration tests, and demonstrate silicon purity. 

Several experimental runs have been conducted to date using 
a 6 inch diameter quartz-lined reactor and product samples have 
been produced for purity evaluation. W schematic of the fluid 
bed PBU is shown in Figure 2. The reactor assernbly consists of 
a stainless steel shell with an internal high-purity liner, The 
reactor contains a bed of silicon seed particles which grow in 
size due to heterogeneous decomposition of silane. The reactor 
wall is heated with multi-zone resistance heaters which maintain 
the bed in the temperature range 608 to 7 0 8 " ~ ~  The product is 
cooled and collected in bags. 

Silane and hydrogen are pre-mixed in desired concentrations, 
and the mixture is fed to the reactor through a water-cooled gas 
distributor asse&ly. The gas velocity at the bottom of the 
fluid bed is approximately 3.5 times the minimum fluidization 
velocity. The effluent hydrogen in the PDU is cooled and vented 
after taking a small sample stream to a gas chromatograph which 
monitors the silane conversion in the fluid bed, 



A nu&er 0% long-duration test runs have been conducted, the 
longest single continuous run to date being of 66 hours 
duration, In these runs, the feed silane concentration was 
typically in the range 0% 25 $0 30% in hydrogen, a%$hough 
concentrations up to 58% have been tested for shor t  durations. 
The average silicon deposition rate was in the range 1 to 2 kg 
per hour. Seed particles of initial mean size 300 microns were 
grown to approximately 600 microns. The growth of larger 
particles, up to 1000 microns, is considered feasible. 

Samples of seed and product particles were studied by 
scanning electron microscope and optical micrographs. The 
starting seed particles have an irregular shape with sharp 
edges. The product particles display a smooth rounded exterior 
surface with a ring-like, layered structure. The product 
particles have a dense and unifom deposition morphology with a 
bulk density of approximately 1.6 gm/cc. 

The seed and product samples were analyzed for heavy metals 
by spark source mass spectrometry. The results are shown below 
for a typical test run H-02: 

ELEMENT PRODUCT, PPMA 

It is clear that the product has less metallic contamination 
than the seed, indicating that the deposited growth layer is of 
higher purity. These data also support the use of a liner as an 
impurity barrier from the reactor walls since earlier results 
without a liner had shown metallic contaminant levels of over 
100 ppm in the product samples. 

Samples of seed and product from the fluid bed reactor (run 
H-02) were melted in a Czochralski furnace in an attempt to 
single crystallize them in two successive runs. The seed 
material yielded a polycrystalline ingot while the product 
sample resulted in a 3'' diameter 21" long dislocation-free 
crystal, followd by 7"  of dislocated single crystal and 4 "  of 
polycrystalline ingot. Wafers sliced from the top and bottom 
ends of the single crystal from the product sample were analyzed 
for donor/acceptor concentrations by Fourier Tranfom Infrared 
Spectroscopy (FTIR) at liquid helium temperature. The wafers 
were also analyzed for electrical resistivity. The results are 
shown below: 



Phosphorus, ppba 
Boron, ppba 
Arsenic, ppba 
Aluminium, ppba 
Antimony, ppba 
Carbon, ppma 
Oxygen, ppma 

TOP END BOTTOM END 

Calculated Resistivity, 50 
ohm-cm P type 

Measured Resistivity, 87 
ohm-cm (average of P type 
10 points) 

It is clear that the donor and acceptor concentrations are 
in the parts per billion range. The results so far have 
indicated that the starting seed material is not of high purity, 
and is a major source of contamination. RtD work currently in 
progress aims at minimizing this contamination by preparing high 
purity seed material. Additional test runs using improved seed 
material will be conducted to establish fluid bed product 
purity. 

CONCLUSIONS 

The UCC silane to silicon process has produced both silane 
and polysilicon of exceptionally high purity. The silane 
technology developed under the JPE/DOE sponsorship has been 
successfully commercialized. 

The fluid bed process for silane decomposition shows an 
excellent promise for producing high purity silicon material, 
consistent with the cost goals of the FSA project. 

The active support received from the U.S. Department of 
Energy and the Jet Propulsion Laboratory is gratefully acknow- 
ledged. Several other individuals at Union Carbide have also 
contributed to the development work described in this paper, the 
most notable among whom are Messrs. W.C. Breneman, L.M, Coleman, 
and R,N. Flagella. 
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DISCUSSION 

SmJURJO: Professor  earl Yaws has j u s t  addressed the problem sf homogeneous 
nucleation in the Komatsu reactor. Would you desc r ibe  the nucleation 
problem further? What is its impact on produc t ion?  

IYA: Well, I'm not prepared to discuss the Komatsu reactor, per se. Professor 
Yaws referred to a paper which was published in the Journal of the 
Electrochemical Society that describes the conditions under which silane 
can be decomposed either homogeneously or heterogeneously, and I refer you 
to that paper. 

SCHWTTKE: Do I understand correctly that Union Carbide plans to have a 1998 
production capacity of 5500 MT/year? If I'm correct, this corresponds 
approximately to the total world capacity today. Is this correct? 

HAYCOCK: Dr. Pellin is going to discuss this in depth later, The answer is 
essentially yes. 

SCHWTTKE: I'm somewhat confused by your presentation of the data for the 
purity of the silicon produced in the Union Carbide silane process. Would 
you describe more carefully the silicon products from the Komsatsu 
reactors and the fluidized-bed reactor? 

IYA: The data I gave for the silicon from the EPSDU and from the Moses Lake 
conunercial plant showed that these products are very high-purity, 
semiconductor-grade materials. Union Carbide is marketing the commercial 
product throughout the world. On the other hand, the data for the silicon 
granules from the experimental fluidized-bed reactor show that the purity 
is not semiconductor grade. In our experimental program, we also intend 
to work toward meeting the semiconductor-grade purity levels for the 
fluidized-bed product. 

AULICH: You mention that your process yields electronic-grade silicon. We 
already have an electronic-grade silicon produced by the Siemens process 
which is-too expensive. Do you have any plans of offering so-called 
solar-grade silicon at a considerably lower price, or are you only looking 
at the electronic market? 

IYA: This is a question that should be answered by our marketing people. I'm 
certainly not in a position to do that. 

KOINUM: What are the main reasons preventing you from extending the duration 
of the fluidized-bed reactor operation and also growing particles larger 
than 800 prn? 

IYA: We have been conducting essentially research and development work using 
a laboratory unit, and there are time limitations for conducting these 
experiments. But, aside from that fact, I think we will probably run into 
some inherent limitation on the particle size as we grow larger 
particles. Some of the experts in fluidization point out that 



flraidizatiep~a w111 become difficult. We d o m y  know what t h e  limit i s ,  so 
f a r ,  t h e  particles have been g r o w  t o  about 800 qrm s i z e .  

KOENUW:  Could you a l s o  tell me how you collected the fine parkicbes? I 
t h i n k  you mentioned t h a t  about 5 - 5  $0 691, of the produc t  is fine 
particles. Mow do you collect these fine particles? 

I Y A :  We have filters located domstream of the process, and at the end of the 
run we collect the particles. We then weigh the mass to determine the 
fines content. 

FUJII: What improvement do you seek in the preparation of seed particles? 

IYA: we are trying to implement a cleaning method that involves acid cleaning 
and handling the seed material so that it remains in a fairly pure state. 

MAYCOCK: I think that we should notice the location of their plant. Our 
Japanese paper showed electricity cost 15 yen/kWh which is approximately 
6 6 .  Dr. Yaws used 5 #  in his economic analysis, and I would guess that the 
Union Carbide, Washougal plant, is about 2#. Is that correct? It used to 
be 9 mils. Before the energy crisis, it was 9 mils, and then it went up 
to almost 30 mils during the shortage of water. Now, with water running 
over the dams and power to burn, I think they are probably back to 
something around 20 mils cost. Those of you doing economics on Union 
Carbide need to find out what that cost is. 
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ABSTRACT 

Silicon deposition on silicon seed particles by silane pyrolysis in a 
fluidized bed reactor (FBR) has been under investigation as a low-cost, high 
throughput method to produce high purity polysilicon for solar cell 
applications. The emphasis of the research at JPL is fundamental 
understanding of fluidized bed silicon deposition. The mechanisms involved 
were modeled as a six-path process: (1) Heterogeneous deposition; 
(2) Homogeneous decomposition; (3) Coalescence; (4) Coagulation; 
( 5 )  Scavenging; and (6) Chemical vapor deposition growth on fines. 

INTRODUCTION 

The Flat-Plate Solar Array (FSA) Project was initiated in 1975 by the 
Department of Energy (DOE, then ERDA) to develop the technology for low-cost 
terrestrial photovoltaic arrays. In silicon material area, the Project was 
assigned a responsibility to develop the capability of producing 
polycrystalline silicon of semiconductor grade purity, suitable for the 
manufacture of terrestrial solar cells, at a price of less than $ 1 4 1 ~ ~  (in 
1980 $)(ref*1,2). In 1976, the Silicon Material Task of FSA initiated the 
fluidized bed silicon deposition in-house work parallel to the contractual 
development work by Union Carbide Corporation via silane decomposition and by 
Battelle via zinc reduction of silicon tetrachloride.(ref *3) Initially, the 
JPL in-house work was primarily installed to keep the contract management on 
top of the cutting-edge technologies that JPLIFSA was managing for DOE. Over 
the years, the emphasis has been redirected to fundamental understanding of 
silicon production in the advanced reactors and to identify critical research 
areas in order to complement the industrial process development efforts. 
Based on the simple chemistry of silane decomposition, the reactor technology 
studies at JPL in-house included: free space reactor, direct conversion to 
molten silicon, and fluidized bed silicon deposition. Constrained by funding 
situation in the contractual development work, FSA/Si Material Task decided to 
concentrate on the fluidized bed reactor (FBR) for low-cost production of 
silicon. Complemented by the JPL FBR research, Union Carbide Corporation has 
developed the essential parts of this technology in a R&D scale under a FSA 
contract. Currently, DOE considers the R&D of FBR technology mature enough to 

*This paper presents the results of research carried out at the Jet Propulsion 
Laboratory, California Institute of Technology, sponsored by the U.S. Depart- 
ment of Energy, through an agreement with the National Aeronautics and Space 
Administration. 
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be pursued by the industry for final pilot plant development leading to 
comercialization, Consequent ly ,  the J P L  in-house FBR development was 
concluded in June 1985, whereas the overall FSA silicon material work was 
completed in December 1985. This paper summarizes the fluidized bed 
development at J P L ,  and reports the engineering and scientific status of JPE 
FBR with a brief recommendation f o r  the remaining R&D, 

REACTION MECHANISM - 
The mechanisms involved were modeled as a six-path process (ref. 4): 

: In a FBR, silane is thermally decomposed and 
silicon is formed via two major paths (see Figure I); 1) heterogeneous 
chemical vapor deposition on the surface of seed particles in the emulsion 
phase of the bed, and 2) homogeneous gas phase pyrolysis forming condensable 
Si species in the bubble phase of the bed leading to formation of nuclei. 

Coalescence: The tiny silicon nuclei move about within the bubble by Brownian 
motion and fuse by the action of Van der Waals forces - the path (3) in 
Figure 1. The growth rate of a nucleus with a radius r is found to be 

where k is the Botzmann constant 
y is the viscosity of nucleus in the gas stream 
fs is the volume fraction of solids in the gas-solids mixture 
T is temperature in OK. 

By the time nuclei grow to 0.3,u.m size, they are so few and far between 
that the growth rate drops by a factor of The resulting fine particle 
from this stage of nuclei coalescence is called coccal silicon. As a result 
of bubble distortion and kneading of fluid eddies in the fluidization medium, 
these coccal silicon fines may come out of the gas bubble into the emulsion 
phase. 

Coagulation: Within the bubbles the coccal silicon fines coagulate into 
clusters. The size of a cluster grows as the residence time of the bubble in 
the bed increases. The resulting cluster is light in density, and travels 
with the gas bubble. At the top of the bed, bubbles burst and typically (10% 
of the silicon input in the forms of clusters and residual coccal silicon 
fines are elutriated and collected in the exit filter. Limited by the 
terminal velocity of the operation of fluidized bed, the maximum size of 
elutriated clusters is about 10ym under the experimental conditions. 

Scavenging: In the emulsion phase, the seeds sweep up the fine particles, 
which are coccal silicon and initial clusters released from the bubbles. This 
phenomenon is called scavenging. 



Based on the data, it appears that in order t o  incorgol-ate fines, the  
following criteria must be met: 

l) Tlae temperature of the scavenging region must be iaigher than the Tamaran 
temperature* of silicon - defined as 0 -52  x (the melting p e l n t  o f  siLicon 
in OK). 

This threshold temperature is about 610°C. In the FBR case, it 
represents the minimum seed particle surface temperature required to 
incorporate fines. As shown by SEM pictures in earlier work(ref * 5 ) ,  
scavenging of fines at temperature below the Tammann temperature leads 
only to loose adhesion. 

2) Chemical vapor deposition (CVD) reaction serves to cement the homogeneous 
fines into the growth. This surface adsorption of homogeneously 
nucleated particles and simultaneous heterogeneous deposition is similar 
to the model proposed in the carbon deposition literature. (ref-6-7) 

: Fines, mostly coccal silicon, grow by 
heterogeneous chemical vapor deposition in the emulsion phase - i.e. the path 
( 6 )  in Figure 1. 

REACTOR DESIGN 

The fluidized bed reactor is depicted in Figure 2. It is constructed 
from a 6-inch schedule 40 stainless steel 316 pipe and has dimensions of 
6.065 inch inside diameter x 48 inch high. It has an expanded head of 
24 inch x 24 inch to allow entrained particles to drop back into the bed. 

Gas Distributor : 

Five different types of gas distributors were investigated at 
nanely, a porous carbon unit with nine spouts, a nozzle with 114-inch diameter 
opening, a multi-layer screen (trade name - DYNAPORE) distributor and 
two-distributors fabricated from either one or two layers of No, 325 mesh 
stainless steel screen supported by a 1/20 inch thick plate perforated with 
118 inch diameter holes. All these gas distributors were able to provide a 
bubbling fluidized bed with the exception of the nozzle-type distributor, 
Although a spouting distri~utor creates vigorous mixing of solids, it is 
difficult to ensure a firm contact of the metallic cooling coil undernearh the 
porous carbon material. Distributors with one or two layers of No, 325 mesh 
screens were found most effective because of the simplicity in design to 
provide external water cooling. 

A distributor temperature about 3500C will cause partial decomposition 
of silane at the distributor followed by clogging of the particles in the 
bed. Three distributor cooling systems were investigated: (1) Water cooling 
at the periphery of the distributor and a 112 inch thick cooling ring loca&ed 

*Tammann temperature is an index for surface  nobility or the minimum 
temperature at which a solid undergoes solid-solid interactions such as a 
transfopmation from a nonwetting to a wetting condition, 



between the distributor and the reactor flange; (2) The same cooling system 
supplemented with internal water cooling tubes w i t h i n  the fluidized bed, 
located l / 4  inch above the distributor screen; and ( 3 )  water cooling at the 
peripheq oof the distributor in addition to a water cooling coil located 
beneath the distributor, A copper cooling coil was silver soldered to a 
1/20 inch thick plate with multiple holes, The distributor screen is spot 
welded to the support plate to ensure firm contact. The first two cooling 
systems were inadequate to keep the distributor temperature below 350°C. 
The water cooling tubes located within the fluidized bed not only increased 
the load on the heaters, but also caused an excessive temperature gradient 
between the fluidized bed and the reactor wall resulting in silicon deposits 
on the wall. The third cooling system was found most satisfactory, both to 
keep the distributor temperature below 350°C and to eliminate wall deposits. 

Heaters: The reactor was externally heated by a two-zone fast response, 
12 inch high silicon carbide heater with a total output of 9 kw. Both zones 
are independently controlled in order to achieve an isothermal condition in 
the bed with 3 inches from the distributor. On the top of silicon carbide 
heater there is a single-zone independently controlled 18 inches high ceramic 
clam-shell heater with a heating element made of an alloy of iron, chromium, 
cobalt, and aluminum with a total power output of 9 kw. The main purpose of 
this heater is to provide a thermal insulation around the reactor and 
distribute the heat input throughout the bed height. 

The fluidized bed is equipped with a continuous silicon withdrawal system 
to maintain a constant bed This system is depicted in 
Figure 3. It consists of an externally water-cooled silicon withdrawal tube, 
15 inches long x 0.87 inches I.D. The particles in the withdrawal tube were 
fluidized at around minimal fluidization velocity in order to: (1) keep 
silane out of the withdrawal tube, (2) permit accumulation of large particles 
in the tube, and (3) cool the tube more effectively by preventing a sudden 
drop of hot bed particles within the tube. 

At the bottom of the tube, an. electronically controlled pinch valve 
(trade name - RED VALVE) is located. This valve is opened at a predetermined 
frequency (10-15 second intervals) for a duration of one second to allow 
particles to drop into a tee. The tube is water-cooled and provides cooling 
for the particles. The particles in the tee are pneumatically transported to 
a cyclone separator and collected in a silicon holding tank. 

Reactor Liner System 

The quartz liner design is depicted in Figure 4. It consists of a 
5.75-in. outside diameter x 4 feet long quartz tube with l/8-in. wall 
thickness, The top end of quartz liner is supported against a ring with 
1/4-in. groove and a graphoil gasket. The bottom end of the quartz liner 
stands on a piston-gas distributor assembly with l/4-in. groove and a quartz. 
sleeve used as a gasket, The outside surface of piston consists of a 
pneumatic cylinder. The interface is vacuum and pressure sealed with a viton 
o-ring, The entire assembly is water cooled to maintain integrity of the 
o-ring. The pneumatic cylinder is mounted against the reactor flange. 



Initially, the reactor containing quartz liner is f i l l e d  with silicon 
particles. The reactor is closed and evacuated to remove oxygen p r i o r  to 
heating. The particles are fluidized with nitrogen or helium, A pressure of 
200 psig. is applied at the pneumatic cylinder to mechanically seal the t o p  
end of quartz liner against the graphoil gasket, The pressure at t h e  
pneumatic cylinder compensates the differential thermal expansion between the 
stainless steel reactor wall and the quartz liner in axial direction. The 
bottom end of the quartz liner is not completely sealed and hydrogen is 
permitted to flow at a rate of less than 1 SLPM. During entire heating cycle, 
as well as silicon deposition experiment, a differential positive pressure of 
20-in. water column is maintained between annular space and inlet port f o r  
silane/hydrogen gas mixture. This procedure assures that hydrogen can leak 
into the reactor but under these conditions silanelhydrogen mixture cannot 
leak into the annular space and cause wall deposits. 

Seed Generation Device 

A jet milling technique to grind silicon by impinging jets has been 
studied in this work for FBR seed particle generation. This device involves 
grinding of silicon particles by impingement of two opposing nitrogen jets 
carrying silicon particles. It is lined with high-density polypropylene and 
polyurethane to avoid exposure of silicon to metallic surfaces. It has an 
impact chamber of 0.75 in. diameter x 2 in. long. It is equipped with two 
opposing nitrogen jets with orifice diameter of 0.078 inches. 

In the silicon cleaning device (ref.101, silicon particles are fluidized 
by the cleaning solution. The entire system in contact with either silicon or 
acid is constructed out of polyethylene and polypropylene. It consists of 
three plastic bottles of 3.5 inches diameter x 8 inches high. Each bottle 
holds up 500 grams of silicon. The bottom of the bottle is equipped with a 
50pm pore diameter plastic screen and distributor to provide a tangential 
flow of cleaning solution for good mixing. The top of the bottle is equipped 
with another 75pm pore diameter screen to retain the particles within the 
bottles. All these three bottles are installed in a plastic tank which is 
filled with up to 2 gallons of cleaning solution. The cleaning solution is 
circulated through the system via a plastic pump. The flow rate of cleaning 
solution is adjusted by a plastic needle valve to obtain desired fluidization 
of silicon part i'cles. 

The cleaning of silicon seed obtained from grinding of silicon chunks 
includes the following steps: 

(1) Deionized water wash in a liquid-solid fluidized bed mode to remove f i ne  
silicon particles of less than 75pm in diameter. 

(2) Seed cleaning in a mixture of two parts of 12N HCl and one part of 16N 
HN03 in fluidized bed mode for 20 minutes. 

( 3 )  Acids are drained and particles are washed with deionized water in a 
fiuidized bed mode until the effluent water is neutral. 

( 4 )  Etching of silicon particles with 48% RP in a fluidized bed mode for 
20 minutes. 



(5) HP is drained and particles are washed with deionized water in a 
fluidized bed mode until effluent water is neutral and has a resistivity 
of 1 6  mega-ohms, 

( 6 )  The wet particles are dried in a diffusion furnace at 150°C under 
nitrogen blanket. 

( 7 )  After drying, particles are transferred into a plastic bag and sealed. 

REACTOR PERFORMANCE 

The overall mass balance data indicate that more than 90% of the total 
silicon fed into the reactor is deposited on the silicon seed particles and 
the remaining 10% ends up as elutriated fines. The rate of silicon production 
is a function of silane concentration, seed particle size and U/Umf. 
Figure 5 shows that in the 6 inch FBR, a silicon production rate of 1.5 Kg/hr 
at 30% silane concentration or 3.5 Kg/hr at 80% silane concentration is 
achievable without formation of excessive fines. Most of the experiments 
conducted at JPL of the 6 inch FBR were of short duration (-4 hrs). 

Silicon Particle Growth 

The large seed particles (e.g., more than 200 pin diameter) in a FBR sweep 
up and collect the homogeneously nucleated fines (e.g., smaller than 1 pm) 
onto the particle surfaces, followed by sealing of the simultaneous 
heterogeneous deposition. Consider a seed particle of radius r and density P 
travelling up and down in a fluidized bed. The surrounding environment 
contains nornogeneously nucleated fines of weight concentration Wf travelling 
at a velocity U' of the fluidizing gas. The mass balance around a particle 
due to the scavenging and incorporation of homogeneously nucleated fines is 
(~ef. 11). 

where AU can be approximated by the actual fluidized gas velocity U'. uf 
can be approximated from the silane concentration and the subsequent 
concentration reduction in the coalescence step leading to the fines. 

silane Si mol. homo dilution Average Number 
feed weight reaction factor in the of fines 
conc . fraction due to bed reduced 

hydrogen from collisio~s 
format ion of nuclei (50A) 

to fines (0.3 pm) 



where XA is the fraction of silane concentration in the feed, 
Kg is the first order rate constant for homogeneous decomposition of 

silane, 10.4 sec'l at 650°6. (ref.12) 
KS is first order rate constant for heterogeneous decomposition of 

silzne, 3,l sec-l at 65Q°C, (ref,h3) 

On the other hand, the seed particle growth due to heterogeneous 
deposition can be described by the following mass balance: 

where : 

N is the number of particles in the bed, 

wo is tne initial bed weight 

ro is radius of initial seed particle 

u is the superficial velocity of the gas, EU' 

The total growth rate of a particle equals the sum of equations ( 2 )  and ( 4 ) -  

Based on equations (2) and ( 4 ) ,  the theoretical particle growth can be 
estimated as shown in Table 1. The actual particle growth (averaged) can be 
obtained from a mass balance over the experiment, together with the measured 
particle size distribution of the product. It can be seen that the calculated 
values agree nicely with the experimentally measured sizes. 

Combining equations ( 4 )  and (51, the following relationship holds: 

where p is a constant, - 

F is the total flow rate, uA. 



This means that the deposition rate is Linearly proportional to CA,, 
ro and F, and is inversely proportional to woe If r,, and F and O J ~  
are held constant, a simple correlation of deposition rate (dr/dt) versus 
silane feed concentration (cA0) is obtained, This can be shown by 
normalizing the deposition rate data, ,um/h+,  f r o m  Table l versus initial 
particle size of 227pm, initial bed weight of 400.2 moles of silicon and 
total flow rate of 3.0 moles/min. These rate data (dr/dt) are plotted against 
percentage feed silane concentration in hydrogen (XA) in Figure 6. This 
results in a straight line correlation. In this way, the rate constant of the 
overall growth model, K, is obtained as 13pmlhr for the 6-in. JPL FBR design. 

PRODUCT PURITY 

The purity of FBR product was determined for two cases: (1) the FBR was 
operated without a liner and silicon particles were exposed to hot stainless 
steel reactor wall, and (2) the FBR was operated with a quartz liner to 
isolate the silicon particles from stainless steel reactor wall. 

For the first case, the metallic impurities in FBK product is shown in 
Table 2. It indicates that silicon product in that case is heavily 
contaminated with metallic impurities. The iron, chromium and nickel 
impurities are approximately 70%, 17% and 12% of total identified impurities 
which are similar to the composition of stainless steel 316 material. Thus, 
it is evident that hot silicon particles erode the stainless steel wall 
material and incorporate metallic impurities on top of the seed particles. 

For the second case, the metallic impurities in FBR product are shown in 
Table 3 (ref. 10). Within the accuracy limit of the analytical method, e.g., 
in this case, spark source mass spectroscopy is selected as the best 
analytical method for most of metallic impurities. The results suggest that 
the FBR processing does not introduce contamination into the product, and the 
quartz liner is effective to preserve the seed particle purity. 

RECOMMENDATIONS 

Although the JPL in-house research program has contributed over the years 
towards a fundamental understanding of fluidized bed silicon deposition, the 
following problems are still left to be solved. 

- Demonstrate that FBR product particles are of semiconductor-grade 
purity (i.e,, The particulate form of product makes the current 
analytical techniques difficult to reach to less khan ppb for some of 
the impurities). 

- Eliminate the problem of small particle accumulation in the FBK. 



- Develop f l u i d  j e t  m i l l i n g  t o  genera te  FBR seeds i n  a con t inuous  loop  
wi th  t he  PBR process ,  

- Demonstrate t h e  ope ra t i on  of PBR i n  a s teady  s t a t e  long-duration 
fashion.  

This  paper summarizes t h e  f luidized-bed development a t  JPL, and 
c h a r a c t e r i z e s  t h e  JPL FBR i n  terms of engineer ing  des ign  parameters such a s  
gas  d i s t r i b u t o r ,  cool ing  systems, h e a t e r s ,  product withdrawal,  and a q u a r t z  
l i n e r  wi th  support .  Also, t h e  ope ra t i on  support  systems inc luding  s i l i c o n  
seed gene ra t i on  and seed c l ean ing  device  a r e  descr ibed .  The o v e r a l l  mass- 
balance d a t a  i n d i c a t e  t h a t  more than 90"? of t h e  t o t a l  s i l i c o n  fed i n t o  t h e  
r e a c t o r  i s  depos i ted  on seed p a r t i c l e s  and t h e  remaining less - than  10% of  t h e  
t o t a l  s i l i c o n  bed ends up a s  t h e  f i n e s  e l u t r i a n t s .  A six- inch diameter  FBR 
was demonstrated t o  he capable  of producing 3.5 Kg/hr of s i l i c o n  using 80% 
s i l a n e  feed concen t r a t i on ,  wi th  a f i r s t  o rde r  l i n e a r  growth r a t e  cons t an t  a t  
650°C of 13pm/hr.  The b e n e f i t  of  a qua r t z  l i n e r  i n  avoiding t h e  e ros ion  
contaminat ion from f l u i d i z i n g  s i l i c o n  p a r t i c l e s  a g a i n s t  t h e  m e t a l l i c  r e a c t o r  
wa l l  was demonstrated w i th  product p u r i t v  experiments.  
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Table 3 .  P u r i t y  of PRR Produet  w i t h  @ a r t z  L ine r  ( P h a )  

~r RUN NOS. 502 AND 503 

** SPARK SOURCE MASS SPECTROSCOPY CONDUCTED BY THE NORTHERN 
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INTRODUCTION 

Traditionnally high purity silicon for solar and electronic applications 
has been produced in Siemens decomposers by hydrogen reduction of chlorosilanes 
[I]. The yield in the Siemens process is poor. The new cheap routes to silane 
offer an attractive alternative for silicon production via silane pyrolysis. 
The thermodynamic yield of this process is 100%. However, higher feed concen- 
trations of silane (a few percent) in Siemens decomposers lead to formation of 
fines via homogeneous nucleation. In order to realize the potential of silane 
pyrolysis the formation of fines must be prevented or at least kept below a 
certain acceptable minimum level. Fluidized beds offer an attractive possibil- 
ity, and extensive experimental studies have been conducted [2,3]. Modeling 
efforts have lagged far behind the experimental activities. 

The objective of this paper is to develop a mathematical model for fluid- 
ized bed pyrolysis of silane that relates production rate and product silicon 
properties (such as size, size distribution, presence and absence of fines) with 
fluidized-bed size and operating parameters (such as wall temperature, feed 
concentration, gas flow rate, seed size, etc.) and with bed grid design. Upon 
model verification it is desired to expand the model to account for product 
morphology, & porous versus nonporous particles, etc. While fluidized-bed 
models for catalytic processes are abundant (e.g. see reviews by Grace or Yates 
[4,5,6]) and models for gas-solid reactions with changing solids have been well 
established by Kunii and Levenspiel [7,8], a comprehensive model needed for 
simultaneous chemical vapor deposition (CVD) and nucleation reactions has not 
been reported. 

MODEL DEVELOPMENT 

A suitable mathematical model for silane pyrolysis in fluidized-bed reac- 
tors should consider various reaction pathways, the problem of "smoke" (fines) 
formation, the suppression of "smoke" formation and its capture by large parti- 
cles. We approach these problems on two levels. First, we attempt to identify 
a plausible description of the key chemical and physical rate determining steps 
in reaction pathways from silane to silicon. Then we address the question of 
flow and gas-solid contacting in fluidized-beds,and develop a model for the 
reactor. We treat here only batch growth of solids because data are readily 
available only for this model of operation. 

Reaction Pathways from Sflane to Solid Silicon 

The mechanism of silane pyrolysis is not completely understood [I]. Active 



work is in progress in addressing this question [9,lO], We do not know for 
certain which intermediate species is the first to nucleate. Based on the 
current understanding of the system we arrive at the picture presented in 
Figure 1 for the various pathways from silane to silicon. We assign the rate 
of the rate limiting step to each pathway. In doing so we have assumed that 
silane can decompose by two independent pathways. One is the homogeneous de- 
composition (pathway 3) into a gaseous precursor that can nucleate a new solid 
phase of silicon. We use the form reported by Hogness et. al. [ll] with the 
variations suggested by either Purnell and Walsh [12] or O'Neal and Ring [13] 
to describe it. The other route for silane decomposition is the heterogeneous 
chemical vapor decompostion (CVD) of silane on the existing silicon seed parti- 
cles (pathway 1) or on the formed nuclei (pathway 2). For this rate we use the 
first-order form reported by Iya et. al. [14]. It can readily be shown that in 
fluidized beds, due to rapid particle-gas transfer, CVD would control the 
growth rate of large particles rather than mass transfer. Since the molecular 
bombardment rate of small particles (fines) is larger than the CVD rate at the 
temperature of interest (500 to 750°C) then CVD also controls the silane loss 
to fines (pathway 2). 

The intermediate which leads to the nucleation of the new phase is assumed 
to be the silicon vapor. The concentration of this intermediate formed by 
homogeneous pathway 3 is always very small. By pathway 4 nucleation of criti- 
cal size nuclei, r*, occurs whenever supersaturation S = 1 is exceeded. The 
concentration of silicon vapor can be suppressed by diffusion and condensation 
on large particles (pathway 6) and by molecular bombardment of fines (pathway 
5). We assume here that nucleation occurs by the homogeneous nucleation theory 
[15]. The molecular bombardment rate of small particles (pathway 5) is calcu- 
lated by the classical expression of kinetic theory [16] while the diffusion 
rate to large particles (pathway 6) is readily obtained from film theory of 
mass transfer [16]. This concludes the descziption of those pathways in Figure 
1 that include gaseous and solid~species. The rate forms used are indicated on 
the figure. 

Po~ulation Balance for Fines 

In order to describe the size of fines and the ability of large particles 
to scavenge them, we need a population balance for fines. We define nv(v)dv to 
be the number of fines having volumes in the range v to v + dv per unit volume 
of the gas. The population balance, based on a well mixed gas volume,yields 
the following equation: 

9 e a 1 
v-v* 

- nv(v) + [RG(v) nV(v) 1 = 7 1 vk 6 v -  nv(v-?) nv(?) di 
v~ 

The LHS terms of Eq. (1) are the elutriation rate and growth rate into size 
range by CVD of silane and molecular bombardment of Si vapor. The RHS terms are 
growth rate into size range by coagulation of fines, rate of loss in size range 
by coagulation, rate of Loss in size range by scavenging by large particles 
(seeds) and the nucleation rate of the critical size. The pseudo-state approxi- 
mation is used here since we are interested in observing the system at the time 



1 )  CVD growth on seed particl - 2.79 x lo8 exp (-19530/T) CSIH4 

(2) CVD growth on fines Heterogeneous decomposition 

(3) Homogeneous silane decomposition rHD = 2 x 1013 exp (-26,000lT) CsU4 
112 4 nr*?hA 

(4) Homogeneous nucleation rHN = (NA (T 2irm) e x  - 3RgT ) csift2 

(5) Molecular bombardment of fine si rDF " b (Csi-Csi0) 

(6) Diffusion to growing seeds  DL (29sD/dpL) (Csi-Csi0) 

(7) Coagulation and coalescence of f ines -- eq. (4) 

(8) Scavenging by seed particles on fines-eq. (10) 

( 9 )  Attrition of large particles (not included) 

Figure 1. Schematic of Various Pathways for Conversion of 
Silane to Silicon. 



scale for growth of large particles which is very long compared to other time scales. 

It should be kept in mind that we are not interested in a precise descrip- 
tion of the size distribution of fines. We mainly need to establish if their 
formation can be suppressed and if not, what their mean size might be, We, 
therefore, solve the population balance approximately by using the method of 
moments. We define: 

00 

Mo = 1 n (v)dv = (total number of particles per unit 
v* v volume of gas) 

a3 

M = .f vn (v)dv = (total volume of particles per unit 
1 v* v volume of gas) 

The number average mean volume of fines is then obtained by the ratio of the 
first and zeroth moment 7 = M ~ / M ~ .  In order to reduce eq. (1) to a set of equa- 
tions for the moments we need to make a set of assumptions. These are: 
i) The coagulation coefficient is assumed to be a constant which only depends 

on the average size of fines. This approach is often used in the continuum 
regime where the problem is thus reduced to a Smoluchowski type equation [16,17]. 
We use the same approach for the free molecular regime and take the following 
value of the coagulation coefficient $0 

continuum region 

512 'I6 (z) ;'I6 free molecular regime (2 
p~ 

ii) The scavenging coefficient is assumed to be dependent only on the mean 
size (diameter) of the large ~eed~particles and of the fines. Following the 
work of Doganoglu et. al. [18] and Peters et. al. [I91 we represent the scaveng- 
ing coefficient of fines by large particles in a fluidized bed by: 

where c,f, umf are bed voidage and superficial - gas velocity at minimum fluidiza- 
tion, a is the scavenging coefficient, dpL is the mean diameter of large parti- 
cles (seeds) and E is the single large particle collection efficiency. It is 
well established [16,17] that single body collection efficiency can be approxi- 
mately represented as a sum of efficiency for impaction, interception, diffusion, 
and diffusion with interception. The diffusional mechanism dominates under the 
conditions prevailing in a fluidized bed reactor and 

where Pe = apL umf/D and D = kT/3~ru zPF. The mean particle diameter for small 
and large particles is estimated. 
iii) The growth rate of fines, which is due to the combined effect of CVD 
growth from silane and molecular bombardment of gaseous silicon, is assumed to 
be given as a function of the average size of fines, i.e. - 



where 0 = (FfSi/ Qs P Si) (4 32/3 (rHT + rDF) . 
With the above three assumptions the population balance, eq. (I), is 

reduced to the following two equations for the moments: 

The scavenging rate of fines by large particles is now given by: 

v v Si = - L max J F max m vF a(vL,vF)nL (vL) nF (vF) dvLdvF (10) Sca N~ v v 
L min F min 

with the scavenging coefficient a given by eq. (5). 

This completes the description of various pathways of Figure 1, namely 
pathway 7, by which a population of fines with a certain average size is estab- 
lished, and of pathway 8 for scavenging (filtering) of fines by large particles. 

Backmixed Reactor (CSTR) Model 

The hydrodynamics of a fluidized bed and gas-particle contacting are com- 
plex and not entirely understood. It is useful, however, to develop models that 
characterize the limiting behavior of the system which can only be approached in 
practice. Here we deal with the competitive homogeneous and heterogeneous reac- 
tion. Intimate gas-solid contacting, high solids to gas ratio and no gas by- 
passing will favor the heterogeneous route. Homogeneous nucleation is to be 
prevented compared to CVD growth and diffusion of Si vapor. The former can be 
regarded as a reaction of high order and, hence, will be suppressed the most by 
complete micromixing such as found in an ideal CSTR. Therefore, both suppres- 
sion of homogeneous decomposition and of homogeneous nucleation will be favored 
in a CSTR, i.e. in an ideally backmixed reactor. This situation can be ap- 
proached in fluidized beds when bubble formation is suppressed while good solids 
mixing is maintained. 

We formulated the CSTR model based on the following assumptions: i) no 
wall deposition, i.e. negligible wall to particles area, ii) no temperature 
gradients between the gas and particles, iii) uniform composition and tempera- 
ture in the reactor. In addition, for the results presented in this paper, we 
assumed that all seed particles have the same initial size and grow at the same 
rate. 

The equations to be solved are: 
i) The mass balance on silane: 



ii) The mass balance on silicon vapor: 

iii) The balance on fines given by eqs. (8-9): 
iv) The energy balance which can be shown to readily simplify to the follow- 
ing equation for temperature: 

v) The growth rate of large seed particles 

The total surface area of large and small particles ATL, ATF9 respectively, are 
estimated from their average size. 

A computer program was developed for solution of eqs. (11-14) and eqs. (8- 
9). In addition to the quantities already discussed many parameters of the 
fluidized bed such as bed height at minimum fluidization, the elutriation con- 
stant, heat transfer coefficients, etc. are estimated from the literature [7,20, 
211. It should be noted that the distributor must be cooled to keep its temp- 
erature below 350" to prevent silane CVD in the nozzles. When the distributor 
and wall temperatures are known bed temperature is given by eq. (13). When bed 
temperature is known eq. (13) is bypassed in the program. 

The required input variables for the CSTR model are bed diameter, initial 
weight of solids, initial size of solids, gas flow rate, inlet gas temperature, 
inlet gas composition and pressure. Equations (8-9), (11) and (12) are solved 
for the initial seed size and the RHS of eq. (14) is then evaluated. The pro- 
cess is repeated for various selected values of seed size. This generates the 
set of pairs of values of RL vs dRL/dt which is numerically integrated to estab- 
lish the relationship between time and particle (seed) radius. It should be 
noted that the CSTR as presented here has no adjustable parameters. Given the 
input quantities, the rate forms and transport properties are calculated by the 
appropriate subroutines and reactor performance is predicted, e. the growth 
rate of seeds, amounts of fines elutriated and silane conversion are calculated. 

The fraction of silane that ended in the form of free fines, Ff, is calcu- 
lated at each set of conditions from 

rowth rate of large particles = - 
F f = P g  A~~ (rHT+r~~)M~iCm~ca 

total rate of silane deposition +A r +VrHD)MSi (15) (*TL"HT TF HT 



A large diameter fluidized bed of silicon particles operated at three to 
ten times the minimum fluidization velocity will behave like a bubbling bed 
provided bed diameeer is large enough. However, since the information regard- 
ing the kinetics of the system under study is not very refined, a sophisticated 
bubbling bed model is not necessary. Only the key features of the bubbling bed 
need to be incorporated in the model. These are the existence of three dis- 
tinct regions: the grid region, emulsion region (including the cloud) and the 
bubble region. We assume that in beds of large particles jets form in the grid 
region. We assume gas to be in plug flow in the jets, and jet penetration 
height is calculated from the Yang and Keairns' [22] formulas. When jets break 
up, gas is assumed to pass through the emulsion phase at minimum fluidization 
velocity. There are no gradients between gas and particles in the emulsion 
phase which is assumed well mixed. The excess gas, u-umf, forms bubbles which 
rise in plug flow. Average bubble diameter, average bubble volume fraction, 
bubble rise velocity, etc. are calcualted from the available correlations. The 
overall mass and heat transfer coefficients between bubbles and emulsion are 
evaluated based on the approach suggested by Kunii and Levenspiel 171. The 
mass and heat transfer exchange coefficients between jets and emulsion are cal- 
culated as a multiple of bubble-emulsion exchange coefficients as suggested by 
Weimer and Clough [23]. This multiplicative factor fjb defined by 

is the only adjustable parameter for the bubbling bed model. It is also 
assumed that no large particles are present in the jets and bubbles. 

The schematic of the bubbling bed model is shown in Figure 2. The various 
pathways described in Figure 1 can take place now in each of the three regions: 
jets, bubbles and emulsion. In addition, one must account for the interchange 
between the various regions. The equations for the mass balance on silane, 
silicon vapor and fines and for the energy balance in each of the three regions 
are lengthy and will be omitted here but are given elsewhere [24]. 

The input parameters besides those required by the CSTR model include the 
specification of the distributor, e. number or orifice holes, hole diameter, 
etc. The details of the computer algorithm are reported elsewhere [24]. Given 
all input parameters the program calculates silane conversion,fraction of 
silane in form of fines and growth rate of large particles. Repeated calcula- 
tions at various particle sizes lead to desired time on stream-particle size 
relationship. 

RESULTS AND DISCUSSION 

Model predicted results are compared with two JPL experimental runs in 
Table 1. Both models predict reasonably well the production rate and final 
particle size. However, model discrimination is impossible because the experi- 
mental runs were of insufficient duration so that the actual final particle 
size could not be determined accurately. This also leads to problems in the 
mass balance for the experimental runs and slight discrepancies in reported 
production rates and final particle size. 



(1) CVD Growth on seed particles (6) Molecular bombardment of 
(2) CVD growth on fines Si vapor to fines 
(3) Homogeneous SiH4 decomposition (7) Coagulation of fines 
(4) Homogeneous nucleation (8) Scavenging of fines by seed particles 
(5) Brownian diffusion of Sf Vapor 

dnto seed particlee 

Figure 2. Schematic of the ~luidized Bubbling Bed Rqactor (FBBR) 
Model for Silane Pyrolysis, 



Table 1. Comparison of the CSTR and PBBR Model Predictions and Experimental 
Results for Two J P E  Runs 

Weight Silane Feed Conc. Bed temp. Total gas Duration 
P 

(Kg) (pm) 
flow rate (min) 
(moleslmin) 

PRODUCT COMPARISON 

Experimental Data Model Predicted (CSTR) Model Predicted (FBBR) 

2 
- - 

Production rate Production rate d Production rate d 
P (Kglhr) P 

(urn) (pm) 
(pm) 

Reactor Specifications: Bed diameter 15.4 cm (6.065" I.D.); Number of orifice 
holes in distributor: 4,500. 

Orifice area: 0.02 cm2; Distributor temperature: 200°C; Entering 
gas temperature: 200°C. 

In order to illustrate the dominant pathways in silane conversion to sili- 
con the modeling results for the,two runs of Table 1 are presented schematically 
in Figure 3 for the CSTR model. It is clear that in an ideal CSTR gas-solid 
contacting is very efficient, micromixing is excellent and homogeneous nuclea- 
tion and fines formation can be effectively suppressed. For example even at 
80% SiH4 in the feed (Figure 3b) 84% of decomposed silane (2.82 kg/h) reacts 
by CVD on the growing seed particles, 15% (0.49 kg/h) decomposes homogeneously 
and 1% (0.035 kg/h) reacts by CVD on the fines. Silane conversion is over 99%. 
The Si vapor is formed at a rate of 0.49 kg/h, but 752 of it (0.36 kg/h) is 
effectively scavenged by diffusion to and condensation on seed particles, while 
only 25% (0.12 kg/h) contributes to the mass generation of fines. The nuclea- 
tion rate is kept at a very low level of 4 x kg/h. The nucleated fines 
gain 78% of their mass (0.12 kg/h) by molecular bombardment of silicon vapor 
and 22% (0.035 kg/h) by CVD of silane on fines. Most importantly due to 
excellent contacting 70% (0.11 kg/h) of the fines formed are scavenged by large 
particles and only 30% (0.04 kg/h) are elutriated. This means that in an ideal 
CSTR at 650°C bed temperature and at a high production rate of 3.3 kg/h only 
1.5% of silane would end in the undesirable form of fines at the reactor exit 
even at 80% SiH4 in the feed. 

Figure 4 illustrates the FBBR model predictions for the JPL run listed as 
example 1 in Table 1 at 20% SiH4 in the feed. The values computed in Figure 4 
are based on the assumption that the exchange between jets and emulsion is fifty 
times faster than between bubbles and emulsion, - i.e. fjb = 50. Homogeneous 
decomposition is favored over CVD on seeds in the jet region due to poor gas- 
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Figure 3.a. Net growth r a t e :  1.00 (kglh) 
Backmixed (CSTR) Reactor: 20% SIH4 i n  t h e  Feed 

Figure 3b. Net growth r a t e :  3.30 (kg/h) 
Backmixed (CSTR) Reactor: 80% SiH4 i n  the  Feed 

Figure 3. Rates of Various Pathways f o r  S i l ane  Decomposition 

a s  Calculated by the  CSTR Modei f o r  Bed Temperature 

of 650°C 
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3b.  80% SiH4 i n  the  feed 
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Figure 4. Rates of Various Pathways for Silane Decomposition as 

Calculated by the FBBR Model (Run 1, Te = 650°C, 

f j b  = 50). 



solid contacting in spite of the high exchange coefficients. Most of the 
homogeneous nucleation takes place in the jets (grid region) (2.6 x 10-5 kg/h) 
followed up by nucleation in the bubbles (2-5 x kg/h) while little 
occurs in the emulsion phase (3.2 x kg/h) . The fines gain the most mass 
in the bubbles at a rate of 0.11 kg/h, followed by the grid region with the 
rate of 0.010 kg/h and the emulsion region with the rate of 0.0059 kg/h. 
Bubbles are the main culprit in formation of fines since 88% of the mass of 
fines is generated there. The predicted fraction of silane that is 
elutriated as silicon fines is 8.1% which exceeds the experimental value of 
3%. However, in the run of such short duration the mass balance is difficult 
to close and it is questionable whether all the fines have been detected in 
the experimental run. There are reasons to believe that actual elutriation 
rate of fines is higher than reported values. 

The comparison of CSTR and FBBR (fjb = 50) predictions for deposition 
rate with 20% SiH4 in the feed and as a function of bed temperature and gas 
flow rate is illustrated in Figure 5. At low bed temperatures and at low 
gas flow rate (i.e. close to minimum fluidization conditions) CSTR and FBBR 
predictions are close. While mathematically this is to be expected, it is 
doutbful that CSTR behavior can be achieved in practice since solids circu- 
lation would not be vigorous enough at close to minimum fluidization con- 
ditions. It is clear that the CSTR model gives an upper bound on deposition 
rate as argued earlier. At higher temperatures FBBR predictions can deviate 
significantly from CSTR behavior due to increased production of fines. This 
is to be expected for two reasons. The homogeneous decomposition has a 
higher activation energy than the CVD reaction and is favored at higher 
temperatures. At the same time bubble expansion is more drastic at higher 
temperatures and the gas bypassing problem is aggravated. . 

A limited parametric sensitivity study of the model was performed. The 
changes in deposition rate, silahe conversion and formation of fines were 
determined as a function of the following quantities: (i) the kinetic form 
for homogeneous decomposition [11,12,13], (ii) the jet-emulsion exchange co- 
efficient, - i.e. variation in f.b values, (iii) grid design, (iv) method of 
treatment of the population balance. It was shown [24] that the variations in 
the kinetic forms and method of treatment of the population balance for fines 
have a limited effect on production rate and fines elutriation. The model is, 
however, most sensitive to the jet-emulsion exchange coefficient. Table 2 
illustrates that an increase in the jet-emulsion exchange coefficient in the 
limit leads to CSTR behavior. Unfortunately, there is no reliable model for the 
grid region based on which the exchange coefficients could be tied initimately to 
grid design. Therefore, two different assumptions are made in order to 
estimate the effects of grid design on reactor performance. In the first 
case, it is assumed that jet emulsion exchange is governed mainly by bed 
dynamics which is primarily affected by bed diameter, height and total gas 
flow. the ratio of jet-emulsion and bubble-emulsion exchange was set a 
f.b = 50 for all grids. The effect of grid design is illustrated in Table 3. 
clearly, silane overall conversion is hardly affected by grid design. Higher 
deposition rates (and lower formation and elutriation of fines) are obtained 
at lower jet velocities. Higher jet penetration at the same gas velocity 
also favors improved deposition rate. Yang and Keairns 221 indicate that 
the jet penetration length is proportional to dO0e8u o 0-3L where do is orifice 



CSTR Model Prediction 

FBBR Model Prediction (fjb = 50.0) 

(3.94 moles/min) 

800 820 640 660 680 700 720 740 7650 780 800 

Figure 5. Comparison of CSTR and FBBR Model Predictions for 

Deposition Rate (Run 1). 



Table 2,__ Comparison of the FBBR Model at Different Levels of Jet-Emulsion 
Exchange and the CSTR Model (Conditions of Run I, TableL,) 

FBBR CSTR 

Silane Conversion (%) 99.50 99.21 99.15 99.04 
Fines Elutriation (%) 30.9 9.1 1.6 0.0 
Deposition Rate (kglh) 0.696 0.922 0.986 1.002 

Table 3. Effect of Grid Design (Constant fjb = 50) 

Grid 1 Grid 2 Grid 3 Grid 4 Grid 5 

Jetting height(cm) 0.35 0.83 1.97 2.12 2.29 
Jetting velocity 

(cm/s) 10.1-29.5 101-256 1014-1680 101-284 10.1-34.3 
Silane Conversion 

(2) 99.2 99.5 99.7 99.3 99.3 
Fines Elutriation 

(2) 8.1 30.7 47.8 21.0 0.9 
Deposition Rate 

(kg/h) 0.92 0.70 0.53 0.79 1.00 

diameter and uo is the velocity at the orifice. At fixed total gas flow rate 
it can then be shown that the gas residence time in the jetting region is 
proportional to ~ ~ ~ . ~ ~ d ~ ~ * ~ ~  = N ~ ~ . ~ ~ A ~ ~  where Nt is the total number of 
orifice holes and Aro is the surface area of an individual orifice. Last 
row of Table 3 gives the value of this group for each grid. It is apparent that 
deposition rate correlates at least qualitatively with the residence time in 
the jetting region. 

On the other hand one can assume that the jet-emulsion exchange is 
dominated by the grid hydrodynamics and that fjb increases proportionately 
with jet velocity. The deposition rate for grids 2, 3 and 4 which now have 
fjb = 150, 450, 150, respectively, is increased compared to values in Table 
3, but not sufficiently to approach the superior performance of grid 5. 
However, grid 4 would yield now a deposition rate of 0.97 (kg/h) and fines 
elutriation of 3.1% which is better than the grid 1 performance. This in- 
dicates, as expected, that N ~ ~ . ~ ~ ~ A ~ ~  is not the only measure of grid 
performance. The exchange coefficient is another key variable. Its a priori 
predictions at present are not possible. Grid 5 design is also unrealistic. 

The above results indicate the importance of grid design and gas-solids 
contacting in the grid region on reactor performance. Good jet penetration, 
high gas residence time in the jetting region and excellent jet-emulsion 



exchange are necessary for suppression of formation of fines. The current 
models for the grid region are insufficient to fully quantify reactor per- 
formance and can benefit from further improvements. It should be noted that 
the current FBBR model is capable of predicting temperature gradients in the 
grid region and that such gradients have been observed experimentally. 

CONCLUSIONS 

An ideal backmixed reactor model (CSTR) and a fluidized-bed bubbling 
reactor model (FBBR) have been developed for silane pyrolysis. Silane decom- 
position is assumed to occur via two pathways: homogeneous decomposition and 
heterogeneous CVD. Both models account for homogeneous and heterogeneous 
silane decomposition, homogeneous nucleation, coagulation and growth by 
diffusion of fines, scavenging of fines by large particles, elutriation of 
fines and CVD growth of large seed particles. At present the models do not 
account for attrition. 

The preliminary comparison of model predictions with JPL experimental 
results shows reasonable agreement. The CSTR model with no adjustable para- 
meter yields a lower bound on fines formed and upper estimate on production 
rate. The FBBR model overpredicts the formation of fines but could be 
matched to experimental data by adjusting the unknown jet-emulsion exchange 
coefficients. In the limit of low gas flow-rate and large exchange co- 
efficients the FBBR model is reduced to the CSTR model provided the jet region 
becomes negligibly small. 

The models indicate clearly that in order to suppress formation of fines 
(smoke) one must achieve good gas-solid contacting in the grid region and 
eliminate or suppress the formation of bubbles. 
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NOMENCLATURE 

- area of the distributor excluding orifice holes, cm2 
- total surface area of fines in the reactor, cm2 
- total surface area of seed particles in the reactor, cm2 
- area of vessel wall, cm2 
- concentration of SiH4, mol/cm3 
- concentration of SiH4 in the feed £as and in the backmixed 
reactor, respectively, mol/cm3 

- concentration of Si vapor, mol/cm3 
- equilibrium Si vapor concentration, mol/cm3 
- the supersaturated concentration of silicon in the gas phase 
from homogeneous deeomposit ion, mol/cm3 

- diameter of seed particle, cm 



- average diameter of seed particles and fines, respectively, cm 
- particle diffusion coefficient , cm2/s 
- single seed particle collection efficiency, E q ,  (13) 
- ratio relating jetting-emulsion intercharge to bubble-emulsion 

interchange 
- fraction of silane decomposed into fines 
- heat transfer coefficient between bed and distributor, 
J / C ~ ~ S K  

- heat transfer coefficient between bed and surface, ~ / c m ~ s ~  
- Boltzman constant, 1.38066 x J/molecule K 
- interchange coefficient between jets and emulsion per unit 
volume of jets, s-I 

- interchange coefficient between bubbles and emulsion phase 
based on volume of bubbles, s-I 

- mass of molecule, g/molecule 
- total amount of fines captured by seed particles, g/s 
- total number of particles per unit volume of gas, cm-3 
- total volume of particles per unit volume of gas, cm3/cm3 
- molecular weight of silicon, g/mol 
- size distribution density function of fines per unit volume 
of fluid, ~ m + ~ c m + ~  

- Avogadro's number, 6.02 x molecules/mol 
- total number of seed particles in the reactor 
- Peclet number 
- partial pressure of Si vapor, atm 
- equilibrium Si vapor pressure, atm 
- volumetric flow rate of gas in the backmixed reactor, cm2/s 
- inlet volumetric flow rate of gas, cm3/s 
- radius of the critical nucleus, cm 
- rate of molecular bombardment of Si vapor on fines, 
mo 1 / cm2s 

- rate of molecular diffusion of Si vapor to seed particles, 
mo 1 / cm2s 

- rate of homogeneous decomposition of SiH4, mol/cm3s 
- rate of homogeneous nucleation, mol/cm3s 
- rate of heterogeneous CVD of SiH4, mol/cm2s 
- gas constant, 8.31441 J/mol K . 
- radius of seed particles, cm 
- rate of fine particle growth from heterogeneous CVD growth 
and Si molecular bombardment, cm3/s 

- supersaturation ratio, pSi/pii 
- time scale, s 
- temperature of the interstitial gas, K 
- temperature of distributor, K 
- temperature of vessel wall, K 
- superficial fluid velocity at minimum fluidizing conditions, 
cm/ s 

- volume of fine particles, cm3 
- volume of seed particles, cm3 
- critical volume of fine generated from homogeneous nucleation, 
cm3 

- total volume of interstitial gas, cm3 



Greek SvmboLs 

ac - condensation coefficient 
a (v,vL) - - scavenging coefficient , s'l 
f3 (v,~) , Bo - coagulation coefficient, cm3/s 
6 (v-v*) - Delta function, cm-3 
&mf - void fraction in a bed at minimum fluidizing conditions 
1-1 - viscosity of gas, g/cm s 
psi - density of silicon, g/cm3 
0 - - rate constant of fine particle growth, cm/s 
0 - specific surf ace free energy, ~ / c m ~  

4) s - sphericity of a particle 
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DISCUSSION 

LORD: Nave you Looked a t  %he characteristics s f  an i d e a l  g r i d  design fss 
suppressing fines? 

LORD: Can you give any indications of the direction which you should go, 
based on your model? 

DUDUKOVIC: Well, I am hesitant to speculate on that, because grid design was 
not part of my expertise when we started on this project. Now, after we 
have finished the study, we are convinced that it has a determining 
effect. First, we would like to crystallize our ideas as to how we should 
do an experimental study. Since it is very difficult for us to run a 
silicon system, we would use a mock system to determine the exchange 
coefficiencies and then, when we are sure that we are on the right path, 
we could go further. 

FLAGAN: Is it true that you neglected the diffusional resistance between the 
gas and the large particles that were growing? 

DUDUKOVIC: That is correct. The diffusional resistance is small compared to 
the chemical vapor deposition growth rate, and so the major resistance 
(i.e., the rate limiting step) is growth by chemical vapor deposition. 

FLAGAN: Is that true throughout the entire range of conditions that you've 
looked at? 

DUDUKOVIC: It seems that way. 
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INTRODUCTION 

The production of bulk solar-grade silicon by homogeneous 
gas-phase pyrolysis of silane has been the subject of a number of 
investigations, beginning with work at Union Carbide Corporation 
(1) and at the Jet Propulsion Laboratory.(Z) While very high 
efficiencies of conversion of silane to silicon were achieved in 
those early studies, the silicon powder generated consisted of 
low density agglomerates of submicron particles. This powder was 
difficult to collect and melt. Moreover, the product purity was 
inadequate for the intended use. 

In 1980, a study of the factors limiting particle growth in 
the so-called free space reactor was undertaken. This work has 
led to an improved understanding of the fundamental processes 
involved in the formation of low vapor pressure particles by gas 
phase chemical reactions, and, as a result of this understanding, 
to the development of a new type of aerosol reactor for the 
processing of high purity materials. The focus of recent work 
under this program has been on elucidating the operating regimes 
in which particles can ,be grown to large enough size to 
facilitate separation of the product from the gas. In this paper 
we summarize the major developments of this program. 

LIMITATIONS OF THE FREE SPACE REACTOR 

The Union Carbide reactor was called a "free space" reactor 
because the silane decomposition reactions are carried out in the 
volume of the reactor rather than on a substrate as in the 
coliventional Siemens process for producing polycrystalline 
silicon. The choice of silane as a reactant rather than a 
chlorosilane allows complete conversion of the silane to silicon 
in a single pass through the reactor. 

The reaction kinetics of silane pyrolysis are not completely 
understood. The initial steps in the reaction sequence are 
thought to be the reactions first hypothesized by Purnell and 
Walsh ( 3 ) ,  i.e., 
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The rate of silane disappearance of silane was found to be 

Ring and coworkers ( 4 )  suggest that these experiments were in the 
pressure fall-off regime sf the dissociation reac t ion ,  
Since the free-space reactor experiments have been conducted at 
atmospheric pressure, the kinetic expression of PurnelP and Walsh 
provide a reasonable approximation to the rate of silane 
disappearance. The subsevent reactions leading to the 
production of condensible products are not understood. From the 
large activation energy of the initial pyrolysis reaction, it 
appears reasonable to assume that this is the rate limiting step 
in the fomatisn of silicon by silane pyrolysis. 

To achieve complete conversion of silane to silicon in a 
reactor of reasonable size, the Union Carbide reactor was 
operated at a temperature of about 1200 K. At this temperature, 
the characteristic time for the silane pyrolysis reaction on the 
order of microseconds, so the pyrolysis should be complete as 
soon as the reactant is heated. Assuming that vapor phase 
silicon is produced in this mechanism, this rapid reaction would 
lead to extremely high levels of supersaturation and, 
consequently, the homogeneous nucleation of large numbers of very 
small particles. With condensation taking place quickly, the 
only mechanism by which these nuclei can grow is by coagulation. 
Assuming residence times on the order of several seconds, 
particle gro&h by Brownian coagulation is limited to the 
production of particles smaller khan one micron in diameter. 
Enhancement of the coaplation rate by turbulence is difficult 
because of the large drag to inertia ratio of these small 
particles. Thus, the free-space reactor is limited to the 
production of a powder comprised sf submicron particles. 

THE AEROSOL REACTOR 

These results suggest imediately an alternate approach to 
the growth of large particles by direct gas phase chemical 
reactions in a flow reactor, It is clear that the growth of 
particles to supermicron sizes by coacylation is not feasible in 
reasonable residence times. If, however, a small number of 
particles could be grom by vapor deposition it should be 
possible to produce the desired large particles within a 
residence time sf a few seconds, The size to which this small 
number of particles could be grown is determined by a simple mass 
balance, Assuming all particles grow to the same size, the 
volume of the final particle is simply the total volume of 
condensed phase products of gas phase reactions divided by the 
number af particle on which these products are deposited. 

The problem with this approach is that the products of the 
sibane pyrolysis reactions nucleate readily due to their low 
vapor eqilibrium vapor pressures, 1 6  such nucleation takes 
place, large n u d e r s  of small particles are again generated and 



the growth of the initial particles t o  the desired s i z e  is 
prevented, There exists a limiting ra te  of production of 
condensible spec ies  below which nuclea t ion  is suppressed and 
above which s i g n i f i c a n t  new p a r t i c l e  Somat ion occurs. This  rate 
is de t emined  by t h e  ra te  at which t h e  products of react ion 
d i f f u s e  t o  t h e  su r f ace s  of t h e  growing particles. I f  that 
d i f f u s i o n  is s u f f i c i e n t l y  f a s t ,  t h e  condensible spec ies  a r e  not  
allowed t o  accumulate t o  t h e  po in t  t h a t  nuclea t ion  is inev i t ab l e .  

The procedure f o r  t h e  growLh of l a r g e  r e f r a c t o q  p a r t i c l e s  
i n  an aerosol  r eac to r  is, therefore :  

(1) Generate seed p a r t i c l e s  by some means such a s  t h e  
homogeneous nuclea t ion  of t h e  products  of r eac t i on  of a  
small  amount of t h e  precursor  gas.  

( 2 )  Di lu te  t h e  seed p a r t i c l e s  with s u f f i c i e n t  precursor  
t o  allow them t o  be grown t o  t h e  des i red  volume by 
vapor deposi t ion.  

( 3 )  React t h e  precursor  a t  a  r a t e  t h a t  is, a t  a l l  
times, kept  slow enough t h a t  t h e  d i f fu s ion  of r eac t i on  
products t o  t h e  seed p a r t i c l e s  keeps s i g n i f i c a n t  
supersa tu ra t ion  from developing. 

To determine t h e  l i m i t i n g  reac t ion  r a t e ,  it is necessary t o  
understand t h e  process of homogeneous nuclea t ion  i n  t h e  presence 
of growing aerosol  p a r t i c l e s .  The c l a s s i c a l  theory  of 
homogeneous nuclea t ion(5)  t r e a t s  t h e  formation of p a r t i c l e s  i n  a  
homogeneous system. Vapor d i f fu s ion  t o  growing p a r t i c l e s  c r e a t e s  
l oca l i z ed  inhomogeneities around t h e  p a r t i c l e s .  The dep le t ion  of 
vapor i n  t he se  regions suppresses nuclea t ion  l oca l l y .  I f  t h e  
number concentrat ion is s u f f i c i e n t l y  high r e l a t i v e  t o  t h e  r a t e  a t  
m i c h  condensible spec ies  a r e  generated, nuclea t ion  can be 
supressed. This probiem has been examined t h e o r e t i c a l l y ,  
beginning with t h e  use  of an a r t i f i c i a l  cons t ruc t ,  t h e  "clearance 
volumew which is a  measure of t h e  a b i l i t y  of an i s o l a t e d  p a r t i c l e  
t o  i n h i b i t  nucleat ion b u t  which is not  r igorously  v a l i d  i n  t h e  
l i m i t  of complete supression of nuclea t ion . (6 ,7)  W e  have 
recen t ly  developed a  Meell model1@ which is more r igorously  
appl icable  Lo t h e  problem a t  hand, t h e  complete supression s f  
nucleat ion,  (8 )  

These models of t h e  inf luence  of growing aerosol  p a r t i c l e s  
on t h e  r a t e  of homogeneous nucleat ion a r e  based on t h e  c l a s s i c a l  
theory of homogeneous nucleat ion.  The low vapor pressures  of t h e  

, r e a c t i o n  products with which w e  a r e  dea l ing  make important 
assumptions of t h e  c l a s s i c a l  theory quest ionable,  notably t h e  
assumption t h a t  a quasi-s teady-state  population of molecular 
c l u s t e r s  is es tab l i shed  before t h e  onset  of s i g n i f i c a n t  
nuelea t ion* According t o  t h e  c l a s s i c a l  theory,  t h e  smal les t  
thermodynamically s t a b l e  c l u s t e r  s i z e  has diameter d* , where 



and a is the surface tensiesn, y, i s  the mo%ecubar volume, and 6 
is the saturation ratio, For silicon in the silane pyrolysis 
aerosol reactor, we estimate that the number of molecules in the 
critical cluser, g , is less than 18. At this small size the use 
sf the surface tension of the bulk material is clearly 
questionable. Moreover, an examination of the kinetics of 
nucleation indicates that the assumption sf a quasi-steady 
cluster distribution is inappropriate. We have, therefore, 
recently developed a kinetic model to describe more accurately 
the nucleation process in the aerosol reactor. 

REACTOR DESIGN M D  EVALUATION 

'P19o aerosol reactor systems have been constructed in our 
efforts to grow large silicon particles by silane pyrolysis and 
to understand the fundamental processes that limit aerosol 
reactor operation. The first reactor consisted of two stages: 
(i) a seed generator in which a small amount of silane was 
pyrolyzed to generate seed particles by homogeneous nucleation; 
and (ii) a growth reactor in which the seed particles were grom 
by rate-controlled silane pyrolysis, This system is illustrated 
in Figure 1. To achieve acceptable velocities and residence 
times with the small amounts of silane used in these experiments, 
nitrogen was added to the flows as a diluent. 

Between the two reactor stages, the primary silane flow was 
added to the seed aerosol and thoroughly mixed using a series of 
static mixers, Very efficient mixing is essential to the 
operation of the aerosol reactor since small inhomogeneities 
could allow nucleation to occur in localized regions of the 
growth reactor and interfere with particle growth. The growth 
reactor cosisted of a 9 mm i .d .  wartz tube that was heated in 
five separately controlled zones, The temperature was increased 
along the length of the reactor by control of the separate 
heating zones, providing a temperature profile of 

The low initial temperature allowed for slow particle growth 
until the particles reached a size such that they became 
efficient vapor scavengers and could suppress nucleation at 
higher reaction rates, The high temperatures at the end of the 
process assured complete decomposition of the silane, 

The silicon aerosols produced in these experiments were 
characterized using an electrical aerosol analyzer to determine 
the size distribution 0% submicron particles, TSI Model 3030, a 
condensati~n nuclei counter to detemine the total number 
concen t ra t ion ,  Environment One, and optical particle counters  to 



deternine the size distribution sf particles I n  the Qe15 to 6 
micron range, Rsyco Model 226, and in the 0,s to 40 micron range, 
Particle Measurement Systems cPassicaP scattering probe, With 
these inst ents it was shorn that 0.1 micron seed parkicles 
could be grom to mass median diameters on the order of 6 to 18 
microns, (8) as illustrated in Fig. 2. 

To gain better control over the seed conditions in studies 
designed to elucidate the operating domain over which seed 
particles can be successfully grown, and to resolve questions 
about the density of the product particles, the larger three- 
stage reactor shom in Figure 3 was constructed. As in the 
original reactor, seed particles are generated in the first stage 
by homogeneous nucleation of the reaction products from the 
pyrolysis of a small amount of silane. The second stage is used 
to increase the size of the seed particles up to 2 microns. It 
consists of a 10 mm i.d., 350 mm long quartz tube that is heated 
in four separately controlled zones. The temperature is ramped 
along the length of this reactor to accelerate the reaction as 
the seed particles grow as in the original growth stage. The 
third stage grows these enlarged seeds to their final size in a 
12 mm i.d., 850 mm long quartz tube. This reactor stage is 
heated in 5 separate zones. The first three zones are 50 mm long 
and are separated by 10 mm insulation to facilitate precise 
temperature control. These are followed by zones of 300 and 150 
mm length that are heated by Lindbar silicon carbide heating 
elements. These heaters allow high temperature operation toward 
the end of the residence time in the reactor, making it possible 
to hear the aerosol to the melting point of silicon (1685 R) so 
the volume of silicon contained in individual particles can be 
determined unambiguously. 

EXPERIMENTAL RESULTS 

Several types of experiments have been conducted to 
characterize the reactor. In the following discussion, we focus 
on the behavior of the primary growLh stage of the reactor. The 
first two stages are used merely as a controllable source of seed 
particles. Figure 4 shows typical size distributions of the seed 
aerosol after dilution at the exit of the second stage, after 
passing through the static mixers, e . ,  at the entrance to the 
primary reactor stage, and at the end of the primary reactor 
without silane added for growth. The shift in the size 
distribution as the aerosol passes through the static mixers is 
due primarily to seed particle losses within the mixers (about 10 
percent of the aerosol mass), The seed aerosol passes through 
the growth stage with little change in the size distribution due 
either to diffusional Posses on the reactor wall or to 
coagulation. Thus, changes that occur when silane is added to 
the seed aerosol can be attributed to the results of silane 
decomposition. 

To map the operating domain in which the seed particles 



could be successfully grown to large size, a s e r i e s  of 
emeriments were perfomed w i t h  t h e  temperature p r o f i l e  along t h e  
growth r e a c t o r  wall f ixad  a s  illustrated In  Figure 5 ,  W i t h  t h i s  
temperature p ro f i l e ,  nuclea t ion  could be fully suppressed when 
0,6 I i t e r s /min .  s f  % percent  s i l a n e  i n  n i t rogen  was introduced 
i n t o  t h e  ~ e a c t o r  with 1 micron seed p a r t i c l e s  i n  a concen t ra t ion  
of 2 x 10 p a r t i c l e s / c c .  The s i z e  and number concen t ra t ion  of 
seed p a r t i c l e s  was then  v a r i e d  t o  d e t e r n i n e  t h e  s e n s i t i v i t y  of 
nuc lea t ion  c o n t r o l  t o  t h e  seed ae roso l  c h a r a c t e r i s t i c s  a t  
otherwise cons tan t  r e a c t o r  opera t ing  condi t ions .  

The r e s u l t a n t  opera t ing  map f o r  t h i s  flow r a t e ,  temperature 
p r o f i l e ,  and s i l a n e  concent ra t ion  is shown i n  Fig.  6. Two 
outcomes were p o s s i b l e  i n  t h e s e  experiments: (i) complete 
suppression of  nuclea t ion  i n  which case  t h e  seed p a r t i c l e s  grew 
a s  ind ica ted  by t h e  connected s o l i d  p o i n t s ;  and (ii) runaway 
nuc lea t ion  l ead ing  t o  a  l a r g e  i n c r e a s e  i n  t h e  number 
concent ra t ion  and a  corresponding decrease  i n  t h e  mean p a r t i c l e  
s i z e .  The l a t t e r  experiments a r e  ind ica ted  by open p o i n t s .  
These r e s u l t s  c l e a r l y  demonstrate t h e  sha rp  t r a n s i t i o n  from one 
opera t ing  mode t o  t h e  o the r .  Also shown a r e  t h e o r e t i c a l  
p r e d i c t i o n s  of t h e  separa t ion  between t h e  two opera t ing  modes. 
The s o l i d  l i n e  corresponds t o  t h e  i n c r e a s e  i n  t h e  number 
concent ra t ion  by a f a c t o r  of two. The dashed l i n e  corresponds t o  
t h e  locus  of cond i t ions  t h a t  l ead  t o  one h a l f  of t h e  ae roso l  mass 
appearing a s  f i n e  new p a r t i c l e s .  

A more d i r e c t  i l l u s t r a t i o n  of t h e  onse t  of nuclea t ion  is a 
s e r i e s  of experiments conducted with a f i x e d  temperature p r o f i l e  
and seed a e r o s o l ,  bu t  v a r i a b l e  s i l a n e  concent ra t ion .  F igure  7 
showsd t h e  r e s u l t  of such an experiment wi th  a  seed concent ra t ion  
of 10 /GC,  and a  mean seed p a r t i c l e  s i z e  of 0.7 micron. A s  t h e  
s i l a n e  concent ra t ion  was increased t o  3 percent ,  t h e  number 
concent ra t ion  increased  by l e s s  than  a  f a c t o r  of two. Fur ther  
inc reas ing  t h e  s i l a n e  concent ra t ion  t o  3.5 percent  r e s u l t e d  i n  an 
inc rease  i n  t h e  nu&er concent ra t ion  of f o u r  o rde r s  of magnitude. 

The r e s u l t s  of a s i m i l a r  series of experiments a r e  p l o t t e d  
on a  mass d i s t r i b u t i o n  b a s i s  ( a s  determined form o p t i c a l  s i z i n g  
d a t a )  i n  Fig. 8. The mass median s i z e  inc reases  r a p i d l y  t o  a  
s i l a n e  concent ra t ion  of 3 . 2  percent .  Increas ing  t h e  s i l a n e  
concent ra t ion  beyond 4 . 9  percent  does n o t  apprec iably  enhance t h e  
s i z e  of t h e  p a r t i c l e s  s i n c e  t h e  a d d i t i o n a l  s i l i c o n  i n c r e a s e s  t h e  
s i z e  of  t h e  l a r g e  number of s i l i c o n  n u c l e i  only s l i g h t l y  and does 
no t  c o n t r i b u t e  t o  t h e  growth of t h e  seed p a r t i c l e s .  

A scanning e l e c t r o n  microscope photographs of t h e  p a r t i c l e s  
grown with a low f i n a l  temperature i n  the growth r e a c t o r  is shown 
i n  P ig ,  9, The particbe appears t o  be an agglomerate of 
approximately 0.1 micron spheres ,  The BET surface  area of the 
c o l l e c t e d  powder was found to be 2 0 , 3  r n 2 l v ,  i n d i c a t i n g  t h a t  t h i s  



stmcture is unifom throughout the particle volume, The 
diffusivities of particles of that size are, however, so low that 
the obsewed gro&h of the seed particles and the small increase 
in the nu;raSser concentration cannot be attributed to coagulation 
ef these particles with the seeds. Znstead, the stmcture of the 
particles must reflect the results of partial sintering of a low 
density particle which initially had a much finer structure. 

This sintering can be accelerated by increasing the 
temperature in the final zone of the primary reactor. The 
reactor was designed so that this could be done without 
significantly altering the temperature profile in the upstream 
regions where the silane decomposition and particle growth take 
place. Figure 10 shows the effect of processing the grown 
particles to temperatures of 1523 X and 1673 X. The particles 
have densified appreciably during this heat treatment due to 
sintering. 

Samples of the powders were also examined for crystallinity 
using X-ray diffraction. The spectra for samples treated in the 
reactor to three different temperatures are shown in Fig. 11. 
The material that was heated to no more than 973 K is clearly 
amorphous, but as the final processing temperature is increased 
the material clearly becomes crystalline. 

One important concern with such powders is the possible 
contamination of the large surface area with oxide or, due to the 
nitrogen diluent used in the experiments, nitride layers. 
Infrared absorption spectroscopy was used to look for such 
contamination. Powder samples were collected under nitrogen and 
pressed into KBr pellets' in a glove box under a nitrogen 
atmosphere. No silicon oxide or silicon nitride absorption was 
observed in the infrared spectra. 

CONCLUSIONS 

An aerosol reactor system has been developed in which large 
particles of silicon can be grown by silane pyrolysis. To grow 
particles to sizes larger than one micron, vapor deposition must 
be used to grow a relatively small number of seed particles. To 
maintain that small seed concentration requires that homogeneous 
nucleation be suppressed. This is achieved by limiting the rate 
of gas phase chemical reactions such that the condensible 
products of gas phase chemical reactions diffuse to the surfaces 
of the seed particles as rapidly as they are produced. This 
prevents high degrees of supersaturation and runaway nucleation 
during the growth process. 

The dividing line between runaway nucleation an successful 
grow%h of the seed particles is very sharp. In one experiment, a 
17 percent increase in the silane concentration resulted in an 
increase in the nu-er concentration at the reactor outlet of 4 
orders sf magnitude. Thus, if the reactor is operated near the 



maximum feasible g r o h h  ra te ,  small excursions i n  operating 
cond i t ions  can have c a t a s t r o p h i c  r e s u l t s ,  

I f  t h e  peak temperature i n  the reactor is kept Bow, the 
p a r t i c l e s  have a f i n e  s t m c t u r e ,  appearing to be agglomerates sf 
very small  p a r t i c l e s ,  Calcula t ions  of p a r t i c l e  growth k i n e t i c s  
c l e a r l y  i n d i c a t e  t h a t  t h i s  s t r u c t u r e  is n o t  t h e  r e s u l t  of 
coagula t ion  sf p a r t i c l e s  t h e  s i z e  of t h e  f i n e  stanacture. 
Ins tead ,  t h e  s t r u c t u r e  r e s u l t s  from p a r t i a l  s i n t e r i n g  of 
p a r t i c l e s  t h a t  i n i t i a l l y  had a  w c h  f i n e r  s t r u c t u r e .  Heating t h e  
p a r t i c l e s  t o  h igher  temperatures  f o r  t i m e s  on t h e  o rde r  of one 
second a r e  s u f f i c i e n t  t o  fuse  t h e  p a r t i c l e s ,  e l imina t ing  t h e  
s t r u c t u r e  observed i n  t h e  low temperature ae roso l .  I n  p r a c t i c a l  
a p p l i c a t i o n s  of t h i s  technology, t h a t  would be u s e f u l  s i n c e  t h e  
d e n s i f i e d  p a r t i c l e s  would be e a s i e r  t o  s e p a r a t e  from t h e  gas  and 
t o  process .  

P a r t i c l e s  on t h e  order  of 1 0  microns have been grown 
repea ted ly  w i t h  t h e  p resen t  ae roso l  r e a c t o r .  P a r t i c l e s  
approaching 100  microns i n  s i z e  have been grown on numerous 
occasions,  a l though depos i t ion  on t h e  r e a c t o r  w a l l s  became a 
problem under t h o s e  condi t ions .  The nuc lea t ion  c o n t r o l l e d  
ae roso l  r e a c t o r  is ,  t h e r e f o r e ,  a s u i t a b l e  system f o r  t h e  
product ion of powders t h a t  can r e a d i l y  be separa ted  from t h e  gas  
by aerodynamic means. 

The process  is n o t  l i m i t e d  t o  s i l a n e  decomposition. A s  long 
a s  t h e  r e a c t i o n  k i n e t i c s  a r e  wel l  enough understood t h a t  t h e  r a t e  
can be l i m i t e d  t o  c o n t r o l  nuclea t ion ,  o t h e r  r e a c t i o n  systems can 
be appl ied  i n  t h e  nuclea t ion  c o n t r o l l e d  ae roso l  r e a c t o r .  For 
s i l i c o n  processing,  halo-sLlanes might have important advantages 
s i n c e  t h e  e t ch ing  r e a c t i o n ,  e .g . ,  t h e  r e a c t i o n  of WCl with s o l i d  
S i ,  reduce t h e  p o t e n t i a l  f o r  supersa tu ra t ion  and nuclea t ion .  
Powders of c o n t r o l l e d  s i z e  p a r t i c l e s  of o t h e r  m a t e r i a l s  should 
a l s o  be a t t a i n a b l e  i n  aerosol  r e a c t o r s  by applying mechanisms 
t h a t  a r e  commonly used f o r  chemical vapor depos i t ion .  

This  r e sea rch  has  been supported by t h e  Jet  Propulsion 
Labora tory8s  F l a t  P l a t e  So la r  Array P r o j e c t  which is, i n  t u r n ,  
supported by t h e  Department of Energy. 
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FIGUm CAPTIONS 

F i p r e  1. Schematic of the two-stage aerosol reactor Bf Abam and 
Flagam. (8) 

Figure 2. Particle size distribution of the silicon aerosol 
produced in the two stage reactor experiments of Alam 
and Flagan. (8) 

Figure 3. Schematic of the present three-stage aerosol reactor. 

Figure 4. Size distribution of the seed particles used in the 
three stage reactor experiments. 

Figure 5. Measured wall temperature profile on the growth stage 
of the three stage reactor. 

Figure 6. Map of operating conditions that led to successful 
growth of seed particles (initial and final sizes and 
concentrations are indicated by connected solid points) 
and those experiments that resulted in runaway 
nucleation (open points). 

Figure 7, Variation of final number concentration with percent 
silane in the feed gas for fixed temperature profile, 
flows, and seed aerosol. 

Figure 8. Mass distributions measured with three stage reactor 
for various silane concentrations. 

Figure 9. SEM photograph of the product particles generated with 
a maximum reactor temperature of 973K. 

Figure 10. SEM photographs of product particles following post- 
grow%h processing at elevated temperatures for 
approximately one second. (a) 1523 K; (b) 1673 K. 

Figure 11. X-ray diffaction patterns for the silicon powders 
processed at various peak temperatures. 
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figure 4 .  aerosol samples llioni tored by ROYCO OPC ----- aerosol from the exi t  of the seed growth reactor 
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Figure 6. biap of operating conditions that led to s u s c e s s f ~ ~ l  
growth of seed particles (initial and final sizes 
and concentraeions arc indicated b?. conncctcd 
solid points) and rhosc sxpcl-illlent s r h n r  a -csu l  l c L l  
in runahay nucleat ion (open point 5 ) .  
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Figure 9. SEM photograph of the product particles 
generated with a maximum reactor temperature 
of 973 K. 



Figure 10a. SEN photograph of product particle 
following post-growth processing at 
elevated temperature ( 1 5 2 3 K )  for 
approximately one second. 
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Figure lob. SEM photograph of product particle following 
post-growth processing at elevated temperature 
(1673K)  for approximately one second. 





LORD: What i s  t h e  diameter reduetian you g e t  when t h e  particles are 
densified? 

FLAGAN: It has been a factor of about 3 to 4. 

LORD: Does that mean that the size is reduced from 10 ym to about 2 ym? 

FLAGAN: We have also produced dense 10 ym particles. 

LORD: Is 10 p.m size the largest dense particles you have produced? 

FLAGAN: We have produced dense particles of 100 pm, although not for 
extended periods of time. The reactor plugs very quickly at that point 
due to the very slow flow in our small-scale reactor. 

LORD: Just to follow up on the plugging, did you find out that the particles 
go to the wall? 

FLAGAN: They go to the wall at the exit of the hot zone, but not in the hot 
zone itself. 

AULICH: What is your hydrogen content of your submicron-fine particles? 

FLAGAN: I do not have that number. Our focus has been on the characterizaton 
of the particle formation process itself, and we simply don't have those 
data. 
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PROCESSES AND PROCESS DEVELOPMENTS I N  JAPAN 

Toshio Noda 
Osaka Titanium Co., Ltd. 
Amagasaki, Hyogo, Japan 

MOVE TO DEVLOPMENT OF LOW-COST POLYSILICON I N  JAPAN 

The commercialization of s o l a r  power generat ion necess i t a t e s  the  develop- 
ment of a new, low-cost manufacturing method of 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 .  
To t h i s  end, commissioned by t h e  Sunshine Pro jec t s  Promotion Headquarters i n  
MITI, a s p e c i a l  work group was formed i n  the  Japan E l e c t r i c a l  Manufacturers 
Association i n  1978, and i t  inaugurated a v a r i e t y  of research programs a s  p a r t  
of Sunshine Project .  

The Group inves t iga ted  the  manufacturing methods of semiconductor grade 
s i l i c o n  (SEG-Si) and the  development of s o l a r  grade s i l i c o n  (SODSi) i n  fo re ign  
countr ies .  They concluded t h a t  the  most e f f i c i e n t  method of developing such 
mate r i a l s  w a s  t h e  hydrogen reduction process of t r i c h l o r o s i l a n e  (TCS), using a 
fluidized-bed reac to r  (FBR). The reasons were three :  TCS had been proved i n  a 
number of s t u d i e s  t o  be an appropr ia te  ma te r i a l  f o r  t h i s  purpose; the  budget was 
i n s u f f i c i e n t  t o  t e s t  seve ra l  processes simultaneously; the  hydrogen reduction 
process seemed t o  have high f e a s i b i l i t y  f o r  p r a c t i c a l  appl ica t ion  a s  revealed 
by s t u d i e s  conducted thus f a r .  

This  process was viewed a s  meeting t h e  following conditions: 

a. The process is  s u i t e d  t o  mass production, an e s s e n t i a l  point  f o r  f u t u r e  
development. 

b. The process reduces manufacturing cos t s  t o  a g r e a t e r  extent  than conven- 
t i o n a l  SEG-Si manufacturing processes. 

The low-cost manufacture of polys i l icon requi res  cos t  reductions of raw 
mate r i a l s ,  energy, labor ,  and c a p i t a l .  

Careful ly reviewing these  condit ions,  the  work group reached t h e  following 
conclusions: 

a. Polys i l icon manufacture should be based on the  hydrogen reduction of TCS 
process. The chloros i lane  hydrogen reduction process is the  optimum 
method of obtaining higher-purity SOG-Si, has previously been s tudied  
a s  t h e  SEG-Si manufacturing process, and has already been used i n  prac- 
t i c a l  manufacture. 

Fig. 1 compares the  thermodynamic c h a r a c t e r i s t i c s  of hydrogen reduction 
of s i l i c o n  t e t r ach lo r ide  (STC), TCS and dichloros i lane  (DCS). The 
r e s u l t s  f o r  s i l i c o n  yi,elds suggest t h a t  the  use of TCS i s  more advan- 
tageous than STC and i n  tu rn  the  use of DCS i s  more advantageous than 
TCS. The conclusion was t h a t  TCS, which is  already widely used, should 
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be s t u d i e d  f u r t h e r  i n  the pro jec t  and that t h e  u s e  of DCS i s  no t  y e t  
p r a c t i c a l  f o r  i n d u s t r i a l  mass produetion, 

b, STC, a by-product of t h e  manufacture of p o l y s f l i c o n  from TCS, should be 
recyc led  i n t o  TCS v i a  hydrogenation, The process  s t e p  s f  r e c y c l i n g  STC 
t o  prepare TCS removes t h e  l i m i t a t i o n  sf having t o  l o c a t e  t h e  s i l i c o n  
manufacturing process  near  a p l an t  f o r  producing s i l i c o n  compounds from 
t h e  STC by-product, 

c ,  The FBR process  should be adopted. The Siemens process  f o r  manufactur- 
i n g  SEG-Si i s  considered t o  have t h e  disadvantages of high thermal  u se  
and low product ion r a t e ,  which i n c r e a s e  manufacturing cos t s .  The FBR 
process  i s  expected t o  improve t h e s e  shortcomings. 

The o v e r a l l  conc lus ion  was t h a t  a development program should be based on 
t h e  TCS-FBR process  and t h e  experimental  program should be conducted i n  t e s t  
f a c i l i t i e s  capable  of producing 10 tons  of s i l i c o n  g ranu le s  a year. 

DEVELOPMENT OF LOW-COST SILICON MANUFACTURING TECHNOLOGY 

In  October 1980, t he  New Energy Development Organizat ion (NEDO) was 
e s t a b l i s h e d  t o  play a p i v o t a l  r o l e  i n  t h e  promotion of new energy development. 
It was decided t h a t  one of i t s  p lans  should focus  on t h e  development of a 

I 
c r y s t a l  s i l i c o n  s o l a r  c e l l .  The p lan ,  r e q u i r i n g  t h e  development of low-cost 
s i l i c o n  a s  a s t a r t i n g  m a t e r i a l  f o r  s o l a r  c e l l s ,  adopted t h e  conclusions proposed 
by t h e  work group mentioned above. 

NEDO d iv ided  t h e  p re sen t  process  ( t h e  NEDO process )  i n t o  two p a r t s ,  
commissioning t h e  p a r t  f o r  TCS manufacture t o  Osaka Titanium and the  o t h e r  f o r  
s i l i c o n  g ranu le  manufacture t o  Shin-etsu Chemical. The r e spec t ive  assignments  
a r e  shown i n  Fig. 2. 

1. Development of Low-Cost TCS Manufacturing Technology 

The two key p o i n t s  i n  t h i s  development p r o j e c t  a r e  a s  fo l lows:  

a.  To produce TCS from hydrogen, m e t a l l u r g i c a l  grade s i l i c o n  (MG-Si) and 
STC ( a  bulk by-product of t h e  hydrogen reduc t ion  of TCS) a s  expressed i n  
t h e  equa t ion :  

b. To p u r i f y ,  a t  t h e  lowest cos t  pos s ib l e ,  t h e  r e s u l t i n g  TCS t o  a grade 
necessary  and s u f f i c i e n t  f o r  use i n  s o l a r  c e l l s .  

1.1. Tes t ing  wi th  smal l  experimental  appara tus  

From 1980 t o  1981 a number of t e s t s  were conducted t o  determine t h e  con- 
ve r s ion  p o t e n t i a l  of ST6 t o  TCS us ing  a small  experimental  fixed-bed r e a c t o r  
and a 10 cn-diameter FBR. 



The fixed-bed reactor was used t o  m a s u r e  t h e  react ion temperamure, t h e  
gas c h e d c a l  composition, t he  r e s idence  t ime requirement and t h e  c a t a l y s t  
e f f e c t i v e n e s s ,  The r e s u l t s  were then  checked us ing  t h e  f luidized-bed r e a c t o r  
which was a l s o  used t o  measure t h e  e f f e c t s  of p r e s su re ,  

1.2 Operat ion of TCS 200 T/u experimental appara tus  

Based on t h e  test r e s u l t s  ob t a ined  us ing  t h e  experimental  r e a c t o r s ,  f u r t h e r  
t e s t s  were undertaken beginning i n  October 1982, u s ing  t h e  200 t o n s l y e a r  test  
manufacturing appara tus  shown i n  Tables  1 and 2,  and Fig.  3. ( 1 )  

I n  t h i s  f a c i l i t y ,  TCS i s  evaporated i n  a steam-heated evapora tor ,  mixed 
with hydrogen, hea ted  t o  650 t o  700°C by a h e a t e r  a t  t h e  bottom of t h e  r e a c t o r ,  
and r e l e a s e d  i n t o  t h e  f lu id ized-bed  r e a c t o r  f i l l e d  w i t h  MG-Si seed p a r t i c l e s .  
The f luidized-bed temperature  i s  maintained a t  500 t o  600°C by t h e  s e n s i b l e  h e a t  
of t h e  gas.  

The gas  discharged from t h e  r e a c t o r  t op  i s  composed of 75 t 9  77% STC, 23  t o  
25% TCS and 0.5% DCS. ( 3 )  The gas  i s  then cooled t o  -35OC, condensed and 
recovered. The condensate is  t r a n s f e r r e d  t o  t h e  d i s t i l l a t i o n  p l an t  where t h e  
STC is  removed i n  t h e  f i r s t  column, low-boiling po in t  i m p u r i t i e s  i n  t h e  second 
column, and high-boi l ing po in t  i m p u r i t i e s  i n  t h e  t h i r d  column; t h e  p u r i f i e d  
product i s  TCS. 

The o p e r a t i o n a l  r e s u l t s ,  shown i n  Table  3 ,  i n d i c a t e  t h a t  wi th  a11  t a r g e t s  
achieved,  t h e  p re sen t  manufacturing process  can produce TCS a t  t h e  r a t e  of 200 
tons lyear .  (4)  

An a n a l y s i s  of TCS obta ined  v i a  t h i s  process  produced t h e  r e s u l t s  l i s t e d  
i n  Tables 4 and 5. ( 7 )  Ana ly t i ca l  samples were prepared by hydrogen-reducing 
TCS and f loa t -zoning  t h e  r e s u l t a n t  s i l i c o n  rods. The samples thus  ob ta ined  
were then  measured f o r  e l e c t r i c a l  r e s i s t a n c e  t o  e s t i m a t e  t he  donor and accep to r  
concent ra t ions .  TCS was analyzed by atomic abso rp t ion  measurements t o  determine 
i t s  m e t a l l i c  impur i t i e s .  

2. Development of TCS Hydrogen Reduction Technology 

The g o a l  of t h e  p r o j e c t  i s  t o  ach ieve  a reduc t ion  of energy-use and improved 
p roduc t iv i t y ,  bo th  e s s e n t i a l  f o r  low-cost s i l i c o n  manufacture, by r ep l ac ing  t h e  
Siemens b e l l  j a r  wi th  a FBR. 

2.1. Tes t ing  w i t h  small  experimental  appara tus  

I n  1981, an experimental  appara tus  of 0.5 ton /year  capac i ty  was developed 
t o  s tudy  t h e  b a s i c  s t r u c t u r e  of t h e  FBR. Tes t s  conducted u n t i l  t h e  fo l lowing  
year revea led  t h e  fol lowing r e s u l t s :  (81, (9)  

a. Quartz tubes used f o r  FBRs ruptured  during experimental  runs  due t o  
s i l i c o n  depos i t s  on t h e  tube  i n t e r i o r .  Therefore ,  Sic-Si tubes  (prepared 
by s i n t e r i n g  a Sic-Si mixture)  w i th  a thermal  expansion ' c o e f f i c i e n t  
n e a r l y  equal  t o  t h a t  of s i l i c o n  were s u b s t i t u t e d .  



b, Xt was found t h a t  t h e  s i l i c o n  depos i t s  c o u l d  be removed by exposure t o  
a R C l - S i c 1 4  mixture  at high  temperature ,  

c ,  The proHem of t h e  s logging of t he  gas i n j e c t i o n  nozzle  by s i l i c o n  
depos i t s  was a l l ev ia ted  by developing and i n s t a l l i n g  a water-cooled 
bottom p l a t e ,  

d, The r e a c t o r  power consumption was approximately 30 kwhlkg of S f ;  t h e  
diameter of t h e  product g ranules  was 0,8 t o  1.5 mm; and the  product  
q u a l i t y  was i n d i c a t e d  by measurements of t h e  conversion e f f i c i e n c y  of 
s o l a r  c e l l s  prepared from 3" diameter  Czochralski  s i n g l e  c r y s t a l s  grown 
from t h e  FBR g ranu le s ;  t h e s e  va lues  ranged from LO t o  12%. 

e. A number of methods were t e s t e d  f o r  t h e  p repa ra t i on  of s i l i c o n  seed  
p a r t i c l e s .  These included c rush ing  and t h e  use  of high frequency plasma 
f o r  mel t ing and spraying.  Crushing us ing  a  ro l l - c rushe r  was found t o  be  
t h e  most a p p r o p r i a t e  method, 

2.2. Operation of 10 tons lyea r  experimental  FBR appa ra tu s  

This  appara tus  has  been undergoing improvement s i n c e  i t s  completion i n  
August 1982, and cont inues  t o  be used i n  t e s t  opera t ions .  Table 6 l i s t s  t h e  
major appara tus  dimensions and r e a c t i o n  condi t ions.  ( 6 )  Table 7 summarizes 
t h e  ope ra t i ona l  r e s u l t s  f o r  f i s c a l  1984. (5) 

Two of t h e  convent iona l  problems a s soc i a t ed  w i t h  t h e  FBR were a l l e v i a t e d .  
Clogging of t he  bed was e l imina ted  by the  improvements of t h e  f l u i d i z i n g  con- 
d i t i o n s  and of t h e  bottom p l a t e  shape, while s i l i c o n  depos i t i on  on t h e  w a l l s  
was decreased by improving t h e  r e a c t i o n  temperature c o n t r o l  technique. 

The most s e r i o u s  problem i n  t h e  p re sen t  p r o j e c t  was t h e  rup tu re  of FBR 
tubes.  Based upon t h e  f i nd ings  obtained from t h e  t e s t s  wi th  t h e  small  exper i -  
mental appara tus ,  an a t tempt  was made t o  use SIC-Si m a t e r i a l ,  It was found, 
however, t h a t  t h e  s i l i c o n  i n  t h e  SIC-Si r eac t ed  wi th  t h e  H C l  ga s ,  thus caus ing  
a  d e t e r i o r a t i o n  of t h e  tube ( a  problem known a s  "overc lean ing") ,  As a conse- 
quence, t h e  tube became permeable, a l lowing the  d i f f u s i o n  of impur i t i e s  through 
microscopic  pores. 

Accordingly, another  a t tempt  was made t o  use a  tube  t h a t  had been C V P  
coa ted  wi th  S i c  on t h e  tube i n t e r i o r .  Although t h i s  b a s i c a l l y  so lved  t h e  
problem, f r a g i l i t y  due t o  a  d i f f e r ence  i n  t h e  thermal expansion c o e f f i c i e n t s  of 
t h e  CVD l a y e r  and t h e  SIC-Si s u b s t r a t e  remained unavoidable. This problem i s  
cons idered  t o  be t h e  most formidable o b s t a c l e  t o  en l a rg ing  t h e  apparatus .  

With regard  t o  seed product ion,  two procedures were attempted based upon 
t h e  experimental  r e s u l t s :  c rush ing  high-puri ty  s i l i c o n  us ing  a  r o l l  c ru she r  
and then screening  t h e  r e s u l t i n g  ma te r i a l  us ing  a  qua r t z  s i e v e  i n  c l ean  n i t r o g e n  
gas ,  

The process  flow and t h e  m t e r i a l - p r o d u c t  balance a r e  shown i n  Fig. 4,  (8) 
The y i e l d  was approximately 70% and t h e  r o l l  wear was approximately 1 g p e r  kg 
of crushed ma te r i a l ,  



%he t a r g e t  q u a l i t y  of product s i l i c o n  granules  i n  t h e  p re sen t  p r o j e c t  was 
P-30 o r  N-10 ohm-cm i n  s p e c i f i c  r e s i s t a n c e ,  and 10 psec,  i n  l i f e t i m e ,  a s  
measured i n  t h e  C z  c r y s t a l .  However, t h e  r e s u l t s  showed s p e c i f i c  r e s i s t a n c e  of 
between N-10 and 20 ohm-cm and a  l i f e t i m e  of between 10 and 30 psec.  memica1  
composition ana lyses  of t h e  product g r anu le s  a r e  shown i n  Table  8, (5 )  

It was proved t h a t  t h e  s i l i c o n  g ranu le s  ob ta ined  i n  t h i s  p r o j e c t  could be 
used t o  achieve 12.7% conversion e f f i c i e n c y  i n  p o l y c r y s t a l l i n e  s o l a r  cel ls ,  
demonstrat ing t h a t  t h e  granules  have s a t i s f a c t o r y  q u a l i t y  a s  SOG-Si. 

OTHER PROCESSES 

NEDO has inaugura ted  two new development p r o j e c t s  f o r  SOG-Si manufacturing 
technology. One, c a l l e d  "TCS manufacturing technology by quenching", commis- 
s ioned  t o  Denki Kagaku Kogyo; t h i s  new method uses  s i l i c a  produced i n  Japan,  
whereas t h e  NEDO p roces s  and o t h e r  convent iona l  p rocesses  use imported MG-Si 
t o  manufacture TCS. TCS is  manufactured v i a  t h e  fol lowing two s t e p s .  This  
process  is  undergoing t e s t i n g  u s ing  a  4 kg/h apparatus .  

The o t h e r  p r o j e c t  underway a t  Nippon Sheet Glass aims t o  produce low-cost 
SOG-Si u s ing  low-grade s i l i c a  sand, found i n  abundance i n  Japan. I n  t h i s  method, 
s i l i c a  sand i s  p u r i f i e d  i n t o  high-grade s i l i c a ,  which is then carbon-reduced i n  
an  a r c  furnace  t o  produce SOG-Si. Since s i l i c a  is p u r i f i e d  i n  t h e  form of 
water g l a s s ,  t h e  process  i s  c a l l e d  t h e  "water g l a s s  method". 

As shown i n  t h e  Fig.  5 f lowchar t ,  t h e  s t a r t i n g  m a t e r i a l  i s  s i l i c a  sand, a  
m a t e r i a l  used i n  shee t  g l a s s ,  con ta in ing  96 t o  97% Si02. (10) The sand i s  
phys i ca l l y  p u r i f i e d  i n t o  n e a r l y  99.9% p u r i t y  s i l i c a ,  mixed with an a l k a l i  oxide 
source ,  such a s  sodium carbonate ,  mel ted i n  an au toc lave  and turned  i n t o  water  
g lass .  Water g l a s s  t hus  ob ta ined  is sub jec t ed  t o  a c i d  t rea tment  t o  form s i l i c a  
depos i t s .  The r e s u l t i n g  s i l i c a ,  washed w i t h  a c i d  and water ,  i s  of high p u r i t y .  
Table 9 i n d i c a t e s  changes i n  impuri ty  l e v e l s  of t h e  s i l i c a  sand before  and 
a f t e r  phys i ca l  p u r i f i c a t i o n .  (6 )  Table 10 cotupares t h e  a n a l y t i c a l  r e s u l t s  
of s i l i c a  p u r i t y  i n  phys i ca l l y  p u r i f i e d  s i l i c a  and water g l a s s  s i l i c a  c u r r e n t l y  
on t h e  market. (10)  

P u r i f i c a t i o n  t e s t i n g  i s  being conducted us ing  a  10 kg Si02/day apparatus .  
Tes t i ng  i s  a l s o  underway t o  c h a r a c t e r i z e  t h e  carbon-reduction of s i l i c a  us ing  a  
small  a r c  fu rnace  (55 KVA), an improved ve r s ion  of t h e  convent ional  a r c  reduc- 
t i on .  

FUTURE STRATEGIES 

Fig. 6  shows t h e  changes i n  t h e  p r i c e  of marketed s o l a r  c e l l  modules and 
t h e  f u t u r e  t a r g e t  of t h e  Sunshine P r o j e c t ,  The f i g u r e  i n d i c a t e s  t h a t  a f t e r  
t h e  module cos t  i s  reduced t o  500 yen/wp ($2,30/wp), t he se  modules w i l l  begin 
t o  s e l l  a s  dispersed-type PV genera t ion  system (p r imar i l y  i n  p l ace  of d i e s e l  



generators), This will be the f t r s t  s t e p  toward the w i d e  use  of t h e  s o l a r  
power system as a general--purpose power supp ly .  Subsega~entEy, it i s  a n t i c i p a t e d  
t h a t  f u r t h e r  cos t -cu ts  w i l l  r e s u l t  f rom the  mss product ion e f f e c t ,  As a  
consequence, m n y  e f f o r t s  are underway t o  e s t a b l i s h  low-cost t echnologies  for: 
p o l y s i l i c o n  prodac t ion  and h igh  e f f i c i e n c y  solar c e l l  f a b r i c a t i o n  wl th  t h e  
goa l  of a s o l a r  ce l l  module p r i c e  below 500 yenlwp ($2,30/wp) by t h e  e a r l y  
1990's.  

Curren t ly  a  p lan  i s  being reviewed t o  cons t ruc t  and conduct t e s t  opera- 
t i o n  of a  p i l o t  p l an t  based on t h e  TCS-hydrogen r educ t ion  FBR technology t o  
produce s i l i c o n  g ranu le s ,  This  would be done wi th  t h e  suppor t  of NED0 and t h e  
Sunshine P ro j ec t  Promotion Headquarters* 

I n  t h i s  p lan  t h e  p i l o t  p l a n t  would be of a  80 t o  100 tons lyea r  s i l i c o n  
granule  product ion c a p a c i t y ,  i t s  cons t ruc t ion  would begin i n  1987, and t h e  
o p e r a t i o n  r e s u l t s  would be repor ted  i n  1990, A succes s fu l  demonstrat ion would 
be a  major s t e p  toward t h e  commercialization of t h i s  process .  

The FBR tubes  t o  be used i n  t h i s  development w i l l  be of 40 t o  60 cm diameter  
and t h e  product ion c a p a c i t y  per  r e a c t o r  w i l l  be 40 t o  50 tons /year .  

The cos t  t a r g e t  i n  m n u f a c t u r i n g  s i l i c o n  granules  i n  t h i s  p l an t  i s  s e t  a t  
6000 t o  8000 yen/kg ($27,90 t o  $37,20), To achieve t h i s  t a r g e t ,  t he  fo l lowing  
t e c h n i c a l  goa ls  w i l l  have t o  be r ea l i zed ,  

a. Development of a  large-diameter FBR capable  of s u s t a i n i n g  long-term, 
continuous ope ra t i on ,  

b. Demonstration of t h e  fu l ly -c losed  system connect ing t h e  TCS product ion 
and hydrogen r educ t ion  processes ,  (Research on each process  s t e p  i s  
under way independent ly , )  

c, Establishment of t h e  optimun o p e r a t i o n a l  cond i t i ons  and t h e  au tomat ic  
c o n t r o l  technology f o r  a l a r g e  s c a l e  p l an t ,  

Espec i a l l y  important  among these  i s  t h e  development of large-diameter ,  
h i g h - r e l i a b i l i t y  FBR tubes ,  This w i l l  be a  key s t e p  i n  s c a l i n g  up t h e  p re sen t  
process ,  For t h i s  purpose, i t  i s  e s s e n t i a l  t o  s e l e c t  t h e  most app rop r i a t e  
m a t e r i a l  f o r  t h e  tubes ,  The e s t i m t e  of t h e  p o l y s i l i c o n  manufacturing c o s t  f o r  
a  1000 MT/year p l a n t  based on t h i s  process  i s  4300 yenlkg ($20,/kg). 

In  t h e  water g l a s s  method, expected a s  t he  next-generat ion SOG-Si manu- 
f a c t u r i n g  method fo l lowing  t h e  TCS-hydrogen r educ t ion  method, t h e  c o s t  t a r g e t  
is  s e t  a t  2000 t o  3000 yenlkg ($9,30 t o  $14,00). By 1986 t h e  development 
p r o j e c t  w i l l  have f i n i s h e d  eva lua t ing  t h e  r e s u l t s  thus  f a r  and w i l l  have decided 
upon f u t u r e  s t r a t e g i e s ,  

The mass u t i l i z a t i o n  of s o l a r  c e l l s  i s  about t o  occur,  It is  a n t i c i p a t e d  
t h a t  t h e  p r o j e c t s  mentioned above w i l l  s e rve  t o  e s t a b l i s h  t h e  low-cost s i l i c o n  
manufacturing process ,  t hus  con t r ibu t ing  t o  t h e  cos t  reduc t ion  of s o l a r  c e l l s ,  



&fore concluding t h i s  r e p o r t ,  we  would l i k e  t o  thank the Sunshine P r o j e c t  
Pronot ion  Headquarters ,  NEDQ, Shin-etsu ChedcaL and Nippon Sheet G la s s  f o r  
g iv ing  us  adv ice  and t h e  relevant  da t a ,  

We a l s o  want t o  exp re s s  our  g r a t i t u d e  no t  only t o  JPL but  a l s o  t o  o t h e r  
o rgan iza t ions  a l l  over  t h e  world f o r  t h e i r  d i s cus s ions  of t h e  developments of 
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LITERATURE 

1. Sunshine P r o j e c t  Promotion Headquarters:  J apan ' s  Sunshine P r o j e c t ,  Summary 
of So la r  Energy R&D Program, (1983), 50 

2. i b id . ,  54 

3. Proceedings of NEDO Photovol ta ic  Symposium 1983, (1983), 181 (Japanese)  

4. NEDO: Annual Report of Researches i n  1984, (1985), 213 ( Japanese)  

6. i b id . ,  226 

7. NEDO: Annual Report of Researches i n  1983, (1984), 215 (Japanese)  

8. Sunshine P r o j e c t  Promotion Headquarters:  Annual Report of Sunshine P r o j e c t  
i n  1982, (1983) ,  214 (Japanese)  

9. NEDO: Second Proceedings of NEDO A c t i v i t i e s ,  (1982), 135 (Japanese)  

10. Nippon Sheet Glass  and NEDO: 20th I n t e r s o c i e t y  Energy Conversion Engineer- 
i ng  Conference, (1985) 



Table 1. Experimental TCS Manufacturing Equipment 

Hydrogenation reactor 

Reactor type Fluidized-bed 

Inner diameter 2 5 

Reactor Height 50 0 

Running conditions 

Bed depth (cm) 30 0 

Feed gas molar ratio ( H ~ / s ~ c ~ ~ )  1.5 to 3.0 

Hydrogenation temp. (Oc) 550 
2 

Hydrogenation pressure (kg/cm G) 7.5 to 8.0 

Catalyzer CuCl 

Table 2. Experimental TCS Purification Equipment 

First distillation column 

Column inner diameter (cm) 40 

Column height (cm) 910 

Distillation stage 25 

Second distillation column 

Column inner diameter (cm) 

Column height (cm) 

Distillation stage 

Third distillation column 

Column inner diameter (cm) 40 

Column height (cm) 1,640 

Distillation stage 50 



I t e m  

Conversion 

Conversion r a t i o  (mol%) 

Product ion r a t e  (kg/Hr ) 

Power consumption (kwh/kg.TCS) 

H consumption ( ~ m ~ / k ~ .  TCS) 
2 

MG-Si consumption (kg/kg. TCS) 

D i s t i l l a t i o n  

Targe ts  Resu l t s  

28.0 28.6 max 

28.5 31.7 

2.7 "2.7 

0.11 0.094 

0.06 0.058 

Steam consumption (kg/kg. TCS) 

Product ion r a t e  (kg/Hr ) 

* i nc ludes  d i s t i l l a t i o n  

Table 4. TCS Q u a l i t y  

- -- - 

One-pass FZ i n  A r  

S p e c i f i c  
r e s i s t i v i t y  I ~ d - ~ a l  Lifet ime 

Lot (ohm-cm) (ppba) ( p - s e c  ) 

1 N- 151 0.64 80 

2 N- 255 0.38 100 

3 N- 258 0.37 130 

4 N- 172 0.56 80 

5 N- 150 0.64 70 

6 N- 250 0.38 25 

7 N- 150 0.64 50 

8 N- 327 0.29 60 

Eight-pass FZ i n  Vac Donor 

S p e c i f i c  Concentrat ion 
r e s i s t i v i t y  Boron Nd 
( ohm-cm ) (ppba) (ppba) 

P-1100 0.26 0.90 

P-3170 0.09 0.47 

P- 620 0.46 0.83 

P-1190 0.24 0.80 

P-3560 0.08 0.72 

P- 470 0.61 0.99 

P- 890 0.32 0.96 

P- 520 0.55 0.84 



Table 5. Metal I m ~ u r i t i e s  i n  TCS 

(ppba) 

Lot T i  A 1 Fe N i C r  Cu V - - - - - - - 
1 < 20 <0.4 50 <0.2 0.3 <1 <5 

2 < 20 <0.4 130 0.7 0.3 <1 < 5  

3 < 20 2 28 <0.2 0.5 <1 < 5  

4 < 20 <0.4 210 <0.2 1.0 <1 < 5  

Table 6. Basic S ~ e c i f i c a t i o n s  with C a ~ a c i t v  of 10 Tons/Year 

I terns Planned S p e c i f i c a t i o n  

Reactor type F lu id ized  bed 

Reactor i nne r  diameter ( r n )  0.21 

Reactor he igh t  ( r n )  2.5 

Fluid ized  bed he igh t  ( r n )  1.1 t o  1.2 

Feed gas ,  SiHCl /H 
3 2 

40/60 

Reaction temp. ( O C )  1,000 t o  1,100 

Heating system Externa l ,  S i c  hea t e r  

S i  y i e l d  (%) about 20 

Power consumption (kwh/kg.Si) 30 

S i  seed diameter (mrn 0.25 t o  0.5 

Grown s i l i c o n  diameter (rnrn)  0.8 t o  1.5 

Of f-gas (CS and H2) Recovered and recycled 



Table 7. S i l i c o n  Granule Manufacturing Resu l t s  

Resu l t s  

I terns Ta rge t s  Overal l*  Best** 

To ta l  React ion time ( H r )  - 4,377 632 

Manufactured S i  (kg)  - 8,349 1,504.7 

TCS concen t r a t i on  (%) - 36.5 42.3 

Power consumption (kwh/kg.Si) 30 28.32 21.30 

TCS consumption (kg/kg.Si) 20 18.72 18.94 

S i  y i e l d  (%I 20 18.3 21.5 

* y e a r l y  performance 

** b e s t  performance 

Table 8. Analysis  of S i  Granule 

( P P ~  

Lot Sample Fe Cu A 1  C r  Mn Mg - - - - - - - -  
A 17 288.8 23.8 90.9 74.4 2.1 50.3 

- - - - - 

nd: n o t  de tec ted .  



Table 9 .  

Analysis  o f  S i l i c a  Sand f o r  Sheet  Glass  and Phys ica l  P u r i f i c a t i o n  Product 

Impur i t i e s  (ppm W) Si02 

A1203 Fe203 Ti02 CaO MgO Zr02 Na20 K20 ( % )  
- - - - - - 

s i l i c a  sand f o r  
19,000 1 ,500  642 277 364 20 947 10,480 96.7 

s h e e t  g l a s s  

p h y s i c a l  p u r i f i -  270 40 70 30 9  3  20 20 99.9 
c a t i o n  product 

Table 10.  Impurity Level o f  S t a r t i n g  Mater ia l  and P u r i f i e d  S i l i c a  

( P P ~  ) 

S t a r t i n g  ma te r i a l  P u r i f i e d  s i l i c a  
Impur i t i e s  

A: water g l a s s  (whose impuri ty  l e v e l  was ca l cu l a t ed  i n  terms 
of s i l i c a . )  

B:  upgraded s i l i c a  a f t e r  phys ica l  p u r i f i c a t i o n  



0 20 40 60 80 100 
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Fig. 1. Chlorosilane Concentration and Si Equilibrium Yield 
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Fig. 3. Experimental TCS Manufacturing Equipment 
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Fig. 4. Material Balance in Seed Pre~aration 
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Fie. 6. Cost of Solar Cell Modules 
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DISCUSSION 

HSU:  What i s  t h e  purity o f  your solar-grade silicon? 

HOD&: That is described in detail in $he paper, so  @Pease re f e r  t o  t h e  paper. 

LEIPOLD: Do you know what limits the purity of the fluidized-bed reactor 
product? Is it the trichlorosilane gas, the seed, or the reactor? 

NODA: The product purity is determined by the composition and quality of the 
reactor tube. 

LORD: How much carbon is there in the material? 

NODA: Which material do you mean? Do you refer to the granules? We are 
achieving NEDO's target. Therefore, in that respect, we have not 
encountered any major problems in the quality of granules. 

LORD: Approximately how much carbon is there in the crystals after you pull 
them? 

NODA: We had a slight problem in carbon concentration, but the problem has 
been solved. The target for cell efficiency was initially set for 12%. 
When we try to drive up to 1446, we may encounter some problems, but at 
least the present efficiency target has been met. 

LORD: Do you think it's possible to use this process to produce 
electronic-grade silicon? 

NODA: My understanding is that everyone here has a strong interest to see our 
process applied to produce electronic-grade material. We would like to 
see that happen too. 

AULICH: Did I understand you correctly that you are planning to produce 
100 tons of these granules in 19901 And if the production is 
satisfactory, you will then decide on a 1000-ton plant? Is that correct? 

NODA: The initial target was for 1000 tons. However, the Japanese government 
is also encountering deficits, so the project has been scaled down to 
500 MT, and it may come down further to a smaller size. However, a 100 MT 
plant has been eomitted for 1990. 
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ABSTRACT 

Silicon material research in ROC parallels its development 
in electronic industry. This paper gives a brief outline of 
the historical development in ROC silicon material research. 
Emphasis is placed on the recent Silane Project managed by the 
National Science Council, ROC, including project objectives, 
task forces and recent accomplishments. An introduction is also 
given to industrialization of the key technologies developed in 
this project. 

PWE PACE 



INTRODUCTION 

For a land of such  l i m i t e d  resources, R . 0 . C .  i n  Taiwan has 
been ranked as one the highest i n  population d e n s i t y  and in 
economic developments in the past 28 years or so. 

It is an intriguing question as to how this island will 
develop in the future, especially in the electronics and solar 
inndustries. It could set an example for other developing 
countries 

A Silane Project managed by National Science Council, R.O.C. 
was initiated in 1981 with the objective to develop key tech- 
nologies in solar cell and semiconductor Si materials. This 
project emphasizes coordination among institutions and an overall 
management plan for various phases of the developments. 

Taiwan has a fair amount of high qualilty quartzite deposits; 
the Mining Institute of Industry Technology Research Institute 
(ITRI) is responsible for the mining deposit survey. This 
organization is also responsible for the crude - and solar-Si 
production by the reduction/leaching techniques. 

The Applied Chemistry Division of Chung-shan Institute of 
Science and Technology has developed the technologies for the 
production and pyrolysis of the silanes (SiHC13, SiH2Cf 2 and 
SiH4). Pilot production operation is scheduled and wlll be 
carried out by the Institute of Chemical Engineering of ITRI. 

The Nuclear Snstrumentation Division of INER (Institute of 
Nuclear Energy Research) is responsible for the Chemical Vapor 
Deposition (6VD) processes, and for photovoltaic solar cell and 
module fabrication. A group from the Mechanical Research Labor- 
atories is currently engaged in the development of a LPCVD 
industrial system for epitaxial Si production. 

Polycrystalline Si production by gas assisted solidification 
has been developed at the Tsing-Hua University, and solar modules 
made from this material will be installed in the Yu-Shan National 
Park Electricity Development Project, 

Amorphous Si solar cell prepared by glow-discharge has been 
successfully developed for consumer electronics by the Energy 
Research Laboratory of ITRI. Pilot production technology is 
under development. 

A strong five-team characterization group has been assembled 
in Tsing Hua Unviersity to support the analysis of silane and Si 
materials by chemical, defect, electrical and surface measure- 
ments; particular emphasis is given to the correlations among 
these analyses. 



% i s  project has also promoted %he joint venture sf a PO MW 
ribbon S i  solar cell production i n  Taiwan. 9"lre goal is to develop 
the key technologies for silicon materials and to establish the 
foundatiora for prospective semiconductor Si materials and solar 
cell industries by 1990. 

HISTORICAL 

Table 1 depicts a brief historical outline of semiconductor 
silicon development in Taiwan. 

In view of the increasing world-wide demand for ultra-pure 
silicon, a project was initiated in 1971 at the Department of 
Mechanical Engineering, National Taiwan University, by the late 
Prof. T.H. Loh to investigate high-purity silicon-manufacturing 
processes [1,21. This work was terminated after the death of 
Prof. Loh. The activity in high-purity silicon production was 
soon resumed by the National Science Council (formerly National 
Research Council) by granting a joint project to the Chemistry 
and Physics Departments of National Tsing Hua University (NTHU) 
for studying the techniques for the chemical purification of 
silicon [3-51 and for single crystal silicon growth. Unfortu- 
nately, these efforts were not continued, either due to the 
limitations of material characterization capability or to a shift 
in research funding priority. 

At almost the same time, the Electronic Research and Service 
Organization (ERSO) was established in the Industrial Technology 
Research Institute (ITRI) with the objective of developing IC 
technology. The establishment of ERSO in ITRI signified a temporal 
shift in interest from silicon material research to device-related 
research and development. An ion implanter was provided to the 
Physics Department of NTHU in 1976. 

Tatung Co. was the first industrial establishment to initiate 
silicon material research by setting up an electronic R&D division 
in 1977. In 1978 semiconductor silicon wafers from single crys- 
tals prepared by the Floating Zone process were on the market for 
testing. In 1981 the Sino-American Silicon Product Incorporation 
was established to produce silicon wafers by the Czochralski Pro- 
cess. Currently, these two companies supply a large portion of 
Si wafers for the local diode--and transistor--industry; more 
than 70% of the world-wide production of diodes is in Taiwan. In 
1981, an interdisciplinary project for the application of silane 
was initiated by the National Science Council, ROC, with the aim 
of developing silicon technology in Taiwan. 



It is apparent as outlined taa 'I"ab1.e I t h a t  silicon material  
research in T a i w a n  b l e w  i n  two waves. The first one was in the 
early 19968 and the second around the turn sf 1980. The descrip- 
tion of our recent advances in silicon material research w i l l  
focus on the S i l a n e  Project. 

SILANE PROJECT 

A distinct feature of this project is its organization and 
management. The overall program of the project is shown in 
Fig. 1. 

The first phase of the project (1981-1985) will end this 
year. To date, this project has accomplished the followng objec- 
tives: (1) a complete survey of the quartzite deposits in eastern, 
central and northern Taiwan; (2) production of metallurgical-grade 
silicon (MG-Si), upgraded MG-Si (UMG-Si) and solar-grade Si (SoG- 
Si); (3) production and purification of SiHCl3 as in the Siemens 
Process and production of SiHC13, SiH2Cl2, and SiH4 by the Chung- 
Shan Inst. of Science and Technology (CSIST) process; (4) produc- 
tion of 4" diameter multicrystalline Si (Poly-Si) wafers by Gas- 
Assisted-Solidification (GAS); (5) development of chemical vapor 
deposition (CVD) technology for silicon epitaxial layer growth; 
and (6) establishment of the capabilities for chemical (ppb level), 
structural, electrical, and surface analyses. The second phase 
(1985-1988) of this project is aimed at the development of pilot 
production technologies. 

1. Production and Chemical Upgrading of Metallurgical-grade 
Silicon [ 6 1  

A detailed survey of high purity siliceous raw materials in 
Taiwan indicated that the four major types of silica deposits - 
vein quartz, quartzites metamorphosed chert and sandstone - are 
economically feasible for silicon production C71. MG-Si has been 
produced from vein quartz using an in-house designed batch-type 
single electrode submerged arc furnace. The MG-Si thus produced 
was shown to have an average grade of better than 98% silicon 
content. 

Direct chemical upgrading of MG-Si was performed using a two- 
stage acid leaching/magetic separation. 

After the two-stage acid leaching, the contents of boron 
and phosphorus were both below 2 ppmw and the total impurity was 
below 90 ppmw level, but the C content was still not yet accept- 
able. 

The technique of directional. solidification to obtain fur- 
ther purification was investigated, and solar-grade Si has been 
produced (Table 2). 



In addition to melting experiments for MG-Si production, 
silicon recovery in powder f o r m  by reduction of a fluosilicate 
with an organic reductant has also been tried. Preliminary 
results from a number of exploratory experiments were encouraging, 

2. Silane Production/Pyrolysis 

Trichlorosilane has been synthesized by chlorination of MG- 
Si with anhydrous HC1 gas in a 34 mrn x 60 cm reactor heated with 
a tube furnace. Reaction conditions, such as temperature, HC1 
feed rate, Si particle size and Si packing-weight, have been 
optimized and a routine GC method for analysis of SiHxC14,x (x = 
0-4) was established. Crude SiHC13 was then purified with both 
multifractional distillation and chemical methods. A comparison 
of trace impurities in a commercially available SiHC13 and those 
from the project is shown in Table 3. The analytical results 
indicate the B and P contents in the purified SiHC13 are labora- 
tory environment-sensitive. 

Moreover, the hydrogenation reaction of Sic14 and the dis- 
proportionation reactions of SiHC13 and SiH2C12 at "normal" 
pressure with special treated resin (not A-21) as catalyst were 
studied at CSIST. The gas-solid reaction was shown to be the 
dominant feature. Good product yields have been achieved for 
both reactions. The SiH2C12 and SiHC13 products were used for 
epitaxial growth in an in-house developed CVD system (vide infra). 
Diodes and transistors having good performance characteristics 
were made from these epi-layers with high production yields, A 
2" diameter fluidized bed reactor ( F B R )  was constructed for the 
pyrolysis of SiH4, and -400 to 500 pm grains have been obtained. 
However, contamination from the reaction wall is still a problem. 

3. Growth of Epitaxial Layer by Chemical Vapor Deposition [9] 

A versatile horizontal CVD system was designed and constructed 
for silicon epitaxial layer growth. Silicon epi-layers have been 
successfully grown from this system by hydrogen reduction of 
SiH2C12 and SiHC13 (prepared by the Silane Group). Material char- 
acterization and production yields of planar diodes and small 
signal transistors made from these epi-wafers  a able 4) show that 
the epi-wafers are industry-applicable. Gettering processes, 
such as high dose back surface oxygen ion implantation and a 
mechanical damage followed by heat treatment, have been exper- 
imentally used to obtain further improvements in the crystallo- 
graphic perfection of the epi-layers. Conditions for epi-layer 
growth on gettered, front surface denuded substrates have been 
shown to significantly decrease microdefect density. 

4. Poly-Si Production [lo] 

Poly-Si ingots have been produced by a self-designed GAS 
system. The GAS process is intended to be a low cost process for 
producing material for solar cells. 



SoG-SI was cast in silicon nitride coated quartz crucibles 
by forced freezing initiated by means of a soEd f i n g e r  Located a t  
the bottom o f  the crucible. Both the  heating temperature and t h e  
gas flow to t he  cold f i n g e r  are  microprscessar-csntroEEedca Poly- 
S i  c rys t a l s  with Earge elongated grains have been success fu l ly  
produced* A n  etched wafer and a solar  c e l l  f ab r i ca ted  from a  
poLy-Si c r y s t a l  are shown i n  F i g  2 ,  APlalytical r e s u l t s  and 
e l e c t r i c a l  p r o p e r t i e s  measured on various a reas  of a  wafer c u t  
from one of t h e  poEy-Si ingots  grown by t h i s  GAS system a r e  shown 
i n  Tables 5 and 6 .  

The d e t a i l e d  k i n e t i c s  of t h e  g r a i n  growth have beesn s tud ied  
by varying (1) t h e  cool ing gas,  ( 2 )  t h e  hea t ing  cycles  of  t h e  
c r u c i b l e s ,  ( 3 )  t h e  maxium He flow r a t e ,  and ( 4 )  t h e  He flow/time 
p r o f i l e .  

5 .  Fabr ica t ion  of  Amorphous S i  So la r  C e l l s  e l l )  

The p r o j e c t  i s  c u r r e n t l y  endeavoring t o  develop a  glow- 
d ischarge  CVD process  f o r  f a b r i c a t i n g  amorphous silicon-hydrogen 
(a-Si:H) s o l a r  c e l l s .  a-Si:H s o l a r  c e l l s  with e f f i c i e n c y  of  48 
f o r  consumer products  have been rou t ine ly  produced. 

In-depth s t u d i e s  of t h e  s t a b i l i t y  of a-Si:H have been c a r r i e d  
o u t .  When f i lms a r e  subjected t o  prolonged i l luminat ion ,  it was 
found from FT-IR t h a t  d i s t i n c t  t r a n s i t i o n s  could occur among 
various bonds and from EPR t h a t  dangling bonds could be produced. 
A model based on bond-breaking of t h e  three-center  bonds was 
proposed (Fig .  3 ) .  E l 2 3  

6. Mater ial  a a r a c t e r i z a t i o n  

The a n a l y t i c a l  m e t h ~ d s  f o r  t h e  determinat ion of t r a c e  irnpuri- 
t i e s  i n  both s i l a n e  and elemental s i l i c o n  a t  about ppb l e v e l s  
have been es tab l i shed  by two l a b o r a t o r i e s  (NTHU and I N E R )  . The 
methods employed inc lude  I C P ,  DCP,  N M ,  FaAS and UV/VIS, 

Analy t ica l  methodology t o  f u l f i l  t h e  s p e c i f i c  requirements 
of r a p i d i t y ,  s e n s i t i v i t y  and depth p r o f i l e  f o r  b e t t e r  charac ter -  
i z a t i o n  of s i l i c o n  mate r i a l s  i s  being s tudied  f u r t h e r  i n  t h e  
present  study. The main accomplishments a r e :  (1) establ ishment  
of t h e  ICP-AES technique f o r  achieving f a s t ,  r e l i a b l e  and sens i -  
t i v e  determinat ions of over 20 elements i n  s i l i c o n  and s i l a n e  
samples by opt imally combining various instrumental  parameters 
( o p t i c a l  system, R F  power, Ar-gas flow, e t c . )  with a  chemical 
pretreatment  s t e p ;  ( 2 )  development of pretreatment  techniques 
f o r  t h e  concentrat ion of various t race  impur i t ies  i n  d ichloro-  
and t r i c h l o r o - s i l a n e s  by adding adducting mate r i a l s  (such a s  Lewis 



acids or  bases) t o  react w i t h  El,  I? and As in the smples. %is 
i s  followed by sensitive i n s t r u m e n t a l  determination. B ,  I?, A s  
and some metall ic impurities can be effectively determined down 
t o  l 0 - 9 ~ / ~ ;  ( 3 )  development of methods for the determination of 
impurity and dopant concentrations ( B ,  P and A s )  i n  s i l i con  semi- 
conductor as a function of depth. %?~e  method established i s  
based on the anodic oxidation of the  s i l i con  sample followed by 
sensi t ive  instrumental determination of the  dissolved oxide layer;  
the r e su l t s  a re  then compared with those from physical evalua- 
t ions;  and ( 4 )  preliminary study of the  determination of carbon 
i n  s i l icon  materials by a chemical analyt ical  method. The method 
consists  of steps for  converting the carbon i n  the  dissolved 
s i l icon  materials in to  carbon dioxide followed by the quant i ta t ive 
determination by conductometry. 

Defect and e l e c t r i c a l  characterization for  semiconductor 
s i l icon  has been routinely carried out following the ASTM Stan- 
dards. A re f lec t ion  Lang X-ray topography camera has recently 
been b u i l t  and a SEM laboratory for surface characterization was 
s e t  up. 

A TEM/C~OSS-section technique was developed. Improvement of 
a SEM t o  r u n  i n  the  E B I C  mode was done t o  determine the c a r r i e r  
l i fe t imes (Fig. 4 ) .  A MOS C-V method was a l so  used t o  determine 
the c a r r i e r  l i fe t imes of poly-Si c rys ta l s .  

A major project  has been carried out using TEM and SEM for  
the  study of microstructures and defects;  the  emphasis was placed 
on type, quanti ty,  and character is t ics .  The e l e c t r i c a l  character- 
i s t i c s ,  including r e s i s t i v i t i e s ,  mobilities and l i fe t imes,  have 
been determined. A coordinated study, including chemical, s truc- 
t u r a l ,  e l e c t r i c a l ,  and surface characterizationonpoly-Sicrystals 
grown by GAS, has been under way. A numerical scheme employing 
non-parametric s t a t i s t i c s  was developed t o  investigate correla-  
t ions among them. Effects on sample pretreatments, as  well as of 
gettering processes, on changes of defect character is t ics  have 
been studied. Results indicated tha t  there are  correlat ions be- 
tween the oxygen content and the ca r r i e r  l ifet ime. 

7 .  Economic Analysis [13] 

Cost and benefit  analyses have been carried out based on a 
preliminary process design for production plants of 1,000 ton/year 
capacity for  the conventional polysilicon process and the U .  C .  C. 
process. A power law scaling factor and a sizing model were used 
t o  estimate the capi ta l  investment. The re su l t s  indicate t h a t  
the order of importance of specif ic  cost parameters influencing 
product cost  i s  plant investment, u t i l i t i e s ,  raw materials and 
labor for conventional polysilison process; the order for the  



u . c . C .  process i s  u t i l i t i e s ,  plant i n v e s t m e n t ,  raw m a t e r i a l s  and 
labor (Fig. 5 ) .  The csncl tas isn  i s  t h a t  the  plant s i t e  should be 
chosen where the cost  of u t i l i t i e s  and raw materials  a re  t h e  
lowest. 

8. A p p l i c a t i o n  Projec t  

I n  1985, a n  a p p l i c a t i o n  p r o j e c t  u s i n g  PV modules made from 
poly-Si  and r i b b o n  S i  s o l a r  c e l l s  was f o r m u l a t e d  t o  h e l p  i n  t h e  
promotion o f  l o c a l  PV i n d u s t r y .  A t o t a l  2 . 6  MW e l e c t r i c i t y  i s  
needed f o r  t h e  Yu-shan N a t i o n a l  Park a t  s p e c i f i e d  s i tes .  System 
e x p e r i e n c e  of  ERE o f  ITRI w i l l  be  d i r e c t l y  a p p l i c a b l e  t o  t h i s  
p r o j e c t .  
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Table I ,  A Brief Historical Outline of Semiconductor Silicon- 
related R&D in Taiwan, ROC. 

Year Institution or Organization Interest 

1966 Semiconductor Resarch Center, IC and Semiconductor 
National Chiao Tung Univ. research 

1971 Dept. of Mechanical Engineering High-purity Silicon- 
National Taiwan Hua Univ. manufacturing Process 

development 

1973' Chemistry Department 
National Tsing Hua Univ. 

Chemical purification 
of Silicon Project 

1973 Physics Department 
National Tsing Hua Univ. 

Single crystal silicon 
growth project 

1974 Electronic Research and 
Service Organization, 
Industrial Technology 
Research Institute 

IC technology 
development 

1976 Physics Department 
National Tsinq Hua Univ. 

Ion implantation 

1978 Electronic RLD Division Semiconductor silicon 
Tatung Co. wafer production (FZ) 

1981 Sino-American Silicon 
Product Incorporation 

Semiconductor silicon 
wafer production ( C Z )  

1981 National Science Council Application of Silane 
Project. , 

1983 Four companies 
start-up in 
Hsin-chu Science Park 

VLS I 



Table  2 A n a l y t i c a l  d a t a  of SoG-Si p r o d u c e d  by chemical 
l e a c h i n g / G A S  m e t h o d s  

I Al I 6300ppml 250ppm 1 130ppm (NU, ICP 1 < 6ppb I NAA 1 

Ca 2100ppm 13ppm 7.4ppm ICP '- <98ppb NAA 

I I I I I 

Cr 140ppm 1.6ppm I CP < 6ppb NAA 

I I I I I I 

Co 77ppm I CP < lppb NAA 

I I I I I 
Mn 0.5ppm O.5ppm ICP 

I I 

*1. S t a r t i n p :  m a t e r i a l  1s-Si  from Elkem a / s ,  Korwey 
2. 1 s t  s t a p e  1eaching:HF (12%)+HC1(9%) ,80'c,ambient  

c o n d i t i o n , l h r .  

2nd s t a ~ e  leaching:~F(I216)+HC1(9%)+C~H~0~(~~g), 
150' C,under p r e s s u r e , l h r .  

3. C r y s t a l  Growth: GAS (Gas Aes i s t ed  S o l i d i f i c a t i o n )  

4. Product:  Solar -4rade  S i l i c o n  , P o l y c r g s t a l l i n e  S i  
i n g o t  . 

Cu 

B 

T a b l e  3. A c o m p a r i s o n  o f  t r a c e  i m p u r i t i e s  ( i n  ppb)  i n  
t r i c h l o r o s i l a n e  (TCSI P r e p a r e d  by  S r l a n e  Croup  and  
t h a t  f rom commerc ia l  s o u r c e .  

Commerica l  1 . 2  1 5 6  42 5 9  ' 27 (1 *37 3 5 

37ppm 

25ppm 

* TCS-l andTCS-2 r e p r e s e n t  t r i c h l o r o s i l a n e  f rom two 
d i f f e r e n t  r u n s .  

19ppm 19ppm 

ICP , 

ICP 

< l p p b  

<8lppb 

NAA 

ICP 



Table 4 .  A comparison of characteristics and product yields 
( $ )  of small signal transistors (2N3906) fabricated 
from cowunercial epi-wafer. and eph layer,grown from 
commercial TCS and TCS-2 from Sifane Croup*, 

(at IEBO = 10 A) 

BVCB0>44 V 

(at ICBO = 10 PA) 

ICBO>10 nA 
(at VCB = 30 V)  

(at vCE = 1 V, xC = 10 MA) 9 6 9 2 8 8 

* A ,  from commercial epi-wafer; B ,  epi layer prepared from 
commercial T C S ;  C ,  epi layer prepared from TCS-2 
(Table 3) . 

Table 5 .  Analytical Results of a p01y-Si wafer prepared from 
ingot grown by GAS method*. 

- - - - 
Element s 33 33 13 13 32 37 1 2  14 

S represents sou$ce material and numbeejcals designate 
areas of the wafer,- Results of 33 - 13 from NTHU group 
and those of 32 - 14 from INBR. -,,no regults due to 
sample loss. 



Table 6 ,  Electrical cheraiteri aation of a poly-bi wafeb 
prepared from ingot grown by GBS methoda 

Thickness (pm) . 687 686  684 678 

Hall mobility (cmg/v*sec) 96.6 79.8  142 100 

Wall resistivity (n-cm) .2.42 3.08 1.34 2.03 

Carrier cone. (lO"/cmB) 2.7 2.5 3..2 3.0 

Diffusion length (pn) 6 2 '  4 6 

Carrier lifetime (us) 0.33 0.45 0.4 0.48 

Carbon (10" atorn/cm') 1 .  0.91 1 .62  0.67 

Oxygen (10" atom/cma) 2.15 0.80 0.56 - 

* Samples given in numerical represent area code on the 
wafer. 

Poly-Si 

I 
Solar 

H/L CVD 
1 

a-Si - - 

layer 

Semicoduc tor 
1 

solar 
industry industry industry 

* Subject to material characterization such as 
chemical analysis 
structure characterization 
electrical characterization , 

surface characterization 
economic analysis 

Fig. 1. Over-all Program of Application of Silane 
Project. 



Fig.2. Photographs of a polished GAS Poly-Si wafer (a) and 
a solar cell fahricated from the wafer (b). 

Fig 3. A proposed model to interpret bond change in a- 
Si:H film 





UCC Process 
8 6 

8 % .  P l a n t  I w v e r s h e n t  

86 . 
Raw Material 

1 3 .  

1 2  

6 8 i 

-10J -50  0 ' so 100 

V a r i a t i o n  ( 8 )  

Variation ( $ 1  

Fig. 5. Cost sensitivity: product cost vs variation, 



WYCOCK: I know t h a t  there  has been a preliminary announcement that 
Westinghouse is a venture p a r t n e r  in ribbon product ion .  Bs you have a 
venture partner in amorphous sibicon yet? 

HWANG: We are developing our o m  technology and we would also like to use our 
own technology. Because we are not now in the same technical position as 
the United States, Japan, or West Germany, we welcome joint ventures also. 

WYCOCK: Who made the amorphous-silicon cell? Was it a laboratory product? 

HMANG: It was from the laboratory. 

AULICH: Would you comment on the fact that your cost projection on the silicon 
produced by the modified Union Carbide process is only about $ll/kg while 
the Union Carbide calculations show about $25/kg? 

HWANG: I mentioned that the calculation would not be accurate because the 
data we obtained do not cover the parameters necessary for an accurate 
calculation. Also, I believe that the cost advantage of production in 
Taiwan must be taken into account. 





REFINING OF METALLURGICAL-GRADE SILICON 

ABSTRACT 

A basic requirement of large-scale solar cell fabrication 
is to provide low-cost base material. Unconventional refining of 
metallurgical-grade silicon represents one of the most promising 
ways of silicon meltstock processing. The refining concept is 
based on an optimized combination of metallurgical treatments. 
Commercially available crude silicon, in this sequence, requires 
a first pyrometallurgical step by slagging, or, alternatively, 
solvent extraction by aluminum. After grinding and leaching, 
"high purityt1 quality is gained as an advanced stage of refine- 
ment. To reach solar-grade quality a final pyrometallurgical 
step is needed: liquid-gas extraction. 

INTRODUCTION 

Different possibilities can be seen in the field of 
low-cost silicon meltstock processing for large-scale solar cell 
fabrication. Processing rqutes via the refinement of metallur- 
gical-grade silicon seem to offer best chances of producing 
solar-grade silicon at costs of lowest possible levels. The 
present paper fol-lows the steps of previous reviews (see e.g. 
references 1-4) concentrating mainly on a material concept of an 
optimized sequence of metallurgical refining steps. 

The target of any economy-oriented program can be seen 
here in a 10 % minimum AM1 conversion efficiency based on a 
10 x 10 cm2 multicrystalline silicon solar cell (5). Its concept 
has to consider comparably strong reduction of costs in every 
subtechnology such as material refining, crystallization, and 
ingot slicing as well. The final systems balanced against each 
other, then, would allow optimum economical conditions. 

SOLAR-GRADE SPECIFICATION 

It has been widely discussed, that the term "solar-gradett 
should be used only as a rather vague material specification. 
"Solar-grade" characterizes a category of silicon quality which, 
though less pure than electronic-grade silicon, can nevertheless 
be used for solar cell fabrication. Often the therm "solar-grade" 
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does not sufficiently distinguish between chemical, crystallo- 
graphic or device-related properties, In this paper this ex- 
pression is primarily confined to the impurity situation of the 
silicon meltstock, 

Fig, 1 illustrates various categories of silicon quality, 
covering about eight orders of magnitude from metallurgical- 
grade silicon to hyperpure silicon. The solar-grade or better 
the terrestrial solar-grade (TSGf quality range - to emphasize 
the real low-cost character of this product - should be seen as 
an approach assessing the chemical properties of the starting 
material modified by the influence of crystallization process 
and cell technology. The solar cell allows for reduced purity in 
general, but, as indicated by the dotted range in Fig. 1, 
demands hyperpure quality in terms of recombination-active 
elements. The introduction of terms such as "high purity 1" 
(HP1) or "high purity 2" (HP2) ist a rather arbitrary way of 
defining certain intermediate quality stages of refining. 

Impurities in silicon affect the efficiency of solar cells 
in a variety of ways. At high impurity concentrations crystal 
growth can be perturbed by inclusions, precipitates, or defects 
which may finally cause structural breakdown. Semiconductor 
properties are influenced by electrically active impurities 
which reduce the minority carrier lifetime. The objective of the 
wellknown Westinghouse project (6) has been to determine thresh- 
old values for a lot of impurity elements. This basic investi- 
gation revealed the detrimental influence of transition metals 
in particular. In order to understand the specific behavior and 
interaction of certain elements typical impurities have to be 
pursued by trace analysis'on their way through the different 
refining stages. Profound analytical characterization of start- 
ing materials, intermediate qualities, and final products has to 
be seen as an indispensible task in the framework of solar-grade 
silicon development. 

METALLURGICAL ROUTES TO SOLAR-GRADE SILICON 

One of the most evident ideas, namely to win solar-grade 
silicon by typical metallurgical techniques, has attracted 
increasing attention. Three economically feasible routes for 
preparing solar-grade silicon meltstock are shown in Fig. 2. 
This schematic flow-diagram indicates the currently most-dis- 
cussed processing sequences leading from different quartz 
qualities via intermediate purity stages to silicon of TSG- 
quality. 



Two of these routes utilize the carbothermic reduction sf 
quartz, Whereas route A proceeds from the low-purity arc furnace 
product - which will be discussed more in detail later on - 
route G is based on an impurity-improved thechnique from the 
very beginning, This alternative way, investigated for the first 
time at Bow-Corning ( 9 )  and continued by Elkem/Exxon (8) , is not 
to refine metallurgical-grade silicon but to rather use raw 
materials of higher purity. Siemens (9) is developing a process 
in which quartz sand is purified using a combined glass melting/- 
fiber leaching treatment, and carbon black is upgraded by 
leaching with hot hydrochloric acid. A specially designed arc 
furnace system is demanded to preserve the much higher degree of 
purity from where solar-grade quality can be reached by final 
pruification procedures, e.g. by controlled solidification. 

The aluminothermic reduction of quartz at comparatively 
low temperatures - as indicated by route B in Fig. 2 - repre- 
sents another promising way to produce solar-grade silicon. A 
suitable technical process on this basis, being under investi- 
gation at Heliotronic ( 1 0 )  , requires two liquid and immiscible 
phases - represented by an AlSi alloy and a flux system - acting 
as solvents for the reduction products Si and A1203. In Fig. 3 a 
schematic flow-diagram indicates the regeneration cycle of the 
flux system combined with the recovery of A1 and the recrystal- 
lization of Si in form of platelets which acts as a very effec- 
tive integrated refining treatment. After separation of the 
Si-platelets the remaining A1 level has to be removed by a final 
pyrometallurgical purification step to achieve solar-grade 
meltstock quality. 

REFINING OF MG-SILICON 

The production of metallurgical-grade silicon in electric 
arc furnaces is a technically well established large-scale 
process. The ncminal capacity of all existing furnaces in the 
Western World is known to be between 600 .000  and 6 5 0 . 0 0 0  tons 
per year (11). In the carbothermic reduction process impurities 
from SiO carbon mixtures, electrodes and other auxiliary 2 ' materials contaminate the crude silicon to an amount of one to 
two percents. In Table 1 metallurgical-grade silicon products 
from different suppliers are characterized by impurity analysis. 



Table 1: Concentration of impurities (ppmw) in MG-Si from 
different suppliers 

Element MG-Si MG-Si MG-Si 
I 11 111 

The predominant impurities Fe, A1 and Ca are typically 
present in the range of some 1000 ppmw. Among the impurities 
below 100 ppmw the doping elements B and P can be seen. Another 
unavoidable impurity which is found in MG-Si in excess of 
saturation limits is carbon - mainly precipitated as Sic par- 
ticles - in the concentration range between 100 and 1000 ppmw. 

These impurity concentrations are far above the levels 
allowed for solar-grade mkltstock. Nevertheless, the low cost of 
the metallurgical-grade product makes the refining by likewise 
economical metallurgical techniques increasingly attractive. 
Basic hydrometallurgical and pyrometallurgical refining pro- 
cedures with special purification effects with regard to certain 
impurities and element groups are given by 

- Solid-liquid extraction (acid leaching) 
- Liquid-liquid extraction (slagging) 
- Liquid-gas extraction (gas blowing and evaporation) 
- Solvent extraction (recrystallization from A1 solution) 
Practice-oriented approaches have been started at several places 
to reveal the potentiality of these extractive processes. 
Optimization of the refining sequence is inseparably combined 
with economic aspects but also with the conditions of subsequent 
crystallization and device processing. 



~iquid-liquid extraction as one of the pyrometallurgical 
processes is applied to remove impurities from M G - S i  in the 
molten state, Successful utilization requires a slag system that 
has a higher chemical affinity to certain impurities than 
silicon. The slag melt should be immiscible with molten silicon, 
which means that besides being chemically stable in contact with 
molten silicon it does not contaminate the silicon too much or 
dissolve major amounts of elemental silicon. Slags based on 
alkaline earth metal silicates have been found to fulfill these 
criteria. 

To optimize the purification effect by slagging the high 
temperature chemistry of liquid-liquid extraction has to be 
investigated. As the elemental impurities are reduced or oxidi- 
zed at the liquid silicon-slag interface, first order thermody- 
namic predictions can be made on the basis of their oxidative/ 
reducive behavior. Elements forming oxides of higher stability 
than Si02 are expected to get oxidized and slagged. This has 
proven to be valid for elements like Ca, Mg and Al. On the other 
hand, elements like Fe, Cr and Mn, which form oxides of lower 
stability than Si02, get transferred into the silicon melt. 

In Pig. 4 a schematic drawing of the liquid-liquid extrac- 
tion process is given. In a carbon ladle liquid-liquid contact 
between CaSi03 and MG-Si is established using the electroslag 
procedure as a more or less convenient heating technique. After 
realizing equilibrium extraction conditions by appropriate 
choice of extraction duration and temperature prerefined PI-Si 
quality is obtained . Insertations in Fig. 4 comparing the 
situation of impurities in MG-Si and P1-Si demonstrate the 
pruification effect by slagging in the case of A1 and the 
non-metal contaminants B and C. 

The carbon level it lowered due to the reaction of dis- 
solved carbon and Sic particles with the silicate slag forming 
volatile CO. Despite intensive contact of the molten silicon- 
slag system with the carbon ladle, carbon concentrations below 
detection limits of combustion analysis in the range of 50 ppma 
are attainable by appropriate control of the kinetics of oppo- 
sing chemical and physical phenomena. 

Following the above stated rule with regard to B no 
purification by liquid-liquid extraction is expected, as its 
free energy value of oxide formation is somewhat below that of 
silicon. To understand the opposite experimental finding a more 
careful analysis has to take into account second order thermody- 
namic effects. Accordingly, the observed transference of B into 
the slag phase becomes understandable by special bonding condi- 
tions of boronoxide in the silicate phase. The potentiality to 
remove B makes the liquid-liquid extraction process an important 
step of the metallurgical refining sequence. 



I n  Fig, 5 B concentrations of pyrometallurgically refined 
M G - S i  are plotted versus resistivity values of multicrystalline 
samples, The observed dependence fits well in the correlation of 
ASTM standard F 7 2 3 - 8 2 .  B concentrations reaching levels below 
1 ppma correspond to resistivity values up to nearly 0,5~?-.cm, 
p-type. Doping levels in Si for solar application currently are 
settled in the 0,5 - 5r-cm range, They may experience, for 
primary economic reasons, a slide towards even lower resistivity 
values, as soon as modified cell concepts will be optimized. 

SOLID-LIQUID EXTRACTION 

The formation of impurity precipitates in polycrystalline 
low-grade silicon is a precondition of solid-liquid extraction 
known as acid leaching. The formation of precipitates in form of 
silicides, oxides, silicates or metal eutectics is enhanced by 
both low segregation coefficient and low solid solubility. A 
striking correlation is very helpful in the field of hydrometal- 
lurgical meltstock processing: The lower the permissible level 
of the impurity element in question, the lower the segregation 
coefficient and, thus, the more effective the purification. 

During solidification of low-grade Si such as the above 
mentioned PI-Si, impurities with low segregation coefficients 
and concentrations exceeding solid solubility accumulate mainly 
along grain boundaries of the polycrystalline material. For 
effective refining, the silicon has to be milled in order to set 
second phase inclusions free for subsequent attack by acid 
mixtures. In Fig. 6 a flow-chart of the hydrometallurgical 
refining process is given: Lumps of P1-Si are crushed by a 
sequence of jaw and roll crushers and finally pulverized in a 
vibration mill. Milling under wet conditions allows a hydro- 
cyclone to be used to classify the milled product. 

Extensive experimental work has been done in optimizing 
particle size of the pulverized Si, type, mixture and concen- 
tration of acids as well as temperature and duration of the 
leaching procedure (12). Fig. 7 demonstrates the effect of 
particle size on the purification of PI-Si powder in the treat- 
ment with aqueous solutions of hydrochloric acid and hydro- 
fluoric acid. The experimental data cover a range from 10 to 
150 ym of average particle size. Pe, Ca and Ti stand for the 
leaching behavior of certain groups of metal impurities in 
PI--Si, The effectiveness of hydrometallurgical refining is 
improved by grinding the silicon down to a particle size well 
below the average grain diameter of the polycrystalline mate- 
rial. In the case of extremely fine milling, the improvement in 
purification, however, has to be balanced against the increasing 
difficulty of handling and melting the powder in the subsequent 
pyrometallurgical process. 



The leaching equipment in Fig, 6 consists mainly of a 
filter-extractor in which the pumpable silicon-acid slurry is 
Peached by appropriate acid mictures followed by rinsing and 
drying operations. Starting from Pl-quality the main impurities 
Fe and Ca in the range of some 1000 ppma are eliminated down to 
low ppma levels, whereas in the case of nearly all other metal 
impurities even sub-ppma levels are attainable. Remaining 
impurities with unfavourable segregation coefficients such as 
the doping element P are distributed nearly homogeneously in 
solid silicon and cannot be selectively attacked by acid 
leaching. 

LIQUID-GAS EXTRACTION 

Liquid-gas extraction is another procedure in the field of 
metallurgical meltstock processing. Blowing reactive gases 
through molten silicon has been and is currently employed by 
MG-Si manufacturers for achieving higher material qualities. The 
conceptual approach is to form impurity compounds which can be 
slagged or removed by evaporation. The knowledge of both the 
chemistry of possible high temperature reactions and physical 
properties such as vapor pressure and solubility of the reaction 
products in molten Si is a prerequisite of selecting the proper 
experimental approach. The high reactivity of Si itself, how- 
ever, limits the effective application of gaseous reactants much 
more than in the case of steel refinement. 

Evaporation of elemental impurities from molten silicon 
represents a possibly more advantageous performance of liquid- 
gas extraction. Elements with higher vapor pressure than Si in 
principle are expected to evaporate from the silicon melt. In 
Fig. 8 the recovery of elemental impurities in the arc furnace 
process at temperatures around 1650°C is plotted versus vapor 
pressure. In fact the recovery has been found to be inversely 
related to the vapor pressure of the elements in question. This 
finding shows the possibility to further remove impurity elements 
such as Al, Ca and especially P. 

In Fig. 9 a simplified drawing of the liquid-gas extrac- 
tion process is given. To enhance the evaporation effect it is 
advantageous to treat the Si melt to be purified under vacuum 
conditions. Concentrations of impurities mostly affected by 
gaseous reactants and/or vacuum treatment are listet before and 
after liquid-gas extraction in Fig. 9. The obtained HP2-Si 
quality is characterized by metal concentrations each below 
1 ppma, by oxygen below 10 ppma - starting from levels in 
surface oxide layers in the range of 5000 ppma - and by con- 
centrations of phosphorus as a doping impurity reproducibly 
reduced to values below 0,5 ppma. 



PROCESSING SEQUENCE 

To define an optimum sequence of processing steps in the 
refinement of metallurgical-grade silicon is o f  central irnpor- 
tance in terms of both systematic purification and economical 
conditions. The final combination of procedures may be different 
mainly due to special qualities of the starting material but 
also due to purity requirements of the subsequent crystalliza- 
tion technique. Differences in refining concepts, moreover, may 
be caused by the commercial availability of auxiliary materials 
of both adequate quality and dimension. Up to now all the 
efforts to find auxiliary materials suitable for use in the 
field of pyrometallurgical purification yielded refractory 
materials based exclusively on silicon compounds such as silicon 
oxide, silicon nitride and silicon carbide, respectively. This 
also applies in principle to carbon as this material in its Si- 
resistant quality protects itself by forming a dense layer of 
silicon carbide. 

In Fig. 10 the flow-chart of an optimized refining cycle 
based on metallurgical refining steps is schematically drawn 
(14). Commercially available metallurgical-grade silicon - of 
selected quality with regard to certain impurities - in a first 
step is purified by liquid-liquid extraction. This slagging 
procedure yields prerefined silicon of the above discussed PI 
quality typified by low B and C concentrations. Alternatively to 
liquid-liquid extraction solvent extraction by recrystallization 
from A1 may be applied. 

After grinding and acid leaching in the framework of an 
optimized hydrometallurgidal technique high purity quality 
HP1-Si is reached. This advanced stage of refinement is charac- 
terized by drastically lowered levels of metal impurities. To 
accomplish Si meltstock of terrestrial solar-grade quality, a 
second pyrometallurgical step by liquid-gas extraction using 
reactive gas blowing and/or vacuum treatment is required. 
Directional solidification for instance carried out in form of 
multicrystalline ingot casting technique (15) can be considered 
as the final purification step due to nearly theoretical segre- 
gation phenomena. From a different point of view, however, it 
also represents the first step in crystallization technology. 

CONCLUSION 

To design a basic low-cost concept of large-scale material 
production, availability and costs of both starting and auxi- 
liary materials as well as total amount of investment, energy 
consumption, throughput, and environmental compatibility have to 
be considered. 



Solar-grade silicon at costs in the range of US $ 5 - $ 10 
will only be realized by utilizing unconventional techniques. 
The metallurgical way of silicon meltstock processing can meet 
this target by bringing into action a minimum number sf comple- 
mentary hydro- and pyrometallurgical steps, To transfer the 
initial advantage of an impurity-optimized starting material to 
the final goal of large-scale terrestrial solar cell production, 
crystallization and cutting processes as well as cell technolo- 
gies of adequate low-cost character are demanded. To reach 
industrial maturity, technical feasibility as well as economy of 
the different processes have to be finally investigated via 
pilot stages of adequate dimensions. 
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DISCUSSION 

~ Y C Q C K :  Could you e s t i m a b  when Wacker cou ld  offer a c o m e r c i a $  produc t  based 
s n  this general research area? 

DIETL: More gears of basic development remain to be done. In perhaps 3 or 4 
years we hope to achieve the state of development that will allow us to 
make decisions regarding production. The first production of this 
conventional silicon material will probably be the early 1990s. 

RUSTIONI: We worked several years ago in this field. I remember that we had a 
problem of the formation of foam during the leaching treatment, especially 
with fine powder present. This was a very difficult problem to solve. We 
tried to use some surfactant substances in order to decrease this 
phenomenon. Have you noticed this formation also? 

DIETL: In the beginning, we had the same problem. We tried to overcome this 
problem first by using a very effective classification to remove all of 
the very fine particles and, secondly, to use a filter extractor in which 
the worst effects of the foam are decreased. 

WRIGHT: We were working on a very similar metallurgical approach in the early 
days at Solarex. Would you comment on the drop in yield for each step of 
the process? 

DIETL: We have used a pilot two-stage process up to this time. This means 
batch quantities of about 100 kg in the pyrometallurgical step. We obtain 
yields ranging from 95 to 98% for those batches, depending on the process 
being examined. 



SOLAR-GRADE SILICON PREPARED BY CARBOTHERMIC REDUCTION OF SILICA 
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Abst rac t  

An advanced carbothermic r educ t ion  ( A C R )  p rocess  was developed t o  produce 
solar-grade (SG) s i l i c o n  from high-puri ty  s i l i c a  and carbon. P repa ra t i on  o f  
s t a r t i n g  m a t e r i a l s  and o p e r a t i o n  of t h e  arc-furnace t o  produce h igh-pur i ty  
s i l i c o n  is descr ibed .  So la r  cells  prepared from s i n g l e  c r y s t a l  SG-Si had e f f i -  
c i e n c i e s  of up t o  12.3%, p r a c t i c a l l y  i d e n t i c a l  t o  c e l l s  made from e l e c t r o n i c -  
g rade  (EG)  s i l i c o n .  The ACR process  is now i n  t h e  p i l o t  s t a g e  f o r  f u r t h e r  eva- 
l u a t  ion.  

1 .  I n t roduc t ion  

Commercial s o l a r  c e l l s  p r e s e n t l y  a v a i l a b l e  a r e  manufactured e x c l u s i v e l y  from 
high-puri ty  EG-silicon. For l a r g e  s c a l e  a p p l i c a t i o n  of  photovol ta ic  devices  
t h i s  expensive m a t e r i a l  must be rep laced  by inexpensive SG-silicon. Numerous 
p roces se s  a r e  p r e s e n t l y  under i n v e s t i g a t i o n  and some have a l r e a d y  reached t h e  
p i l o t - s t a g e  / I / .  
Metal lurgical-grade (MG) - s i l i c o n  is commercially a v a i l a b l e  f o r  -1 $/kg but its 
impur i ty  l e v e l  is much t o o  h igh  t o  render  i t  s u i t a b l e  f o r  s o l a r  c e l l  app l i -  
c a t i ons .  MG-Si is produced by carbothermic r educ t ion  (CR) of  q u a r t z i t e  i n  l a r g e  
arc-furnaces ,  a p rocess  e x t e n s i v e l y  employed world-wide. 
The r ea sons  f o r  t h e  CR t o  succeed a s  t h e  most economical Si-process are a s  
fo l lows  : 

Abundance of  inexpensive s t a r t i n g  m a t e r i a l s  ( q u a r t z i t e ,  coke, cha rcoa l )  
Low energy consumption (-11 KWh/kg S i )  and h igh  S i -y i e ld  (-85%) 
High throughput (-1 000 kg/h) 
Inexpensive process  technology 
No t o x i c  by-products a r e  produced 

These favourable  a t t r i b u t e s  of  t h e  CR-process were t h e  b a s i s  o f  our d e c i s i o n  t o  
embark on t h i s  method f o r  t h e  product ion of SG-silicon. 

However, t o  o b t a i n  high-puri ty  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  product ion t h e  
commonly employed CR-process must be modified cons iderab ly .  Fig.  1 shows t h a t  
t h e  h igh  impuri ty  concen t r a t i on  i n  MG-Si is t h e  r e s u l t  of impure s t a r t i n g  
m a t e r i a l s  (mainly carbon)  and process  technology such a s  fu rnace  l i n i n g ,  e l ec -  
t r o d e s ,  poking and tapping  equipment. 



c .  : 200 - 900 ppme 
TI, Mn : 258 - 450 pprna 
Alkall, adlg : "1 - 56 ppma 
V, Cr, ,HI, Gu : 10 ..- 30 pprna 
BS P : 20 - 30 ppma 

F i g .  1 Origin of' impurities in rnstallurglcal(MG)-siliccn 

To e l i m i n a t e  t h e s e  i m p u r i t i e s  we developed a n  advanced ca rbo the rmic  r e d u c t i o n  
(ACR) p r o c e s s ,  u s i n g  h i g h - p u r i t y  s t a r t i n g  m a t e r i a l s  t h a t  a r e  r e a c t e d  under 
h i g h - p u r i t y  c o n d i t i o n s  i n  an  a r c - f u r n a c e  / 2 / .  A s i m i l a r  approach was f i r s t  
adop ted  by L.P.Hunt a t  Dow Corning /3/ and l a t e r  i n  a  j o i n t  Exxon/Elkem r e s e -  
a r c h  p r o j e c t  /4/. I n  t h e  l a t t e r  p r o c e s s  s i l i c o n  produced h a s  t o  be f u r t h e r  
p u r i f i e d  by a c i d - l e a c h i n g ,  a  method n o t  employed i n  our  ACR.  
By combining economy o f  p r o d u c t i o n  w i t h  h i g h - p u r i t y  c o n d i t i o n s  t h e  ACR-process 
h a s  a  l a r g e  p o t e n t i a l  f o r  meet ing c o s t  and p u r i t y  r e q u i r e m e n t s  f o r  SG-s i l i con  
p roduc t  i o n .  

2.  P r e p a r a t i o n  of  h i g h - p u r i t y  s t a r t i n g  m a t e r i a l s  

For t h e  ACR h i g h - p u r i t y  s i l i c o n d i o x i d e  and h i g h - p u r i t y  ca rbon  a r e  employed. 
To meet t h e  c o s t  g o a l  t h e s e  m a t e r i a l s  s h o u l d  be i n e x p e n s i v e  and a b u n d e n t l y  
a v a i l a b l e .  I n  a d d i t i o n ,  s i n c e  i m p u r i t i e s  p r e s e n t  i n  t h e  s t a r t i n g  m a t e r i a l s  w i l l  
be i n c o r p o r a t e d  i n t o  t h e  s i l i c o n  produced,  i t  is ex t remely  impor tan t  t o  a v o i d  
t h o s e  i m p u r i t i e s  d i f f i c u l t  t o  remove from s i l i c o n  by t h e  subsequent  c r y s t a l l i -  
z a t i o n  p r o c e s s  f o r  s h e e t  p r o d u c t i o n  / I  /. I n  p a r t i c u l a r ,  t h e  c o n c e n t r a t  i o n  o f  
i m p u r i t i e s  such  a s  boron and phosphorous w i t h  a  l a r g e  d i s t r i b u t i o n  c o e f f i c i e n t  
of  0.8 and 0 .2  r e s p .  shou ld  be below 0 . 2  ppmw. 

a )  High-pur i ty  s i l i c a  
The r e q u i r e m e n t s  mentioned above l e a v e  o n l y  a  s m a l l  number of  s i l i c a  s o u r c e s  t o  
be c o n s i d e r e d  f o r  t h e  ACR.  
High-pur i ty  q u a r t z  mined from v a r i o u s  d e p o s i t s  l o c a t e d  i n  B r a z i l ,  t h e  USA o r  
Canada is t o o  expens ive  and because  i t  is  a  n a t u r a l  p r o d u c t ,  i t  is l i k e l y  t o  
vary  i n  p u r i t y .  



S y n t h e t i c  s i l i c a  produced i n  l a r g e  q u a n t i t i e s  by f lame h y d r o l y s i s  from s i l i c o n  
t e t r a c h l o r i d e  c o n t a i n s  s e v e r a l  ppm of  B and P and is t o o  e x p e n s i v e  a s  w e l l .  An 
i n e x p e n s i v e  m a t e r i a l  is  t h e  s i l i c a  produced from w a t e r g l a s s ,  However, because  
of i t s  h i g h  i m p u r i t y  c o n t e n t  i t  c a n  n o t  be employed f o r  t h e  A C R ,  
S i n c e  n e i t h e r  n a t u r a l  q u a r t z  nor  s y n t h e t i c  s i l i c a  meet o u r  s p e c i f i c a t i o n s  we 
deve loped  a  p r o c e s s  i n  which i n e x p e n s i v e  q u a r t z  sand  is p u r i f i e d  u s i n g  a  
combined g l a s s  m e l t i n g / f i b e r  l e a c h i n g  (FL)-process  /5 / .  
The q u a r t z  sand we u s e  is mined from d e p o s i t s  i n  Germany and c o n t a i n s  a  h i g h  
c o n c e n t r a t i o n  o f  i m p u r i t i e s  such  as A l ,  Fe ,  T i  e t c .  To remove t h e s e  i m 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  b u l k  m a t e r i a l ,  t h e  sand  is f u s e d  w i t h  g l a s s  forming o x i d e s  
such  a s  sodium o x i d e  and ca lc ium o x i d e  t o  form a  mult icomponent g l a s s .  The 
g l a s s  m e l t  is c o n v e r t e d  i n t o  f i b e r s  o r  g r a n u l e s  t o  o b t a i n  a  p roduc t  w i t h  a  
l a r g e  s u r f a c e  a r e a .  Treatment  w i t h  h o t  HCL l e a c h e s  o u t  a l l  m e t a l  o x i d e s  and 
i m p u r i t i e s  and h i g h - p u r i t y  s i l i c a  is o b t a i n e d  as a  r e s u l t  (Tab.1) .  B a s i c a l l y ,  
t h e  g l a s s  forming o x i d e s  merely  s e r v e  as a n  a c i d - s o l u b l e  s o l v e n t  f o r  t h e  i m -  
p u r i t i e s  p r e s e n t  i n  t h e  q u a r t z  sand.  

I m p u r i t y  c o n t e n t  of FL-Si02 
Tab. 1 

b )  High-pur i ty  ca rbon  
The ca rbon  m a t e r i a l s  commonly used f o r  producing MG-Si such  a s  c o a l ,  coke and 
c h a r c o a l ,  have a v e r y  h i g h  i m p u r i t y  c o n t e n t  and can  n o t  be employed i n  t h e  ACR.  
High-pur i ty  m a t e r i a l s  such  a s  g r a p h i t e  can n o t  be used e i t h e r  s i n c e  t h e i r  
r e a c t i v i t y  i s  t o o  low t o  o b t a i n  s i l i c o n  w i t h  h i g h  y i e l d .  
Carbon o f  s u f f i c i e n t  r e a c t i v i t y  is commercia l ly  a v a i l a b l e  i n  t h e  form o f  v a r i -  
ous carbon b l a c k s .  These m a t e r i a l s  a r e  produced on a n  i n d u s t r i a l  s c a l e  by 
the rmal  decomposi t ion of  C-H-compounds. A commonly a p p l i e d  method u s e s  c r u d e  



o i l  a s  a  s t a r t i n g  m a t e r i a l  which is burned i n  a n  oxygen l e a n  f l a m e ;  t h e  h o t  g a s  
m i x t u r e  c o n t a i n i n g  t h e  ca rbon  b l a c k  p a r t i c l e s  is s u b s e q u e n t l y  quenched by wa te r  
s p r a y i n g  , 
The m a t e r i a l  produced u s u a l l y  h a s  a n  i m p u r i t y  c o n t e n t  of  s e v e r a l  hundred ppm, 
t o o  h i g h  t o  be used d i r e c t l y  f o r  t h e  A C R .  
Carbon b l a c k s  much h i g h e r  i n  p u r i t y  can be o b t a i n e d  by decomposing a c e t y l e n e  o r  
n a t u r a l  g a s ,  bu t  t h e  h i g h  p r i c e  r e n d e r s  t h i s  p roduc t  u n s u i t a b l e  f o r  o u r  pro- 
c e s s .  

To o b t a i n  h i g h - p u r i t y  carbon from i n e x p e n s i v e  carbon b l a c k  we t r e a t  commer- 
c i a l l y  a v a i l a b l e  p r o d u c t s  w i t h  ho t  HC1-solution t o  l e a c h  o u t  harmful  impuri -  
t i e s .  The p u r i t y  o f  t h e  m a t e r i a l  produced is comparable t o  t h e  h i g h - p u r i t y  
s i l i c a .  

3. G r a n u l a t i o n  o f  s i l i c a  and carbon 

I n  an  MG-Si producing f u r n a c e  s t a r t i n g  m a t e r i a l s  a r e  commonly employed a s  
chunks up t o  10 cm i n  s i z e .  I n  our  p r o c e s s ,  t h e  s i l i c a  and ca rbon  p r e p a r e d  a r e  
f i n e l y  powdered m a t e r i a l s  and must t h e r e f o r e  be g r a n u l a t e d  b e f o r e  be ing  used i n  
t h e  a r c - f u r n a c e .  T h i s  may be a c h i e v e d  by b r i k e t t i n g  o r  by p e l l e t i z i n g  w i t h  t h e  
a i d  of  s p e c i a l  b i n d e r s .  Regard less  o f  t h e  method employed, no i m p u r i t i e s  s h o u l d  
be i n t r o d u c e d  by t h i s  p r o c e s s  and g r a n u l e s  produced must e x h i b i t  t h e  f o l l o w i n g  
p r o p e r t i e s :  
* High mechanical  i n t e g r i t y  up t o  t e m p e r a t u r e s  o f  -700°C 

t o  p r e v e n t  p remature  d i s i n t e g r a t i o n  and  l o s s  o f  m a t e r i a l  
* High r e a c t i v i t y  t o  i n s u r e  h i g h  s i l i c o n  y i e l d  

Optimal g r a i n  s i z e  f o r  smooth f u r n a c e  o p e r a t i o n  - S u f f i c i e n t  e l e c t r i c a l  c o n d u c t i v i t y  t o  o b t a i n  p roper  t e m p e r a t u r e  
d i s t r i b u t i o n  i n  t h e  r e g i o n  o f  t h e  e l e c t r o d e s .  

The g r a n u l e s  may e i t h e r  c o n t a i n  o n l y  one component o r  may be composed o f  a  
Si02/C-mixture.  Recen t ly  ~ i ~ ~ / ~ - b r i k e t t s  were s u c c e s s f u l l y  employed i n  l a r g e  
i n d u s t r i a l  f u r n a c e s  r e s u l t i n g  i n  lower energy  consumption and h i g h e r  S i - y i e l d  
when compared t o  t h e  c o n v e n t i o n a l  cha rge .  I n  our  exper iments  both  p e l l e t s  and 
b r i k e t t s  were s u c c e s s f u l l y  t e s t e d ;  a s  a  b i n d e r  a  phenol  r e s i n  was used .  

4 .  Carbothermic  r e d u c t i o n  of  s i l i c a  

The p r o d u c t i o n  o f  s i l i c o n  i n  a n  a r c - f u r n a c e  may be d e s c r i b e d  by t h e  o v e r a l l  
r e a c t  ion 

The s i m p l i c i t y  o f  t h i s  r e a c t i o n  is d e c e p t i v e ,  however, f o r  t h e  v a r i o u s  r e a c -  
t i o n s  a c t u a l l y  t a k i n g  p l a c e  i n  a n  a rc - fu rnace  a r e  much more complex. I n  t h e  
h i g h  t e m p e r a t u r e  zone i n  t h e  r e g i o n  o f  t h e  a r c  a l a r g e  number o f  r e a c t i o n s  a r e  
thermodynamically f e a s i b l e  between t h e  p r i n c i p l e  s p e c i e s  S i 0 2 ,  SiO, S i ,  S i c ,  C 
and CO / 6 / .  Although a q u a n t i t a t i v e  d e s c r i p t i o n  o f  t h e s e  r e a c t i o n s  is no t  
p o s s i b l e  a t  p r e s e n t ,  a  compara t ive ly  s i m p l e  model can be used t o  d e s c r i b e  t h e  
p r o c e s s e s  o c c u r i n g  i n  t h e  f u r n a c e  ( F i g . 2 ) .  
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I n  t h e  r e g i o n  of  t h e  a r c  a t  a  t e m p e r a t u r e  of more t h a n  2000°C S i 0 2  and S i c  
r e a c t  t o  form v o l a t i l e  p r o d u c t s  (SiO,  C O )  and l i q u i d  s i l i c o n .  T h i s  r e a c t i o n  
l e a d s  t o  t h e  f o r m a t i o n  of  a  c a v i t y  ( 1 )  f i l l e d  w i t h  SiO- and CO-gas. R i s i n g  
SiO-gas r e a c t s  w i t h  carbon t o  form S i c  which,  t o g e t h e r  wi th  t h e  S i 0 2  t r a v e l s  
i n t o  t h e  h o t  zone ,  r e p l a c i n g  t h e  m a t e r i a l  t h a t  h a s  a l r e a d y  been r e a c t e d  t o  
l i q u i d  s i l i c o n .  F i g .  2  shows t h a t  t h i s  r e a c t i o n  o c c u r s  p r i m a r i l y  a t  t h e  c a v i t y  
w a l l ,  w i t h  l i q u i d  s i l i c o n  accumula t ing  a t  t h e  bottom o f  t h e  f u r n a c e .  The CO-gas 
formed as a  by-product r i s e s  th rough  t h e  r e a c t i o n  m i x t u r e  and r e a c t s  w i t h  a t -  
mospher ic  oxygen t o  C02 a t  t h e  s u r f a c e .  

To t e s t  our  high-pur i t y  s t a r t i n g  m a t e r i a l s  and t o  de te rmine  c o n d i t i o n s  neces-  
s a r y  f o r  SG-Si p r o d u c t i o n  a  70 kW s i n g l e - e l e c t r o d e  r e d u c t i o n  f u r n a c e  was s e t  up 
( F i g . 3 ) .  
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Fig. 3 Schematic of the 70  KW-Reduction furnace 
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A l l  p a r t s  t h a t  come i n t o  c o n t a c t  w i t h  t h e  s t a r t i n g  m a t e r i a l s  and t h e  s i l i c o n  
produced a r e  made o f  high-pur it y  g r a p h i t e  , i n c l u d i n g  t h e  e l e c t r o d e  which supp- 
l i e s  abou t  10% o f  t h e  ca rbon  n e c e s s a r y  f o r  t h e  r e d u c t i o n .  To moni tor  t h e  tem- 
p e r a t u r e  n e a r  t h e  r e a c t i o n  zone,  a  h o l e  was d r i l l e d  th rough  t h e  lower  e l e c t r o d e  
and t h e  t e m p e r a t u r e  measured a t  t h e  bottom of  t h e  g r a p h i t e  c r u c i b l e  u s i n g  a  
pyrometer .  
Car ry ing  o u t  r e d u c t i o n  exper iments  w i t h  v a r i o u s  Si02-sources  and ac id - l eached  
ca rbon  b l a c k  p e l l e t s ,  s i l i c o n  o f  p-type was o b t a i n e d  i n  e v e r y  c a s e  (Tab .2 ) .  The 
p r o d u c t i o n  r a t e  was -2kg/h,  and t h e  s i l i c o n  was t apped  c o n t i n o u s l y  o r  e v e r y  1 
t o  2  hours .  

I 
I 
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I 

Tab. 2 Impurity content of SiO -sources and acid-leached carbon 
2 

To de te rmine  t h e  l i m i t  o f  t h e  ca rbo the rmic  r e d u c t i o n  p r o c e s s  w i t h  r e s p e c t  t o  
t h e  p u r i t y  o f  t h e  s i l i c o n  produced a n  exper iment  was c a r r i e d  o u t  u s i n g  syn the -  
t i c  S i 0 2  of t h e  h i g h e s t  p u r i t y  commercial ly a v a i l a b l e  (Tab.2 Nr .3)  and 1 ached 
ca rbon  p e l l e t s .  High-pur i ty  s i l i c o n  wi th  a 8 - c o n c e n t r a t i o n  below 101ga/cm3 
(SIMS-measurement) was produced,  t h e  h i g h e s t  p u r i t y  e v e r  o b t a i n e d  i n  t h i s  pro- 
c e s s  / 7 / .  T h i s  shows t h a t  under s u i t a b l e  c o n d i t i o n s  t h e  ACR p r o c e s s  can be 
c a r r i e d  o u t  under h i g h - p u r i t y  c o n d i t i o n s  s o  t h a t  p u r i t y  o f  s t a r t i n g  m a t e r i a l s  
can be main ta ined .  



On accoun t  of t h e  promis ing r e s u l t s  o b t a i n e d  i n  t h e  p r e p a r a t i o n  o f  s t a r t i n g  
m a t e r i a l s  and s m a l l  s c a l e  r e d u c t i o n ,  a 550 kVA f u r n a c e  was b u i l t  for p i l o t  
p r o d u c t i o n  o f  SG-Si. T h i s  3 - e l e c t r o d e  f u r n a c e  h a s  a n  i n s i d e  d iamete r  o f  1,2m 
and a c a p a c i t y  f o r  f i l l i n g  i t  wi th  1 . 2 t  o f  s i l i c a  and ca rbon  / 2 / ,  The e l e c t r o d e  
arrangement  and t h e  e l e c t r o n i c s  f o r  f u r n a c e  o p e r a t i o n  a r e  s i m i l a r  t o  t h o s e  
commonly used i n  l a r g e  i n d u s t r i a l  f u r n a c e s ,  A l l  p a r t s  of  t h e  f u r n a c e  t h a t  come 
i n t o  c o n t a c t  w i t h  raw m a t e r i a l s  o r  l i q u i d  s i l i c o n  a r e  made from h i g h - p u r i t y  
g r a p h i t e  t o  p r e v e n t  con tamina t ion  o f  t h e  s i l i c o n  produced.  Using s p e c i a l l y  
s e l e c t e d  s i l i c a  and carbon b l a c k  b r i k e t t s  s i l i c o n  was produced a t  a r a t e  o f  
-15kg/h. T h i s  f u r n a c e  w i l l  be used t o  e s t i m a t e  t h e  o v e r a l l  c o s t  o f  o u r  SG-Si 
p r o c e s s .  

5. P r o c e s s i n g  o f  s i l i c o n  

A t  1750°C, t h e  t e m p e r a t u r e  l i q u i d  s i l i c o n  l e a v e s  t h e  f u r n a c e ,  abou t  500ppmw 
of  ca rbon  may be d i s s o l v e d  i n  t h e  s i l i c o n  m e l t  /8 / .  I n  a d d i t i o n  s o l i d  SiC- 
p a r t i c l e s  may a l s o  be p r e s e n t .  Upon s o l i d i f i c a t i o n  ca rbon  w i l l  p r e c i p i t a t e  and 
numerous S i c - p a r t i c l e s  may be  d e t e c t e d .  When u s i n g  t h i s  m a t e r i a l  a s  f e e d s t o c k  
f o r  Czochralski -growth,  a t  t e m p e r a t u r e s  o f  1 420°C o n l y  25-30ppmw carbon  w i l l  
d i s s o l v e  t h e  remainder  be ing  s o l i d  S i c - p a r t i c l e s  f l o a t i n g  i n  t h e  mel t  preven- 
t i n g  s i n g l e  c r y s t a l  growth.  Consequent ly ,  t o  o b t a i n  f i r s t  g e n e r a t i o n  s i n g l e  
c r y s t a l  r o d s  t h e  ca rbon  c o n t e n t  o f  t h e  s i l i c o n  produced h a s  t o  be reduced  down 
t o  v a l u e s  below 25-30ppmw. 
I n  p r i n c i p l e ,  t h i s  can  be ach ieved  by p h y s i c a l  o r  chemica l  methods:  

- P h y s i c a l  methods 
Si-samples o b t a i n e d  from t h e  f u r n a c e  u s u a l l y  c o n t a i n  S i c - p a r t i c l e s  10-20pm i n  
s i z e .  Remelt ing t h i s  m a t e r i a l  i n  a c r u c i b l e  and h o l d i n g  t h e  t e m p e r a t u r e  c l o s e  
t o  t h e  m e l t i n g  p o i n t  S i c - p a r t i c l e s  w i l l  grow and ,  due t o  i ts l a r g e r  d e n s i t y  
compared t o  t h e  m e l t ,  s i n k  t o  t h e  bottom o f  t h e  c r u c i b l e .  The s u p e r n a t a n t  me l t  
may be removed and used f o r  c r , y s t a l  growth.  S i c - p a r t i c l e s  may a l s o  be removed 
by p a s s i n g  t h e  m e l t  th rough  a s u i t a b l e  f i l t e r  made from a n  i n e r t  m a t e r i a l  such  
a s  S i 0 2  o r  S i c .  F i n a l l y ,  by c o l l e c t i n g  t h e  l i q u i d  s i l i c o n  from t h e  f u r n a c e  i n  
s u i t a b l e  moulds and  c a r r y i n g  o u t  a s i m p l e  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  c a r b o n  and 
S i c - p a r t i c l e s  can  a l s o  be s e g r e g a t e d  e f f e c t i v e l y .  

- Chemical methods 
These t e c h n i q u e s  r e l y  on t h e  r e a c t i o n  o f  ca rbon  and S i c  w i t h  o x i d i z i n g  a g e n t s ,  
i . e .  S i c  + 2 S i 0 2  + 3 SiO + CO ( 2 ) .  Whether t h i s  r e a c t i o n  is f e a s i b l e  is d e t e r -  
mined by thermodynamics. Neg lec t ing  t h e  i n f l u e n c e  o f  t h e  s i l i c o n  m e l t ,  t h e  
vapor p r e s s u r e  of  CO a t  a  t e m p e r a t u r e  of  7500°C is =0 ,15  Tor r  and = l  T o r r  a t  
1 600°C (PSiU = 3 PCO).  Removing CO c o n t i n o u s l y  by pumping o r  by working under 
f l o w i n g  i n e r t  g a s ,  r e a c t i o n  ( 2 )  is s h i f t e d  t o  t h e  r i g h t  r e s u l t i n g  i n  a r educed  
carbon c o n t e n t .  

Using m e t a l l u r g i c a l  s i l i c o n  w i t h  a h i g h  ca rbon  c o n t e n t  a s  w e l l  a s  our  own SG-Si 
and employing methods d i s c u s s e d  above s i l i c o n  was produced t h a t  cou ld  be  con- 
v e r t e d  i n t o  s i n g l e  c r y s t a l  r o d s  us ing  one Cz-pull o n l y .  More work is n e c e s s a r y  
t o  de te rmine  t h e  most economical  t e c h n i q u e  t o  remove carbon.  



6 ,  S o l a r  c e l l  p r e p a r t a t i o n  

S i l i c o n  o b t a i n e d  by our  ACR-process was c o n v e r t e d  i n t o  s i n g l e  c r y s t a l  mate- 
r i a l  u s i n g  Cz-technique.  Second g e n e r a t i o n  i n g o t s  hav ing  a  d iamete r  of I O O m m  
and 125mm and f r e e  of  d i s l o c a t i o n s  were s l i c e d  u s i n g  ID-saw, Wafers o b t a i n e d  
hav ing  a  r e s i s t i v i t y  of 0 , 5  - 0 , 4  Rcm and d i f f u s i o n  l e n g t h  of? -50pm (SPV-method) 
were c o n v e r t e d  i n t o  s o l a r  c e l l s  u s i n g  c o n v e n t i o n a l  t e c h n i q u e  / 7 , 9 / .  Best  v a l u e s  
o b t a i n e d  (AMI) were 11.1% f o r  100mm 0 c e l l s .  
S i m i l a r  r e s u l t s  were o b t a i n e d  when comparing c e l l s  made from EG-Si ( 0 . 5 ~ c m ) .  

The c e l l s  (5cm x 5cm) made from SG-Si and EG-Si (1.9Qcm) having a n  improved 
g r i d  s t r u c t u r e  had t h e  f o l l o w i n g  c e l l  pa ramete r :  n = 12.2% (EG-Si = 1 3 . 0 )  ; Is, 
= 690mA (720mA); VOc = 596 mV (593mV); FF = 74.3 ( 7 6 . 0 ) .  I n  our  o p i n i o n ,  t h e  
lower  v a l u e s  f o r  SG-Si c e l l s  a r e  mainly  due t o  t h e  h i g h e r  B-concen t ra t ion  of  
SG-Si ( 5  x 1 a s  compared t o  EG-Si ( 7  x 1 0I5cm-3). 

I n  g e n e r a l ,  f o r  Cz-mater ia l  s o l a r  c e l l  e f f i c i e n c y  and d i f f u s i o n  l e n g t h  d e c r e a s e  
f o r  B-concentra t ion > 5 x and l i t t l e  d i f f e r e n c e  is obse rved  between 
SG-Si and EG-Si o f  t h e  same r e s i s t i v i t y  / l o / .  S i m i l a r  f i n d i n g s  were r e p o r t e d  by 
Amick e t  a l .  /4/. 
To produce s o l a r  c e l l s  o f  h i g h e r  e f f i c i e n c y  t h e  B-concen t ra t ion  o f  our  SG-Si 
s h o u l d  be lowered t o  -2-3 x 1 0 I ~ c m - ~ .  
T h i s  was demonstra ted  by u s i n g  h i g h - p u r i t y  s i l i c a  (Nr.3 i n  Tab.2) and l e a c h e d  
carbon p e l l e t s  i n  o u r  ACR p r o c e s s .  S i l i c o n  o b t a i n e d  was c o n v e r t e d  i n t o  a  3" 
s i n g l e  c r y s t a l  by Cz-technique r o d .  
S o l a r  c e l l s  wi th  c o n v e n t i o n a l  g r i d  s t r u c t u r e  o b t a i n e d  from w a f e r s  (p-type 
In=cm) had an e f f i c i e n c y  of  12.3$,  Is, = 2 8 3 m ~ c m - ~ ,  Voc = 593mV and FF = 748, 
i d e n t i c a l  t o  t h e  r e f e r e n c e  c e l l  made from EG-Si (IRcm). 

7 .  Conc lus ions  

Using our  ACR-process s i l i c o n  was o b t a i n e d  t h a t  c o u l d  be c o n v e r t e d  i n t o  
s o l a r  c e l l s  hav ing  a n  e f f i c i e n c y  o f  up t o  12.2%.  Carbon and S i c - p a r t i c l e s  were 
s u c c e s s f u l l y  removed from t h e  tapped s i l i c o n  u s i n g  s i m p l e  s e p a r a t i o n  methods t o  
o b t a i n  a  f e e d s t o c k  s u i t a b l e  f o r  s i n g l e  c r y s t a l s  growth.  
The p r o c e s s  is  now i n  t h e  p i l o t  s t a g e  t o  e s t i m a t e  c o s t  o f  SG-Si p r o d u c t i o n .  
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DISCUSSION 

WYCOCK: Is Lkte pre-chemical purification skep  a l s o  sca led  up t o  the pilot 
plant level? 

AULPCM: We are in the process of doing that. En other words, we are setting 
up pilot plant level production for high-purity silica. 

SCHMID: It seems that you have achieved some very impressive results with 
respect to getting the impurities like boron, phosphorus, and others d o m  
to low levels. The one situation that you did mention was the presence of 
silicon carbide, which is involved in the reaction. You mentioned a 
number of ways of reducing the silicon-carbide concentration. What do you 
believe is the most feasible way of doing this on a production scale? 

AULICH: I believe a good way would be to use an inexpensive directional 
solidification process in which the ingot quality with respect to 
mechanical properties and its use for slicing, and so on, are not the 
primary objectives. That is, the procedure is used simply as a separation 
method. We know that this procedure works, but it must also be low cost 
because if this process is expensive, it is prohibitive. Me have two 
possibilities now, and we are evaluating the economics of these processes. 

CALLAGHAN: What are the schedules for the completion of the economic analysis 
of the pilot plant scale operation and for the installation of large-scale 
production that would provide $10/kg silicon? 

AULICH: We intend to evaluate the pilot plant operation in the next few 
years and, within this time frame, we will produce silicon, solar cells, 
and modules. Thus, we will evaluate the whole process from the starting 
material to the finished module. This decision for building a larger 
furnace should be reached in the next 3 years or so. 

KOINUMA: I fear that the fiber purification of silica is poor in productivity, 
and I wonder if your process is really practical. 

AULICH: Why do you think the productivity is poor? 

KOLNUMA: Because the amount of fiber is small. 

AULICH: Oh, no. There is no problem in producing hundreds of thousands of 
tons of glass fiber. This is an established technology which is used in 
the building industry and, as I showed, leaching is done within a few 
minutes. Therefore, enormous amounts of high-purity silica can be 
produced with the correct technology. It is no problem, 

SCHWTTKE: I find it very surprising and rewarding that your baseline process 
gives you the same solar-cell efficiency as the use of boron-doped 
semiconductor-grade silicon of the same resistivity. This is very 
encouraging, I would like to propose that it would be worthwhile to use 
this type of material as a substrate for epitaxial deposition for 
integrated circuits. 



AULICH: Yes, we have done t h i s .  The results are  q u i t e  good, 

SCNWTTKE: 1 would assume so, 

WRIGHT: m a t  was the base resistivity of the material used for the high 
efficiency cells? 

AULICH: The cells prepared by our process had a resistivity of about 0.5 to 
0.6 ohm-cm, and this was compared with 0.5 to 0.6 ohm-cm Czochralski 
material. 

WRIGHT: I assume you use a carbon plug in the furnace tapping operation. How 
did you remove the carbon plug without introducing metal contaminants? 

AULICH: We used the conventional technique. In the industrial process, an arc 
is produced between a graphite rod and the closure point. The temperature 
becomes high enough to melt the solidified silicon and molten silicon runs 
out. To produce high-purity silicon, the graphite rod must be of high 
purity. Of course, this can be done and it is our procedure. 

RUSTIONI: We also have used similar electrode techniques for tapping the 
furnace. You mentioned a system for obtaining amorphous silica from 
fluosilicic acid, but this process is not expensive because a byproduct of 
the industrial production of phosphoric acid can be used. The process 
involves the precipitation of the sodium salt of fluosilicic acid. Can 
you comment on this? 

AULICH: We looked at this process very carefully because fluosilicic acid is 
relatively inexpensive. The sodium salt can be produced without any 
problem, but there are a large number of problems involved in the 
decomposition step to produce, silicon tetrafluoride. If this reaction is 
not carried out correctly, some compounds of boron and other elements 
remain in the silicon tetrafluoride, and other separation methods must be 
used. We looked at the large-scale production of silicon dioxide using 
this process, and we concluded that the environmental hazards using the 
fluorine compounds are very severe, at least in Germany. That makes the 
processing cost very high. On the other hand, there are no such problems 
melting glass and leaching with hydrogen chloride. Almost all the 
technology for leaching is available from the chemical industry. We 
concluded that it was much better to use our approach than to use silicon 
tetrafluoride. 

RUSTIONI: What is the temperature used for the production of the glass fibers? 

AULICH: It is the conventional glass-melting process. The temperature used is 
about 1300 to 1400°C. Window glass is produced in the same way. We don't 
spin the fibers. We melt and let the melt run into water producing the 
glass fibers. 

RUSTIONI: During the purification of carbon black, you first prepared the 
pellets or briquettes and then the leaching was done. Do the pellets or 
the briquettes remain intact during the process? 



I 
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AULICH: It i s  important t h a t  they remain intact because i f  it is not  done 
correctly, the product is a high-surface area carbon black which has to be 
filtered and t h i s  i s  a cumbersome procedure. We make pellets that remain 
intact d u r i n g  the leaching process and after leaching they are, of course, 
much purer. 

RUSTIONI: After leaching, are you obliged to dry the pellets before feeding 
the arc furnace? 

AULICH: Some drying must be done, but it doesn't have to be super dry. 

RUSTIONI: Do you use three-electrode, three-phase in the pilot plant? 

AULICH: It's a three-electrode, three-phase furnace. 

1"LAYCOCK: When do you think this process will be commercial? 

AULICH: As in my answer to Dr. Callaghan, we will develop this process in the 
next few years and also evaluate the economics. During this time, we will 
use the product silicon for our own purposes. In a few years, based on 
the evaluation as a technically sound, economic process, the decision will 
be made concerning large-scale production by us or licensing the process. 
I can't tell you exactly when this will occur, but it will take a few 
years. 
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ABSTRACT 

The aim of the process is to produce a silicon for crystallization into 
ingots that can be sliced to wafers for processing into photovoltaic cells. The 
specifications of the product are: 

B 
P 
C 
Ca 
A1 
Other metals 

Present Potential 

If the potential purity can be realized, the silicon will also be applicable for 
ribbon pulling techniques where the purification during crystallization is neg- 
ligible. 

The process consists of several steps: Selection and purification of raw 
materials, carbothermic reduction of silica, ladle treatment, casting, crushing, 
leaching and remelting. The leaching step is crucial for high purity, and the 
obtainable purity is determined by the solidification before leaching. The most 
difficult specifications to fulfil are the low contents of boron, phosphorus and 
carbon. Boron and phosphorus can be excluded from the raw materials, but the 
carbothermic reduction will unavoidably saturate the silicon with carbon at high 
temperature. During cooling carbon will precipitate as silicon carbide crystals, 
which will be very harmful in solar cells. 

The cost of this solar silicon will depend strongly on the scale of produc- 
tion. It is as yet premature to give exact figures, but with a scale of some 
thousand tons per year, the cost will be only a few times the cost of ordinary 
metallurgical silicon. 

INTRODUCTION 

The carbothermic process is potentially the cheapest process for silicon 
production, but the purity of the typical metallurgical silicon is far below the 
specifications of a solar silicon for use in a Bridgman or similar 
crystallization. 



Metallurgical grade Solar grade 
Typical content Tentative specifications 

B 30 ppmw 1 PPmw 
P 50 " 0.3 " 

C 250 It No Sic precipitate 
Metals 6000 " 10 ppmw 

The problem is then to improve the metallurgical process to give the solar 
grade silicon. This paper describes one solution to this problem. A more de- 
tailed description, including references to several other approaches, is given 
elsewhere [I]. The work was done by Exxon Research and Engineering Company and 
Elkem a/s in a joint project on low cost silicon for solar cells. The project 
was partly based on a research programme run at Dow Corning by Hunt and 
Dosaj [ 2 ] .  

SURVEY OF THE CARBOTHERMIC PROCESS 

A complete carbothermic route to solar silicon is sketched in Figure 1. The 
smelting step has an overall reaction 

SiO + 2 C = Si + 2 CO 
2 (1) 

The detailed reaction mechanism is, however, more complex. The recovery of the 
impurities is high, and one can as a first approximation assume that all the 
impurities in the raw materials will be recovered in the silicon. 

PURIFICATION 

OB 
a ingots of desired size 

Silicon lumps 

Figure 1. 
Survey of the carbothermic route to metallurgical silicon 



The molten silicon from the smelting furnace can be purified in the ladle. 
Separate impurity phases, as silicates and silicon carbide, will partly stick to 
the lining of the ladle, and some can be removed in a filtering step. Impurities 
(Me) dissolved in the molten silicon can be atta-cked by a purifying agent (X): 

n ~e(a1loy) + Sixn = Si(al1oy) + n MeX (3) 

This exchange type of reaction limits the possibilities of ladle purification to 
elements less noble than silicon, that is in practice to aluminium and calcium. 
Important impurities like iron and titanium cannot be removed significantly. A 
thorough discussion of the refining of molten silicon has recently been given by 
Tuset [ 3 1. 

The molten silicon is cast and crushed to lumps, which are leached in 
acids. If the silicon contains sufficient calcium (or other suitable elements), 
the lumps will disintegrate to millimeter-sized silicon grains, while most of 
the impurities are dissolved. The grains are remelted and solidified to crystal- 
line ingots for slicing to wafers. 

Boron and phosphorus are, as will be seen later, only weakly removed by 
this process. Therefore, it is essential to have a low boron and phosphorus con- 
tent in the raw materials. 

In this process the leaching step is crucial for obtaining a less than 10 
ppmw content of the metallic impurities. Alternatively one could have started 
with extremely pure or purified raw materials, but a smelting furnace operation 
adding less than 10 ppmw metallic impurities, will probably be rather difficult 
and more expensive than leaching. 

THE LEACHING STEP 

The Elkem leaching process 

Elkem has developed a modification of the general leaching process that 
makes it suitable for production of high purity silicon [ 4  1. Silicon containing 
a few per cent calcium is cast, cooled slowly and then crushed into lumps around 
5 cm in size. The lumps are treated with an aqueous mixture of hydrochloric acid 
with ferric chloride and disintegrate giving fairly pure silicon crystals of a 
size below 2 mm. These crystals are then further purified with hydrofluoric acid 
in combination with some oxidizing agent. 

Chemical interpretation of the leaching 

The leaching can be understood from the microstructure of the leaching 
alloy. A scanning electron micrograph is shown in Figure 2. Fairly large silicon 
crystals are separated by the phase calcium disilicide, CaSi . Other impurities 
are concentrated as small grains within the calcium disilicige phase. 



Photograph: A. G. Forwald 

Figure 2. 
Scanning electron micrograph of the leaching alloy. The micrograph 
gives an indication of the chemical composition: The darker a phase, 
the lower the mean atomic mass. The amounts and compositions of the 
impurity phases are strongly dependent upon the composition of the 
leaching alloy. In the present sample compositions close to the 
following formulas were found: FeSi AlSiCa, FeAlSiCa, FeSi(Ti,v). 

2 ' 

This structure should be expected from the phase diagrams of the systems 
Ca-Si and Ca-Si-Me (Figure 3). When an alloy A of silicon, calcium and a small 
amount of a third element Me is cooled, fairly pure silicon crystals are preci- 
pitated, and the composition of the melt changes along the crystallization path 
AE. At E the phase calcium disilicide starts precipitating eutectically together 
with the silicon phase, and with further cooling more solid precipitates until 
the alloy is completely solidified at a eutectic or peritectic point. In a tech- 
nical process Me is replaced by a mixture of several elements, corresponding to 
a multicomponent phase diagram. The behaviour will still be analogous to the 
simpler three component system discussed above, and the type of alloy structure 
shown in Figure 2 will be formed. A condition for this crystallization sequence 
is a sufficiently high calcium content in the leaching alloy. Then all the impu- 
rity phases will occur within the calcium disilicide phase. 

When the alloy is treated with hydrochloric acid and ferric chloride, the 
calcium disilicide reacts and swells. The lumps of calcium-containing silicon 



1 peritect ic/eut ect ic\ 

Figure 3. 
The phase diagram for the system Ca-Si [ 5  ]and Ca-Si-Me (Me - an impu- 
rity element, e.g. Fe, Al, Ti). 

break up exposing new surfaces of calcium disilicide for attack. This leaves 
free, fairly pure silicon crystals and a fine-grained silicon-containing 
substance that is easily removed by washing. Some small impurity crystals 
attached to the surface of the silicon grains, are removed by hydrofluoric acid 
treatment. 



The leaching is based upon the fact that silicon is insoluble in acids, 
while the impurity phases are soluble. The insolubility of silicon must have 
kinetic reasons, since a thermochemical calculation indicates that silicon 
should be readily soluble: 

The impurity phases dissolve irreversibly. This is important from a practical 
point of view, since rather impure chemicals can be used for leaching. 

The leaching treatment will remove only impurities that occur as accessible 
separate phases. After leaching, the silicon will contain two types of impuri- 
ties : 

o Impurities in solid solution in the silicon crystals 
o Impurity-containing particles engulfed in the silicon crystals 

The trapped impurity particles are separate phases that will occur rather erra- 
tically in the silicon crystals. The impurities in solid solution, in contrast, 
result from a fairly well-defined distribution between two phases, and they 
should be expected to behave quite regularly. 

Theoretical expectations 

The aim of this theoretical discussion is to establish an ideal model for 
use as an indication of the potential of the process and as a scale for the eva- 
luation of the practical results. The model is based on the classical theory of 
solidification [ 6 ] .  This theory is rather crude and cannot be expected to give 
better than an order-of-magnitude agreement with experiment. 

During solidification an element Me will be distributed between the silicon 
crystals and the melt. This distribution is described fairly well by the 
equation 

where c and c are the Me content of solid and respectively liquid silicon in 
1 contact and k 1s the distribution coefficient. This k is fairly constant for low 

contents of most elements in silicon. An equilibrium value k, can in principle 
be read from the phase diagram Me-Si, but the observed value will also depend on 
the kinetic conditions during solidification. Some examples of k, values are 
given in Table 1. All the elements, except possibly oxygen, have a distribution 
coefficient less than 1, that is, second elements will be rejected from the 
crystal and concentrate in the melt. These k, values have been determined in the 
pure system Me-Si. In the leaching alloy the added calcium will change the con- 
ditions. The situation is rather complicated with several effects that can in- 
fluence the value of k. Considering these uncertainties, the k, values are ac- 
cepted as reasonable first estimates for the most favourable k values that can 
be expected in industrial solidification of the leaching alloy. 



Table 1. 
Equilibrium values k, of the distribution coefficient for some 
elements in silicon [ 71. 

1) Newervalues: k = 0 . 0 3 f o r A l  [8], k = 0 . 2 5 f o r O [ 9 ]  

It is then assumed that the overall solidification of the leaching alloy is 
described by the wellknown solidification equation 

where 

c is the overall concentration of Me in the leaching alloy 
gois the solidified part of the total amount of leaching alloy 

This equation is based upon three assumptions: 

o There is no diffusion in the solid 
o There is complete mixing in the liquid 
o The equation k = c/c is true with constant k 

1 

These assumptions are believed to be fairly true for reasonable solidification 
conditions. The mean Me content of the silicon crystals is then 

For the leaching process it is reasonable to assume that all the silicon 
crystallized before the coprecipitation of calcium disilicide is recovered, 
while the remainder of the alloy is lost during leaching. With low Me content, 
the Ca-Si phase diagram describes the amounts of silicon crystals fairly well 
(Figure 3). The eutectic calcium content is 39 weight per cent, and if the 
overall calcium content of the leaching alloy is x weight per cent, the lever 
rule gives the recovery R of silicon crystals 



Here the recovery is defined as 

weight of crystals recovered 
R = 

total weight of leaching alloy 

For the solidification of the leaching alloy, R is equal to g in the solidi- 
fication equations (5) and (6) just before the start of eutectic crystalliza- 
tion. The mean concentration of the impurity Me can then be calculated when the 
content of calcium is known. 

The impurity content is calculated as the ratio ?/kc for several values of 
0 

k in Figure 4. (This ratio is chosen as an indicator of purification because it 
gives the mean concentration as a factor times the readily calculable concen- 
tration in the first silicon to crystallize). The formulas and the graphs demon- 
strate some important properties of the leaching operation, as discussed below. 

In practical operation one needs a certain amount of the calcium disilicide 
phase to obtain sufficient disintegration and separation of the crystals. For 
the high purity silicon one will probably prefer an R value as low as 0.95. 

Figure 4. 
Mean content F of an impurity in silicon crystals. 



Figure 4 then shows that c/kc -- 3 for elements with k S 0.01, that is, for most 
impurities. This gives the ruye-of-thumb that the mean impurity concentration of 
the leached silicon is three times the concentration of the first silicon to 
precipitate. The removal of an impurity with a high distribution coefficient is 
modest, as shown by a calculation for phosphorus and boron: 

For all impurities the concentration in the product is directly proportion- 
al to the concentration in the leaching alloy, as shown by equation (6). The im- 
purity content is relatively insensitive to the value of R in the range of prac- 
tical interest. Thus, if R is increased from 0.9 to 0.99, the ratio E/kc is 
less than doubled. Therefore, the value of R, and with that the content of gal- 
cium in the leaching alloy, is chosen mainly with the aim of obtaining the cor- 
rect crystallization sequence and complete disintegration. Also, the moderate 
sensitivity of E/kc to R shows that the purifying effect of dissolving the 

0 outer layers of the silicon crystals will be moderate. However, impurities 
attached to the crystal surfaces may justify additional treatment. 

Experimental results 

The impurities should occur at a concentration less than ten ppmw in the 
leached solar silicon. With the available analytical equipment it was impossible 
to obtain reliable determinations in this range. Any result less than about 
5 ppmw could indicate that the true value may be close to zero. Therefore only 
experiments with a rather impure leaching alloy can give results for the testing 
of the calculations of the previous paragraph, and only the most abundant ele- 
ments, aluminium and iron, can be considered with some certainty. 

The results from one experiment are shown in Table 2. The agreement between 
measured and calculated values is poor for iron. For aluminium the 
measured values fall within the area of uncertainty of the distribution coeffi- 
cient. A conceivable interpretation of the high iron content is that most of the 

Table 2. 
Experimental and calculated results from leaching experiments 

Impurities, ppmw 

Leaching alloy 
Leached product 
Experimental 
Calculated 



iron occurs in inclusions that have been formed by trapping of melt during 
solidification. This melt, especially towards the end of the solidification, 
will be quite rich in impurities, and even minute quantities may increase the 
overall impurity content. For the present experiment it is calculated in Table 3 
that an inclusion content of 850 ppm volume can explain the total iron content 
of the silicon. An inclusion containing 850 ppm volume is rather modest, and the 
qualitative impression from several micrographs is that this amount of inclu- 
sions may well occur in the grains. The contribution of aluminium from the in- 
clusions should be close to the content of iron, but this is small compared to 
the amount dissolved in silicon. Thus, the content of aluminium has the correct 
order of magnitude, and the deviation of the iron content may be explained by 
the occurence of inclusions. Therefore it is concluded that the classical theory 
of solidification gives a fairly good description of the impurity content of the 
silicon crystals. 

The minor elements in the leaching alloy, as e.g. titanium, manganese, 
vanadium and zirconium, will occur with a content of less than 10 ppmw. From the 
solidification mechanism they are expected to have a content proportional to the 
iron content in the inclusions. The overall contents of these elements are 
calculated in Table 4. Because of the inclusions it is impossible to reach the 
low potential content of the minor elements. Some of these elements are very 
important when the silicon is intended for crystalline solar cells, especially 
if the silicon is to be crystallized as ribbons where there is no purification 
during the crystallization. Preferably, electrically active elements, such as 
titanium, vanadium and tungsten, should be in the sub-ppb range in the final 
solar cell. 

The effect of leaching on the content of boron and phosphorus is shown in 
Table 5. The phosphorus removal seems to be slightly better than calculated. 
That may not be significant, as the range of results is close to the limit of 
detection of the analytical method. But a high phosphorus removal should not be 
surprising, since calcium has a strong affinity for phosphorus and might 
influence the distribution between the two phases. 

Table 3. 
The iron content of leached silicon interpreted as inclusions. 

eaching alloy 3600 ppmw Fe 
e content of melt at eutectic: c,/(l-R) 48000 
ean Fe content of inclusions, estimated 20000 I !  

Mean Fe content of crystals with inclusions 
Volume content v of inclusions to explain 
all the Fe content (20000 v = 17) 
(Density of Si N Density of Fe-containing melt) 



Table 4. 
Calculated content of minor impurities of silicon grains 

Impurity content(ppmw) I 
I Leaching alloy Product 

200 P D ~ W  (200000-17/3600) = 944 ppbw 
100 " 472 " 

10 " 47 'I 

Table 5. 
Effect of leaching on boron and phosphorus content 

Some additional results are given in Table 6. The aluminium content is 
changed by a factor of slightly below 0.1. According to the rule-of-thumb 
discussed above, one should expect a factor 3 k = 0.09 when the newer value 
k = 0.03 is used. The results are close to the expectation. 



'Table 6. 
Examples of leaching 

CALCIUM AND CARBON 

Calcium and carbon are added voluntarily during the process, but they are 
impurities in the final product and have to be removed as far as possible. Cal- 
cium has a retrograde solubility in silicon with a maximum calcium content of 
100 ppmw 1101. The mean concentration of calcium dissolved in the crystal should 
be less than 100 ppmw, but inclusions can increase this amount strongly. The 
calcium content may be reduced by remelting the crystals and e.g. treating the 
melt with chlorine, maybe to about 10 ppmw. 

The carbon content is high during production in the submerged arc furnace. 
The silicon is in contact with silicon carbide and to a lesser extent silica at 
a temperature around 2000°C. Silicon should therefore be close to saturation at 
that temperature. When the silicon is cooled, dissolved carbon precipitates as 
silicon carbide. However, many particles are small and will sink slowly in the 
melt, and analysis of samples will show a carbon content higher than the true 
content of the melt after cooling. The analysis of rapidly cooled samples should 
therefore be quite close to the carbon solubility at the furnace temperature. 

The solubility of carbon in molten silicon is poorly established experimen- 
tally, as pointed out in a recent review ill]. However, the measurements given 
the highest credibility in this review, indicate a far too high carbon solu- 
bility to fit with the experience from the carbothermic smelting of silicon. 
Silicon tapped directly from the submerged arc furnace contains 0.1 - 0.2 weight 
per cent carbon. This is in fairly good agreement with the solubility measure- 
ments of Scace and Slack [12], reproduced in Figure 5. The experimental values 
in this paper fall well on a straight line in a log c versus 1/T diagram, indi- 
cating good consistency of the experimental work. Therefore, at present these 
values are accepted as the most reliable estimate of carbon solubility. 



Figure 5. 
The solubility of carbon in silicon. (Solubility in liquid 
silicon from [12], distribution coefficient 0.07 from [13]) 

The molten silicon cools during and after tapping, and the precipitated 
silicon carbide is partly trapped by the slag and at the ladle lining during 
melt treatment. It is difficult to remove all the precipitated silicon carbide, 
and the cast silicon will as a rule contain more carbon than the value read from 
the solubility curve at the temperature of the ladle treatment. According to 
practical experience, the carbon content may be reduced to some 100 ppmw in the 
ladle. The solubility of carbon in solid silicon near the melting point is 
around 4 ppmw, and any excess of this value is present as a supersaturated solid 
solution or as silicon carbide particles in the solidified leaching alloy. This 
silicon carbide will not be removed by the leaching unless the particles are 
completely surrounded by the calcium disilicide phase. 

In the calculation of the recovery of the leaching process it was assumed 
that silicon was the only solid phase. Because of the precipitation of silicon 
carbide during the entire solidification, this assumption is not strictly true. 
But the amount of carbon is so low that the calculation is not invalidated. 



POTENTIAL OF THE PROCESS 

As shown above it is possible to estimate the final purity of the product 
fairly well from a simple theory of the distribution of the impurities during 
crystallization. Very low impurity contents can be obtained. In principle the 
product may be improved further by remelting and releaching several times. Ac- 
cording to the calculations above, this can give extremely low impurity 
contents. Exceptions are boron, phosphorus and aluminium, which all have 
unfavourable distribution coefficients, and calcium, which is added in each 
remelting. In practical operation, however, the remelting will add impurities, 
and a steady state will be reached where addition balances removal. More work 
is necessary to evaluate this possibility. 

An important contribution to the overall impurity is melt inclusions in the 
crystals during solidification. The calculated contents of most metals show 
strong improvements when the inclusions are avoided. An impurity in a class by 
itself is calcium, which results from the use of calcium as auxiliary element in 
each step. In principle calcium could be left out, at least in the last of 
repeated leachings, but then it would be necessary to grind the leaching alloy 
finely. This would complicate the aftertreatment of the leached grains, and 
small, slowly dissolving impurity particles would not be washed away easily. 

An estimate of attainable impurity levels is given in Table 7. The 
intention was to produce a silicon that could be used for solar cells after a 
crystallization step of the Czochralski or Bridgman type, where the content of 
metallic impurities and carbon would be strongly reduced. This intention has 
been fulfilled. The Bridgman-crystallized silicon gave solar cells with an 
efficiency in the modul up to 13 per cent. This compares favourably with the 14 
per cent value typical for high quality production-size Czochralski cells in the 
photovoltaic industry [I41 . 

Table 7. 
Anticipated impurity contents of high purity silicon produced 
by leaching 

Elements 

aluminium 

1) Remelting and calcium removal, untreated grains would con- 
tain 100 ppmw Ca without inclusipns. 



If the anticipated impurity conLents without inclusions or for repeated 
leachings can be realized, the silicon can be used even for a ribbon-type wafer 
production where there is essentially no purification during crystallization. 

The purity of the product is determined during the solidification. This pu- 
rity may not be obtained because of poor leaching, but the potential for purity 
is set when the alloy is solidified. The leaching process is thus really a puri- 
fication by crystallization with a purifying efficiency similar to the unidirec- 
tional solidification technique, and these two techniques are to be compared. In 
unidirectional solidification at most a few hundred kilograms can be treated in 
each batch, and the crystallization parameters are very critical. One has to use 
a rather low cooling rate to avoid constitutional supercooling, which will 
seriously decrease the efficiency of the purification. The separation of the 
pure and the impure fractions requires time-consuming manual work. For the 
leaching process, in contrast, even rather crude cooling gives fairly good 
leaching results, and both the solidification and the leaching can be adapted to 
large scale automated operation. 

The cost of the silicon will depend strongly on the scale of the produc- 
tion, especially for the carbothermic step. The cost of the leaching alloy will 
drop rapidly with the scale up to a few thousand tons per year, and then flatten 
out. The cost of the leaching procedure will be less dependent on the scale. It 
is premature to give exact cost information before the details of the procedure 
have been fixed. It can be claimed, however, that for a production of several 
thousand tons a year, the cost of production will be only a few times the cost 
of ordinary metallurgical silicon. 

ACKNOWLEDGEMENT 

The author acknowledges the support and valuable advice from several per- 
sons in Exxon Research and Engineering Company and in Elkern a/s during a joint 
project on low cost silicon for solar cells. Especially he will mention 
Dr. L.P. Hunt for extensive work on raw materials, Dr. J.P. Dismukes and 
Dr. P.S. Ravishankar for informative discussions on crystallization, K. Larsen 
for experimental work on submerged arc furnace operation with high purity raw 
materials and G. Halvorsen for experimental data on leaching of calcium-contai- 
ning silicon alloys. 

REFERENCES 

[I] A. Schei "High purity silicon production" in Refining and Alloying of 
Liquid Aluminium and Ferro-Alloys, Editors T.A. Engh, S. Lyng, and 
H. A. @ye, Aluminium-Verlag ~usseldorf , 1985, pp . 71-89. 

[2] L.P. Hunt and V.D. Dosaj "Solar silicon via the Dow Corning process" 
Report DOE/JPL-954559-78/7, 109 pages, 1979. 

[3] J.Kr. Tuset "Principles of silicon refining" in Refining and Alloying of 
Liquid Aluminium and Ferro-Alloys, Editors T.A. Engh, S. Lyng, and 
H.A. @ye, Aluminium-Verlag ~usseldorf, 1985, pp.49-69. 

[4] G. Halvorsen "Method for production of pure silicon" US Pat. 4,539,194 
(1985), priority 1983. 



E. ~churrnann, H, Litterscheid, and P. ~unders "Investigation of the 
melting equilibria of the phase diagram calcium-siliconu Arch. 
~isenhuttenwes. 45 (1974) No. 6 pp. 367-371. 
B. Chalrners " ~ r z c i ~ l e s  of solidification" Robert E. Krieger Pub1 . Co. 
1977, reprint of original edition 1964. 
D. Morvan, J. Amouroux, and G. Revel "Mise ou point d'une technique de 
fusion de zone sous plasma appliquge 5 la preparation du silicium 
photovoltaique" Revue Phys.App1. 15 (1980) pp. 1229-1238. 
R.H. Hopkins, J.R. Davies, A. ~ o h a t ~ i ,  R.B. Campbell, P.D. Blais, P. Rai- 
Choudbury, and R.E. Stapleton "Effects of impurities on processing on 
silicon solar cellstt Report DOE/JPL-954331-80/9, Westinghouse R&D Center, 
1980. 
W. Lin and D.W. Hill "Oxygen segregation in Czochralski silicon growthw 
J. Appl. Phys. 54 (1983) No. 2, pp. 1082-1085. 
H . Sigmund "~olubili ties of magnesium and calcium in silicon" J . Electro- 
chem. Soc. 129 (1982) pp. 230-234. 
R. W. olesinski and G. J . Abbaschian "The C-Si (carbon-silicon) systemu 
Bull. Alloy Phase Diagr. 5 (1984) pp. 486-489. 
R. I. Scace and G.A.Slack "Solubility of carbon in silicon and germaniumtt J. 
Chern. Phys. 30 (1959) pp. 1551-1555. -- 
T. Nozaki, Y. Yatsurugi, and N. Akiyama "Concentration and behaviour of 
carbon in semiconductor silicont1 J. Electrochem. Soc. 117 (1970) 
pp. 1566-1568. 
J.P. Dismukes, J.A. Amick, P.S. Ravishankar, E.E. Ship, L.B. Younghouse, 
J. Blake, R. Sylvain, G. Halvorsen, K. Larsen, A. Schei "Solar cell per- 
formance assessment of Elkern HPMS-silicon" The Electrochemical Society, 
Proceedings of the Symposium on Materials and New Processing Technologies 
for Photovoltaics, New Orleans, Oct. 7-12, 1984, in preparation. 



DISCUSSION 

AULICWi Would you comen t  on your  carbon removal technique and why you believe 
that repeated l e a c h i n g  will reduce t h e  carbon content? 

SCHEP: As you explained in your paper, you have used crystallization to remove 
carbon. En our experiments, it seems that small silicon-carbide particles 
are not always engulfed in growing silicon crystals, so we have the hope 
of removing them and containing them in the calcium disilicide. If we are 
below the solubility limits, it will be a normal precipitation procedure. 

SCHMlD: You mentioned in your paper that the silicon carbide concentration 
was reduced by the ladle treatment. What type of treatment is used? 

SCHEI: That's mainly a mechanical procedure. Silicon carbide tends to stick 
to the slag and the lining of the ladle and, also, if it spends some time 
in the ladle, the large, heavier particles will sink. The solidification 
can be improved by blowing with a gas, and we also have the option of 
filtering. 

WRIGHT: At Solarex, we confirmed that a gas extraction technique was very 
effective in removing silicon carbide. Using a directional solidification 
technique, we didn't find that particles below 10 ym tended to be within 
the solidified structure. We weren't growing single crystals, but 
polysilicon. The silicon carbide particles were actually within the 
crystal and not at the grain boundaries, and we didn't get a significant 
reduction in silicon carbide particles by a directional solidification 
process. 

KOINUW: I would like to ask about the effects of leaching on the boron and 
phosphorus levels. I think you mentioned that the boron and phosphorus 
levels were not reduced very much by leaching, but Dr. Aulich mentioned 
that the levels could be reduced considerably by leaching of the silica. 
I wonder why there are these differences between the silica and silicon 
leaching, 

SCHET.: Well, these are two completely different processes. I don't know much 
about the leaching of silica, but it has been well known for many years 
that crucibles of quartz are made from a boron containing material and the 
boron is leached out. We do not have the same distribution problems as in 
that system. 

AULICH: I would like to comment on this question. Two different materials 
are being considered. On the one hand, there is silicon and it is 
leached. On the other hand, glass fibers are processed. The processes 
are not the same. 
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ABSTRACT 

A novel process of MG silicon production is presented which 
appears particularly suitable for PV applications. 

The MG Silicon is prepared in a 240 KVA, three electrodes 
submerged arc furnace, starting from high grade quartz and 
high purity silicon carbide (patent pending). This last has 
been obtained by reacting in a Acheson type of furnace, high 
grade sand and carbon black. 

The silicon smelted from the arc furnace under very smooth 
furnace operations has been shown to be sufficiently pure to 
be directionally solidified to 10-15 Kg, 23cm x 23cm square 
bricks, after grinding to than > 5 mm grain size and acid 
leaching, with a material yield larger than 90%. 

With a MG-silicon feedstock containing about 3 ppmw B, 490 
ppmw Fe, 190 ppmw Ti and 170 ppmw Al, blended with 50% of off 
grade EG silicon to reconduct the boron content to a concen- 
tration acceptable for solar cells fabrication, the 99% of 
deep level impurities concentrate in the last 5% of the ingot, 
which appears structurally perfect in the rest, after the 
first crystallization, while deep level impurities are close 
to the detection limits by ICP-ES technique after a second 
crystallization. 
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lOcmxlOcm wafer, sliced from twice crystallized silicon in- 
gots, after sizing showed resistivity in excess u f  0 . 1  ohm em, 
diffusion lenghts in excess of 4 0  p m  and PV conversion effi- 
ciencies in excess of 6%, when processed like polycristalline 
silicon wafers of EG quality. 

Uulte remarkable of this material is the fact that the OCV 
values range higher than 540 mV and that no appreciable shorts 
due to SIC particles could be observed, neither on the top or 
bottom slices. 

I t  is felt that still considerable improvements of this 
process could be achieved, such to allow the direct use of MG 
silicon for solar cells fabrication, when considering that the 
use of the same raw materials in a direct reduction process 
got to a MG sllicon containing only 2,5 ppmw boron and that 
still B concentration could be reduced by a suitable control 
of the residual pollution sources. 

INTRODUCTION 

"Solar grade" silicon is the ultimate product of a process 
whlch starts from suitable raw materials and yields wafers 
which could be directly used for manufacturing > 10% efficient 
solar cells ( 1 1 ,  satisfying at the same time the economic 
constraints which indicate as the target for a "solar gra- 
de" feedstock(*) a figure around or less than 10$/Kg. 

This paper reports comprehensively the results of a research 
carried out by a team of ltalian companies which succeded in 
approching very closely the efficiency and economics targets 
by a process which will be indicated as the HPS process from 
the names of the companies involved (Heliosil, Pragma and Sa- 
mim Abrasivi). 

This process, which will be discussed in details in the 
next sections, consist essentially of the following steps: 

-The syntesis of high purity SIC from low boron (8CO.5 ppmw) 
silica sands and carbon black ( 2 ) .  

-The reduction of quartz lumps in an arc furnace using SIC as 

----------------- 

( s )  We mean as "feedstock" a material which could be directly 
crystallized to obtain wafers usable for manufacturing PV 
cells, with a yield larger than 90%. 



t h e  reductant (2). 

-The purifbcaLzon of the MG sallcon obtaaned r n  such a manner 
uslng a dasectional soladif~catron technique. 

Although the work is still in progress, nerverthless the 
results appear so incouraging that we strongly believe that 
the irldustrial feasibility of MG silicon route has been 
demostrated. 

2. GENERAL REMARKS ON HPS PROCESS 

Metallurgical silicon is currently manufactured by direct 
reduction of quartzites with carbon in a submerged electrodes 
arc-furnaces (DAR process). 

The overall reduction reaction could be described, formally 
with the following equation: 

According to the scheme shown in fig. 1, the process ac- 
tually occurs in a multi-step pattern, with a series of 
reactions taking place simultaneously at different heights of 
the furnace, depending on the temperature which rises from the 
top to the bottom. With reference to fig. 1, one can observe 
that on the cooler portion of the furnace, where the tempera- 
ture is lower than 150UdegreeC, the thermodynamically most 
probable reaction is the following one: 

SiU2 + C ------- 3 SiO + CU (21 

while only in the inner and hotter portion of the furnace, 
thermodynamics favours the reactions: 

and : 

The last one provides silicon from SIC and SiO. I t  appears 
that S I C  is an intermediate by-product in the direct reduction 
process of sillca and therefore SiC must be considered a pri- 
mary and unavoidable pollutant of MG silicon, unless being a- 
ble to control the rate of reactions ( 3 )  and ( 4 1 ,  which is ne- 
ver t ~ @  case when operating industrial arc furnaces. 

<:In the other hand, S I C  may be directly and efficiently ma- 



c
a

C
I

 
.:5 

"
2

 
4
 
a
 .d

 

2 a
4

 a, 
c

a
,

o
u

 
0

3
 > 

3
 

u
 
o, 

G
-

a
 

.
4

 
0
 

m
a

,
 

L
 

a
u

m
a

 
0
 

rd 
.
d
 

L
c

 
a, 

J
 
L
 c

L
: 

u
 
3
 

0
3

 
a, 
h
 

4
 

3
t

w
 

U
 

L
Z

G
 

a
,

C
a

,
C

a
,

l
 

m
 

L
 0
s
 L

X
.
+

-
I
3

 
3
 

m
d

 1
1

)
4

c
u

4
 

4
@
 
3
 

d
-
r
J

 
r

d
x

 a, 
3
 
0
,
'
-
 m

 
L

U
-

-
c

O
C

3
a

,
 

4
 a

L
 

K
42 

L
 
L

 
E

 a, 
m

 a, 
3

3
3

 
a

s
: m

4
a

 a, 
rd 

3
3

0
0

 
r

d
x

 
a

o
 -

u
3

 
c

c
u

 
U

a
,

d
 

o
o

m
 

L
h

a
,

 
.
4

 
a

,
a

,
O

d
U

 
3

J
A

.
c

Q
-
l 

!z 
rd 

rd 
L

 
Id 

4
 

a, 
m

--4 
L

r
d

E
 

L
.
d

S
,
 

a
a

 
o

m
m

 
a
 

4
s

 
G

L
J

 
b

d
i
u

 

E
 
r, 

u
-

~
 

.c 
p

,
t

r
a

,
~

 
u
 o

 
a
i, 

L
-
+

 o
 
L

 
. 

u
a

,a
,r

d
r

d
 

7
3

3
3

 
r

d
c

a
r

d
 

.
d

C
 

.
z

a
a

u
 

w
m

a
,

 
a

-a
 

a, 
.

d
a

=
t

o
 

- 
0
 

m
.4

 
-
a

 L
 

11) 
13 

O
-

-
i

3
 E

m
 L
 

a, 
01." 

3
 

a
c

,a
3

: J
 c

-, 
L
 

cu.4 
E

L
 

a
,&

 
m

c
l 

W
U

L
O

L
 

u
 

a
.
d
 

o
z

-
,

u
~

r
d

 
V

 
L

.
d

@
U

J
U

 
(
d

d
 

L
 

. 
.
 

a, 
O

Z
 m

4
 J
 v

a
 a

 
u
 o

G
 rur: 

c 2 
m

I:L
 

.
r

l
Q

)
c

r
x

a
,

3
a

a
,

 
4

3
O

L
L

 
m

c
l

a
o

 
4
 

il,E
c

u
-.a

a
,rd

 
d

3
3

 
v

r
o

 
m

-
X

c
 

~
r

d
a

 
a

d
%

 
c

u
%

 
r

d
o

r
O

-
-

~
r

u
 

O
U

,
@

 
E
 

c
o

w
 

m
~

a
 

r
d

o
u

m
z

d
 -

G
d

-
t

r
d

 
a

,
u

c
 

m
3

: 
.4

.4
 
a

,&
 

a, 
a

,
-

l
Q

4
>

 
V

, 
a, 

L
J

 
tw

 
-

~
L

I
:

 
4

u
r

d
 

.
4

w
c

'
c

r
d

0
 

0
.

C
L

 
4

u
;

d
 

a
 
u
 

a, 
~

4
4

 
.

~
c

d
R

O
a

,
 

vr 
m

a
E

L
3

I
B

I
-

1
 

G
L

a
,

c
u

 
L

C
 

0
 

3
 

m
4

r
d

 
v

a
,
 

v
rrd

 
3

 
L

 
d
 

C
U

 
a, 

r
d

s
3

 a
t.4

 
rd 

a
 

a, 
-

4
L

F
j
U

L
 

0
-

2
 

3
2

 
m

u 
g

a
c
r
,; 

4
i
l
,
 

z
 

rd 
UJ 

a
.rd

 m
h

T
;

 
L

A
 

d
o

 
3

 
tn

b
 

cu 
3

) 
m

a
, 

G
 

cr 
3
 a

 
cd 

co 
o
 

E
O

 . L
.d

.r
d

 
O

a
,

a
,

S
C

o
 

N
u

b
 

a
,c

 
3

r
3

r
d

m
 

C
C

 
C

Q
4

.
i

 
- 

5
c
d
C
2
4
 

A
3

L
i

l
)

X
r

d
 

v
(
r
4

 
N

 
U

 

4
 

-
0

0
 cn 

0
 

E
U

 L
 

a, 
rd 

> 
X

tw
 
a, 

4
L

O
a

 
o

a
, 

a
 

>
>

 
rd 

c 
a

I-4
 



~n well crystallized, transparent SiC platelets in the inner 
part of the furnace. The purification may also be enhanced 
carryng out the synthesis of Sic  in the presence of NaGl or 
chlorine gas which allows the formation of volatile halides. 

Besides residual metallic impurities (whose amount depends 
on the the reduction yield of the parent oxides present in 
quartzites), the MG silicon smelted from the arc furnace 
always contains carbon in excess over saturation conditions 
which precipitates as silicon carbide. 

Being firmaly established in the literature and confirmed 
by previous experiments that bulk SIC and impurities (except 
boron and phosphorous> could be removed by crystallization 
procedures ( 3 - 6 )  quite better than using intermediate slagging 
or leaching steps, the HPS process is completed by a twice 
crystallization in a Bridgman furnace, conducted according to 
a proprietary knowledge ( 7 ) .  

The first cristallization step allows to segregate most im- 
purities (Sic included) in the last 5% of the solidified in- 
got. This part can be easily separated by sawing and the re- 
sulting product is the "solar grade feedstock". 

Then, the wafers sliced from ingots grown in Bridgman fur- 
nace using "solar grade feedstock" (second step of cristalli- 
zatlon) are directly usable for solar cell fabrication. 

A schematic flow-diagram of the HPS process is reported in 
F i g .  3 .  

3. EXPERIMENTAL 

A )  Synthesis of high purity Sic 

SIC has been prepared starting from high purity silica sand 
and carbon black. The mechanical mixture of both components 
has been agglomerated by extrusion or briquetting using sucro- 
se as the binder. By this way, 18000Kg of pellets have been 
prepared which were allowed to react in the Acheson furnace, 
whose schematic lay-out is reported in Fig.2. The average im- 
purity content in the pellets is reported in Table I ,  as de- 
termined by ICP-ES techniques after disso1,ution. In the same 
table, the impurity content in Sic produced in the middle part 
of the furnace, is also reported together with the expected 
impurity contents calculated from the amount of impurities in 
the raw materials, assuming no impurity losses during the SIC 
production process. I t  appeares that, with the exception of 
titanium, the irtlpurity content is lower than that expceted, 



~ndicatang a purlflcataon effect durlng reaction of the mlxtu- 
re due, as already discussed, to lmpurrty miyratlon tawar- 
cis the cooler part of the charge. These purifrcataon effects 
are particularly relevant I n  the case of boron and phosphorus: 
in both cases a purrflcatlon factor of the order of ten 1s o- 
bta ined. 

The silicon carbide obtained by the Acheson process is very 
brittle and porous. Both factors are very beneficial for the 
use of Sic in the arc furnace, as brittleness limits interme- 
diate manipulation steps before the final use to one single 
crushing step in order to reconduct the large Sic blocks to 
the right size ( 1  - 20 mm), and porosity enhances the permea- 
tion of the gases (CO and SiO) during the arc furnace opera- 
tion and consequently enhances also the yield of reaction (4). 

Crushing, however has been found to seriously affect the 
purity of SiC (see table I) and therefore the crushing step 
should be implemented by acid leaching. 

B) Arc furnace experiments 

Arc furnace experiments have been carried out in a 240 KVA 
theree-phase submerged electrodes arc furnace. A picture of 
the furnace is shown in fig. 4, while fig. 5 reports a schema- 
tic lay-out and table I 1 1  reports further techinical details. 

The furnace has been fed with Sic and 20-60 mm quartz "nu- 
ts" which have been obtained by grinding, HCl leaching and de- 
ionized water rinsing of large natural quartz blocks whose o- 
riglnal impurity content is reported In tabe 11. 

High purity graphite tools or Sic tools have been used 
througout during the furnace operation (smelting, breaking the 
crusts which form on the surface of the charge and limit the 
vertical electrode movements as well as the escape of the ga- 
ses) in order to avoid the silicon pollution caused by the 
furnace hand1 ing . 

Flg. 6 reports details of a tiplcal run when the furnace 1s 
fed wlth 5102 and SIC. I' appears from the energy consumption 
curve that the furnace operates smoothly and that the specific 
energy consumyt~on averages 13 Kwhr/Kg after the furnace star- 
t-rrp perlod, ~[hlch takes about one day. Smelting operations 
were carrled out every 8 hrs and sllicon was poured in an hlgh 
purity graphite mould. 

Sampling of silicon for impurity content analysis was car- 
ried out at the beginning, ~n the middle.and at the end of the 



smeltzng operations darectly on the molten sllacon rn order to 
avoid that segregation affects In the solid ingot durang coo- 
l ~ n g  could affect the reliabklaty of the analysis. 

Hesu1t.s referring to a typical run ( #  10121 are reported in 
Table I 1 1  and compared with a typical DAR run ( #  12/61 which 
was carried out in the same arc furnace few months ago ( 6 , 8 ) ,  
before having introduced the routine use of carbon black and 
SIC runs in furnace operations. 

I t  is worth noting that, in spite of improved furnace ope- 
ration, still a substantial pollution of the produced silicon 
is observed. 

However, if one compares the deviation factors, calculated 
as the ratios between the actual and expected values, between 
the run HPS 1012 and the run DAR 1216, one observes that 
pollution has been definitively reduced for every impurity ,in- 
vestigated, except for boron in the run HPS 1012. 

Furthermore, by remarking that grinding of Sic was another 
source of pollution, one could forecast that leaching of Sic 
could get a material, under the same furnace operating condi- 
tions of run HPS 1012, containing 40 ppmw Al, 1.6 ppmw B, 340 
ppmw Fe, 0.6 ppmw P and 350 ppmw Ti which is still the most 
harmful impurity present. 

Within the possible po1;ution sources, the construction ma- 
terials of the furnace and the surrounding atmosphere are the 
most critical, as they behave like " infinite size" pollution 
sources. 

By no means, therfore, is worthwhile to improve the quality 
of starting materials before having solved these problems to 
whlch we intend to observe the maximum of attention in the ne- 
xt period of time. 

C )  Purification of MG silicon by directional solidifica- 
tion. 

As the material having the impurity content of HPS or DAR 
licon reported in Table I 1 1  could not be directly casted or 
-pulled for getting ingots useful for solar cells fabrica- 

tion, one intermediate purifacation step is needed and the di- 
rectional solidification process was found to be very effecti- 
ve for this pourpose. 

The furnace and the crystallization procedures used have 
been already described ( 8 - 1 0 ) :  i t  operates in the Bri- 



dgman--Stockbarger confrguratlon and houses square sectaon cru- 
cbbles up to a size ~f 25 x 25 sqcm. 

All purification experiments were carried out using quartz 
crucibles, coated on the inner walls by a thin layer of sili- 
con nitride which avoids the direct contact of liquid silicon 
with the crucible walls and, therefore, avoids sticking effec- 
ts with cause the breaking of both crucible and ingot. 

In order to avoid spurious effects due to additional impu- 
rities introduced into the silicon charge during grinding pro- 
cedures, which serve to obtain chunks of suitable size for ca- 
sting, the charge was acid leached with an HF: HC1 : HZ0 
(1:1:4> solution a GOdegreeC, for two hours, rinsed and dried. 

The purification experiments reported in this paper have 
been carried out on material coming from the run NPS1012, ha- 
ving the impurity content reported in Table III. After grin- 
ding, only the fraction having a grain size large then 2 mm 
has been used, to facilitate the melting of the charge. The o- 
riginal charge was added of "off grade" EG silicon chunks to 
adjust the boron content to on equivalent resistivity value of 
0.15 ohm cm or more. 

From the ingot so obtained, a 1 cm thick slice was sectio- 
ned in the middle of the ingot, and then, by further slicing, 
112 cubes of 1 cubic cm were obtained, each one was numbered 
and analysed for impurity content by the ICP-ES techinique. 
Results for sample coming from a vertical row at the periphery 
of the ingot (nrs. 9, 11, 14, 15) and in the middle (nrs 50, 
52, 54, 56,) are reported in table IV (see for reference fig. 
7 ) .  

One remarks that the impurity content (except B and P> is 
strongly depressed in more than 90% ingot, while impurities 
segregate in the last 10% (see impurity content in cube nr. 56 
and on the top samples) where also Sic segregates, leaving the 
remainder substantially free of Sic particles, as observed by 
visual inspection. 

Segregation coefficients calculated from the original impu- 
rity content of the MG sample end of the first lowest cubes of 
each vertical row are also reported in table IV. 

Although the segregation coefficients so derived are much 
higher than ones reported for from pulling, still the values 
obtained allbw a high degree of purification from aluminum, i- 
ron and titanium which are the most abundant contaminants. 

Obviously, no purification is observed for boron and pho- 



sphorus. Unexpected large values are obtained for Ca and-Mg: 
an accidental contaminaLion during analysis procedures is su- 
spected in these cases. 

The "solar grade feedstock" was then obtained cutting away 
rum the ingots grown, as above described, the top and the la- 
era1 sides. The material was then subjected to a second di- 

rectional solidification with the same procedures of the fir- 
st-one. The resulting ingots was analysed in the same way as 
previously described. Results are shown in Table V. 

Also in this case some degree of purification is obtained, 
although i t  occurs in lower extent than expected from data of 
table IV. Since the resistivity measurements described in the 
next paragraph are in substantial agreement with analytical 
results, one has to conclude that some contamination occured 
during the second solidification step. 

D) Physical characterization and solar cells performance of 
HPS material. 

lUcm x 1Ucm x 0.04cm wafers cut from ingots prepared with 
"solar grade feedstock" as previously described, were subjec- 
ted to physical and PV test (see table VI for results). All 
slzces examined resulted p-type, with an average resistivity 
of 0.13 ohm cm, which well compares with the expected one, 
obtained from the excess acceptor concentration (Na - Nd) = 
2.4E17/cm3 calculated usipg the experimental values of B, P 
and A1 concentration (see Table IV) and by taking the aluminum 
30% Ionized. 

The diffusion lenght of the minority carriers, measured u- 
sing the SPV techinque resulted in average larger than 40,um 
with top values of 5 0 p m  which is definitely lower than the a- 
verage Ld values ( > 150,um) measured on "off grade" EG sili- 
con wafers manufactured with the same casting process. 

Solar cells, manufactured using the standard Pragma proce- 
dures, resulted in average 6,2% efficient while "off grade" 
E.G. silicon wafers processed in the same batch resulted 9.85% 
efficient. 

As it results from Table VI, not only the low values of 
short circuit current are responsable of the efficiency measu- 
red but also the OCV ( 540 mV) which is about 60 mV lower than 
the OCV which could be obtained with a FZ silicon having the 
same resistivity. The analysis of I-V curve for such solar 
cells shows that the shunt resistance is lower than one obser- 
ved on cells manufactured starting from standard material, so 



revealing a certain amount of shortage probably d u e  to srriall 
particles of Sic which still remain after twice crysLalliza- 
tlon process. 

4. CONCLUSIONS 

From the results reported in the different sections of this 
paper i t  appears that a definitive progress towards the indu- 
strialization of a MG silicon process for solar uses has been 
obtained in the course of our research program. In our opinion 
i t  results that MG silicon is a possible low cost source of 
solar feedstock. It has been proven infact, that: 

-The use of Sic, which could be synthetized in an Acheson 
furnace at a reasonable grade of purity, improves definitely 
the arc furnace operations. 

-The purity of HPS Si, before the first crystallization is 
significantly close to the expected one and impurity 
contamination sources were clearly indentified. 

-Crystallization of HPS silicon, without any intermediate pu- 
rification process yields a material capable of getting cell 
with efficiencies in excess of 8.5% if only the active area 
is considered. 

Therefore, one can forecast that by improving the handling 
o f  SIC and by carrying the first crystallization step in the 
presence of Ca, followed by an acid leaching (according to a 
process suggeted by Schei (ll)), our material is already use- 
ful for >lo% efficient solar cells. 
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ACHESON FURNACE DATA 

* ELECTRIC CONSUMPTION : 16700 Kw.h 

- Sic  PRODUCTION : 1500 K g  

S P E C I F I C  ENERGY : 11 ~ w h / ~ g  

REACTION YIELD : 75% 

( 3 )  MEASURED BY I C P  - E S  

( * )  MEAN VALUE OF SAMPLES COMING FROM DIFFERENT 

PARTS OF THE REACTED MATERIAL 

( 0 )  TAKING INTO ACCOUNT THE STOICHIOMETRY OF THE PROCESS 

TABLE I - SYNTHESIS OF Sic  I N  ACHESON FURNACE: ANALYTICAL 

AND ELECTRICAL DATA 



HPS PROCESS DAR PROCESS 

ENERGY CONSUMPTION 
(+I1 required for S i c )  

ELECTRODES 

REACTION YIELR 

. INTERNAL DIAMETER O F  THE VESSEL: 1020m 

ELECTRODES DIAMETER: 175m 

LENGHT BETWEEN ELECTRODES: 370mm 

MAXIMUM POWER: 240KVA 

TABLE I1 - COMPARISON BEETWEN THE ARC FURNACE S T E P S  O F  THE HPS AND DAR 

PROCESS 



( * )  MEASURED BY ICP - ES 

( O )  TAKING INTO ACCOUNT THE STOICHIOMETRY OF THE PROCESS 

TABLE 111 - IMPURITY CONTENT IN Si HPS AND Si DAR OBTAINED STARTING 
FROM SIMILAR RAW MATERIALS IN THE SAME ARC FURNACE 



( * )  - HALF OF THE VALUES REPORTED I N  TABLE I11 

TABLE I V  - I M P U R I T I E S  DISTRIBUTION MEASURED I N  THE INGOT W 271 

(FEEDSTOCK:# 10/2 5 0 %  AND S i  EG 5 0 % )  



TABLE V - I M P U R I T I E S  DISTRIBUTION I N  THE INGOT W 273 

GROWN USING INGOT W 271 AS FEEDSTOCK 



TABLE V I  - PHOTOVOLTAIC PROPERTIES OF SOLAR GRADE S I L I C O N  PRODUCED 

BY HPS PROCESS, 

WAFERS FROM INGOT no W 273 

WAFER S I Z E S :  l O c m  x l O c m  x 0 . 0 4 c m  

R E S I S T I V I T Y :  

- 
DIFFUSION LENGHT : LD = 40 ,urn 

( b e s t  value = 50 p) 

CONVERSION EFFICIENCY:  

BEST VALUE of  = ISC x V o c  x FF = 

= 1.83 Amp x 0 . 5 4 9 V  x 0.69 

= 6 . 9 %  

ACTIVE AREA EFFICIENCY:  r g  6.9 = 8 . 6 %  - 
0.8 

RELATIVE EFFICIENCY:  

TOTAL NUMBER OF MEASURED CELLS = 43 



FIGURE n. 1 - SCHEME O F  REACTIONS OCCURING I N S I D E  THE ARC FURNACE 



FIGURE n .  2 - VERTICAL SECTION OF THE ACHESON 

FURNACEUSEDFOR THE Sic  SYNTHESIS 



ACHESON FURNACE 

Sic + 2 C O  

ARC FURNACE S i O  + 2 S i C  3Si + 2 C O  
2 

WAFERS FOR SOLAR CELL PRODUCTION 

F I G U R E  n ,  3 - SCHEMATIC FLOW CHART FOR THE H P S  PROCESS 



FIGURE n. 4 - Picture of the arc furnace during the smelting of 

silicon 



FIGURE n. 5 - SCHEMATIC VIEW OF THE ARC- 

FURNACE USED FOR Si-METAL 

SMELTING EXPERIMENTS 



8 16 24 32 4 0  48 56 64 Hours 

F I G U R E  n .  6 - S I L I C O N  METAL PRODUCTION I N  240 K.VA ARC FURNACE 

UNDER CONTINUOUS OPERATION CONDITIONS I N  H P S  

PROCESS 



FIGURE n. 7 - VERTICAL SECTION OF THE INGOT W 271 GROWN 

FROM HPS 10/2. 

NUMBERED CUBES SUBJECTED TO CHEMICAL ANA- 

L Y S I S  REPORTED I N  TABLE I V  ARE SHOWN 



AULECM: Do you fee% Ghat by e l i m i n a t i n g  i m p u r i t i e s  f rom t h e  environment t h a t  
you can obtain a material w i t h  low enough boron and phosphorus Lo make 
good solar cells without the addition of electronic-grade silicon? 

RUSTIONI: We hope so, because we can demonstrate that in some cases the boron 
concentration is only 2 ppmw. In the run that I described, we could 
operate the arc furnace for 5 or 6 days, and we obtained 1 PPT of this kind 
of metallurgical silicon with 2 ppm boron. But this is not sufficient, 
and we must improve to get < 1 ppmw boron. This is a real problem. 

' 

LUTWACK: Did you obtain cell efficiency data from baseline cells manufactured 
from semiconductor-grade silicon so that you could compare the cell data 
obtained for cells manufactured from your silicon? 

RUSTIONI: Yes. The baseline cells made from electronic-grade silicon had 
efficiencies of 9 to 10%. 

LUTWACK: Then the comparison is 6% with about 9X? 

RUSTIONI: Yes, and it's not so bad. Now, Pragma is improving the quality of 
production. 

WRIGHT: Using carbon black as the primary carbon source in the arc furnace 
operation, you ran 5 to 6 days before shutting down. On a much larger 
scale, say 1000 EIT/year (which was what the Solarex plant was capable of 
producing), the use of carbon black as the primary source will tend to 
clog the furnace, so you will be forced to use a different carbon source. 
Then, the decrease in quality of the carbon product with an increase in 
the productivity of the arc furnace needs to be looked at so that there 
will be a dilution factor. The tradeoffs of each particular type of 
submerged arc furnace operation should be investigated. 

RUSTIONI: It's possible to change the quality of the quartz lumps used in the 
carbothermic reduction with silicon carbide. Instead of using 
single-crystal quartz from Venezuela, we can use very high-purity 
quartzite. Silicon carbide and quartz powder can be leached, and 
briquettes can be prepared from silicon carbide and silica to improv'e the 
arc furnace operation. Of course, the cost of this type of processing 
must be considered, 

WYCOCK: I assume that the cell efficiencies you gave were for cells without 
anti-reflection coatings. 

. RUSTIONI: That's correct. 
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ABSTRACT 

We have developed a process for producing low-cost solar grade 

silicon by the reaction between SiF4 gas and sodium metal. In this 

paper we present results of the characterization of the silicon. These 

results include (a) impurity levels, (b) electronic properties of the 

silicon after crystal growth,,and (c) the performance of solar photovol- 

taic cells fabricated from wafers of the single crystals. The efficien- 

cy of the solar cells fabricated from semiconductor silicon and SiF4-Na 

silicon was the same. 

PRODUCTION AND ANALYSIS OF SILICON 

Since the SIP4-Na process has been described previously, ' *2 it will 
only be outlined briefly in this section. 

The SiF4-Na process for producing silicon is shown schematically in 

Figure 1. Briefly, it consists of three major steps: production of 

SiF4, production of Si, and recovery of silicon. For the production of 

SiF4, NaF is added to an aqueous solution of H2SiF6 (a waste product of 

PRECEDING P A N  BUW NOT WED 



the phosphate industry) to precipitate crystalline, nonhygroscopic, 

Na2SiF6. The Na2SiP6 is filtered, dried, and thermally decomposed to 

form SiF4 gas. The remaining solid residue of NaF is recycled to the 

precipitation step, 

To produce silicon, the SiF4 gas and sodium are fed continuously to 

a reactor where they react exothermically to form silicon crystallites 

dispersed in a matrix of NaF. The silicon is recovered from the product 

by one of two methods: (a) aqueous leaching of NaF followed by filtra- 

tion and drying, or (b) melting of both phases to form two immiscible 

liquids that can be discharged separately. The results presented in 

this paper pertain only to leached separated silicon. 

For convenience we used commercial SiF4 gas as the source of 

silicon. We also used commercial sodium without any purification. In 

most of the production runs, the sodium was fed to a batch reactor as 

small, solid pieces. In two runs, the sodium was fed as a liquid. 

The reactor was operated as follows. For solid sodium feed, the 

sodium pieces were located in a plastic hopper and fed continuously to 

the reactor by means of a screw feeder. For liquid sodium feed, the 

sodium was stored in a stainless steel melter and fed continuously to 

the reactor by a back pressure of argon gas. The pressure of SiF4 in 

the reactor was kept approximately constant at 1 atm by means of a pres- 

sure regulator. The temperature of the reactor walls was kept at or 

above 600°C by means of external heating tapes. This operating tempera- 

ture was selected to minimize the formation of the byproduct, Na2SiF6, 

by the reaction between SiF4 and NaF. The reactor vessel was made of 

Inconel 600 which contained a nickel liner, which in turn was lined with 

a graphite sheet (Grafoil, Union Carbide Corp.). In a production run we 

could produce as much as 10 kg of products containing approximately 1.4 

kg of silicon and no unreacted sodium. The average production rate was 

about 0.5 kg of silicon per hour. 

During the silicon recovery process, the products from each run 

were first separated mechanically from the Grafoil liner, crushed to 

particles smaller than 1 cm in diameter and loaded into the leaching 



tanks. Deion ized  water was used to dissolve the NaP, and H2S04 was 

added t o  the initial leach steps to retard silicon oxidation. The 

slurry of products in the aqueous media was stirred, allowed to settle, 

and filtered. The leaching process was continued until the fluoride ion 

concentration was below Me At that point, silicon powder ranging 

in size from 1 micron to 1 mm was recovered by vacuum-filtration and 

dried in a vacuum oven. The recovery yield of silicon powder was 

typically around 90% with yields as high as 95%. Table 1 shows typical 

impurities of 14 batches of silicon powder. We used two different SSMS 

systems, one for Runs A to J, and a second one for runs K to N. High 

quality semiconductor polycrystalline silicon (lo4 ohm-centimeters) was 

used to establish the limit of detection of each of the two SSMS systems 

used for analysis. The operational detection level is shown for each 

SSMS system in Table 1. 

MELT CONSOLIDATION AND CRY STAT, GROWTH 

Silicon powder samples were melted in a quartz crucible (7-cm i.d., 

13-cm high) under an argon atmosphere. A film of slag was present on 

the ingots after melt-consolidation. The slag was removed by mechanical 

grinding and/or by chemical etching in HF or HN03-HF mixtures. 

Silicon was grown into single crystals by the Czochralski method. 

A total of eight single crystals were grown from approximately 2 kg of 

silicon recovered from the melt consolidation steps. Typically 50% to 

70% of the melt was pulled as a single crystal. Crystal 6 was grown 

from remains from the previous crystal growths. All were single crystal 

except No. 2 which became polycrystalline at 30% growth. The first 

seven crystals were oriented in the <1,1,1> direction, and the last 

crystal was oriented in the <1,0,0> direction. The SSMS analysis of two 

crystals of silicon are shown in columns 2 and 3 of Table 2. The last 

column shows the SSMS readings for high quality Monsanto semiconductor 

silicon ( l o 4  ohm-cm) which was reported to have impurities in the sub- 

ppm w. level. This high purity silicon was used to determine the Limit 

of detection of the SSMS system. Analysis of carbon and oxygen were 

made by infrared absorption spectroscopy. 



The electronic characterization of the single crystal wafers 

produced from the leach-recovered silicon was performed by several 

techniques and by several laboratories. A summary of the results of 

resistivity, mobility, and carrier concentration is shown in Table 3. 

We measured the resistivity of the wafers from each of the eight 

single crystals with a four-point probe. For some samples, we used 

contactless, capacitive probes to verify the values obtained by the 

four-point probe. Because the agreement among the values obtained by 

the different techniques was good, only values obtained with the four- 

point probe are reported in Table 3. 

The type of silicon was determined mainly by thermoelectric 

measurements. The results indicated that all crystals were p-type as 

shown in Table 3. We checked the results for crystal 1 by making a Si- 

electrolyte interface and studying its photodiode behavior; the photo- 

current measurements confirmed that all crystals were strongly p-type. 

We measured the mobility of the carriers in the silicon by using 

the Hall technique, and the results are shown in Table 3. 

Carrier concentration was estimated by making a silicon wafer 

electrode in an electrolytic solution and studying the capacity that 

could be developed in the silicon by applying a potential across the 

silicon/electrolyte interface. The silicon wafer was polished and 

etched to diminish the density of surface states due to mechanical 

damage. Thus, the capacitance measured was essentially equal to the 

capacitance in the bulk (space charge region) of the semiconductor. 

~ h &  voltage dependence of the space-charge capacitance of the 

semiconductor at the electrolyte/semiconductor interface was plotted 

according to the Mott-Schottky relationship for a p-type semiconductor 



In t h i s  equa t ion ,  q i s  the charge of the electron, NA i s  t he  

acceptor density, C and Co are the dielectric constants in the 

semiconductor and in vacuum, respectively, V is the a p p l i e d  potential, 

and Vfb is the flatband potential. From the sign of the slope of this 

equation, we can determine the conductivity type of the material. We 

confirmed in this way that our silicon is a p-type semiconductor. From 

the magnitude of the slope, we calcualted NA, the acceptor density, to 

be 3.9 x reciprocal centimeters for a wafer from crystal 1. The 

carrier concentrations for all other crystals were obtained from 

resistivity and mobility values determined by the standard Hall 

technique. 

The carrier lifetime (t) was determined with a Loe instrument from 

photocapacitance decay curves. In this technique a Xe laser pulse hits 

the surface of the wafer and produces an increase in electron-hole pairs 

that immediately start to recombine to reestablish equilibrium. The 

temporary increment in carrier concentration results in an increase in 

conductivity that can be detected by the change in intensity of the 

reflection of microwaves on the silicon wafer. The lifetime was 

determined by following the decay in conductivity with time after the 

light pulse. The silicon wafers were used as-cut, without any polishing 

to diminish surface states. Therefore, the measured lifetime values 

reported here may be smaller than that of intrinsic bulk lifetimes. 

Another technique for measuring very low concentrations of 

impurities is deep level transient spectroscopy. Measurements were 

performed in this technique on wafers from crystal 1 by Dr. P. Claus et 

al. of the University of ~hent in Belgium. There were no detectable 

traces of transition metal contamination. 



SOLAR CELT, FABRICATION AND CH&CTERB%ATIOM 

The following procedure was used to prepare the silicon wafer for 

fabrication as solar cells and subsequent characterization of the 

cells. A number of 2-inch diameter control wafers of high quality 

semiconductor silicon (1-3 ohm-cm) were included with the fabrication 

lot. Wafers were cleaned and then etched to a thickness of - 0.025 
cm. This was expected to remove mechanical damage that might have 

arisen from slicing the wafers. Following rigorous surface cleaning, 

the wafers were placed in a quartz boat and inserted into a clean quartz 

tube within a furnace at 825'~. The wafers were subjected to a 5-minute 

warmup in a nitrogen/oxygen atmosphere; to phosphorous deposition for 3 

minutes in a mixture of nitrogen, oxygen, and phosphine; and to a 5- 

minute "drive" in nitrogen, 

After removing the wafers from the diffusion furnace, resistivity 

(v / I )  measurements were made using a four-point probe. 

The front of the wafers were masked with ink, dried, and then 

etched in a 60:40 solution of HN03:HF for 5-8 seconds to remove the n+ 

type layer from the base. A dicing saw was used to cut the wafers into 

2-cm squares. All cells were cleaned, and then mounted in evaporation 

masks and metallized, front and back, with an electron gun evaporation 

system. Titanium, palladium, and silver were deposited, in that order, 

on the front of the wafers with layer thicknesses of 800A, 400A, and - 
50,00OA, respectively. Aluminum, titanium, palladium, and silver were 

deposited in that order on the back of the wafers. The 2 cm x 2 cm 

metallized solar cells were then mounted in masks and placed in an 

electron beam evaporator. Dual anti-ref lecting films of Ti02 and A1203 

were deposited on the front surface. Wafer edges were then etched, 

after masking front and back, to remove any inadvertently-deposited 

metals from the cell edges. The contact metallization system used on 

each cell occupied 0.172 cm2 of the cell front area. Each of the 20 

grid lines were 0.0033 cm in width, while the ohmic bars and contact 
2 tables occupied 0.832 em . Front metallization thickness was 

approximately 0,0006 cm, 



The solar cells were characterized as follows. Illrsminated I--V 

measurements were made using a Spectrolab X-25 Solar Simulator. 

Spectral response was measured using a 14 segment filter wheel 

assembly. Measurements of resistivity, v/I, and dark current were made 

using conventional volt meters and power supplies. The maximum power 

point was measured from the I-V curve using standard power curves. Fill 

factor, FF and efficiency, EFF were calculated using 

EFF = 

The results of the characterization of the solar cells are shown in 

Table 4 for the open circuit potential (VOC), short circuit current 

(ISC), maximum power (PMX), fill factor (FF), and efficiency (EFF) at 

MfO. In the last column is shown the value of the efficiency at AM1 

which was calculated by multiplying the value of AM0 by the factor 1.14 

(10). The SiF4-Na cells examined were made from wafers cut from four 

crystals: 3, 5, 7, and 8, with the slice number (starting from the seed 

end) following the hyphen. The eight cells made from semiconductor 

silicon are indicated by a prefix C. The low efficiency of cell 7-11 

resulted from a shunting problem that occurred during manufacture. 

The overall results indicate that solar cells made from SiF4-Na 

silicon have efficiencies equal to those made from semiconductor grade 

silicon in the same batch. 

DISCUSSION 

It is possible presently to use the impurity content in silicon to 

predict the suitability of polycrystalline silicon for the manufacture 

of single crystal solar cells. The work by Bill at ~onsanto~ and of 



Bopkins et a l e S i  and Davis et a l e 6  at Westinghouse resulted in the 

establishment of maximum levels that can be permitted for each impurity 

in silicon w i t h o u t  affecting the e f f i c i ency  of solar cell manufactured 

from that silicon. The work done by I?izzini7 and Galluzi et ale8, among 

others, has also started to establish the same type of levels for 

polycrystalline silicon solar cells. These definitions cannot be taken 

as absolute guidelines as pointed out by the authors above because the 

efficiency of the solar cells also depends on the type of crystal growth 

and the cell manufacturing process. Nevertheless, these impurity values 

(such as in Table 5) can be used as general guidelines. Therefore, the 

first test of the suitability of our silicon for solar cell manufacture 

was to analyze it. Because the maximum allowable impurity levels in 

solar grade silicon (Sol-Si), as established by the authors mentioned 

above, are roughly at the low ppm w. level, only techniques such as 

Spark Source Mass Spectrometry (SSMS) can be used. Even when using the 

SSMS technique, some precautions have to be taken in order to obtain 

reliable analyses. Some of the typical sources of error in the SSMS 

values include common sampling errors, inhomogeneity of the sample, and 

SSMS system background shifts or contamination. We determined first the 

limits of detection of the SSMS systems by analyzing very high purity 

Monsanto polycrystalline semiconductor silicon (10,000 ohm cm). We use 

these readings to define the limit of detection for each impurity. We 

also determine the reliability of the readings by analyzing the same 

sample in different days, We concluded that the reproducibility of the 

readings was not perfect, but most of the readings for each impurity 

were within a factor of 2 from the average. This finding is similar to 

that reported by Hunt et ale9 The sampling errors and inhomogeneity of 

the sample were less of a problem. In our case, the silicon is in the 

form of powder with an average particle size of 100 microns, The 

samples were taken using normal sampling techniques and we believe, 

therefore, that they were representative of each batch. 

Taking the preceding remarks into account, we can interpret the 

values in Table 1 (runs I to J) as indicating that all the silicon 

batches were very pure and they all had similar composition. This 



result i s  sf great industrial importance because it gives assurances 

that the purity of silicon produced by the SiF4-Na process will. be 

constant, In addition, because the readings were so close to the limit 

of detection, we suspected that the silicon might be purer than those 

readings indicate. In effect, when a different SSMS system (System 2 in 

Table 1, runs K to L) with higher sensitivity was used, the readings for 

some of the impurities were lower, although the silicon had been 

produced in basically the same conditions as before. In particular, Ti 

readings were a few ppm. w in System 1, but they were below 200 ppb.w in 

batches analyzed with System 2. Phosphorous readings were also lower 

with System 2. Later, we determined that all the silicon is strongly p- 

type, without any sign of compensation and has a resistivity of 0.3 to 5 

ohm cm which indicate P levels much lower than those indicated by the 

SSMS readings. In Table 5, we compare the readings in System 2 with the 

definition of solar grade as proposed by Hopkins et al. It is clear 

that the SiF4-Na silicon is much purer than required for solar cell 

manufacture. The only possible exception is Na, but as we describe 

below, this impurity can be removed almost completely. 

The melt consolidation and crystal growth step result, as expected, 

in great purification, as can be seen by comparing the values in Tables 
2 1 and 2. The level of Na, which is typically at the 10 ppm w level in 

the silicon powder, is below detection limit in the polycrystalline 

ingot and, naturally, in the final silicon crystal. In independent mass 

spectrometric studies we have observed that Na in silicon starts 

vaporizing at 600°c and the volatilization becomes very fast at 

temperatures above IOOOOC. The low initial levels of the transition 

metals in the silicon powder, combined with the normal purification 

during crystal growth, should result in values at the sub ppb w 

levels. In effect, Deep Level Transient Spectroscopy studies of the 

silicon wafers from crystal 2 did not show any indication of the 

existence of transition metals. The limit of detection for this 

technique ranges from 1012 to 1014 atoms per cm3. Therefore, the 

readings for the transition metals in Table 2 for crystals 1 and 2 are 

again indicative of the limit of detection of the SSMS system, These 



readings and those f o r  the semiconductor siEicon a l s o  ill.ustrate the 

typical variability of the limit of detection of the SSMS system f o r  

three extra p u r e  but different s a m p l e s .  

The variations in the values of the electronic parameters are not 

well understood yet (more studies are in progress), but they were well 

within the range expected for crystals grown from different melts, 

obtained from the mixture of powders from different production 

batches. When the crystals were grown from exactly the same melt as was 

the case for crystals 3 and 4, their characteristics were reasonably 

similar. Crystal 6 was grown from remains of previous crystal 

growths, Its higher resistivity and lower mobility may be due to high 

content of C. 

The photovoltaic behavior of the silicon was studied in several 

laboratories, and solar cells were manufactured in experimental and in 

industrial lines. The results were consistently indicative of high 

performance indistinguishable from that of cells made from semiconductor 

silicon. Although all crystals (except No. 2) were investigated, only 

the results of crystals 3, 5, 7' and 8 are shown here. The efficiency 

values were determined in AM0 conditions. Based on results obtained at 

~ ~ e c t r o l a b l ~  and elsewhere, we know that the efficiency at AM1 can be 

estimated by multiplying the AM0 efficiency by a factor which ranges in 

value from 1.14 to 1.18. Taking the conservative approach, we used the 

1.14 value in this work to estimate the AM1 values shown in Table 4. 

A comparison of control cell and experimental cell efficiencies 

would indicate that the better lifetime to be found in the semiconductor 

silicon has resulted in a somewhat better short circuit current charac- 

teristic, especially in the case of the lower resistivity material, 

This shortcoming is balanced however by the higher open circuit voltage 

that one expects from lower resistivity base material. Efficiency can 

be enhanced by means of front surface texturing [(loo) only] and by 

introduction of a back surface field on the higher resistivity material. 

A back surface field effect will be more obvious on higher lifetime 

material, Some examples of these effects are shown in Table 6 .  



Silicon produced from commercial SIP4 and Na is more khan p u r e  

enough to be used in the fabrication of solar cells of high 

efficiency. All the results obtained--chemical analysis, electronic 

parameters, cell efficiencies--demonstrate clearly the high quality of 

the SiF4-Na silicon. 

The fact that the quality of the silicon was consistently high in 

all batches indicates clearly that the process can be scaled up with 

confidence to the industrial scale. This process produces silicon of 

much higher purity than any of the processes developed for solar cell 

manufacture based on the direct purification of metallurgical grade 

silicon, and at a projected cost much lower than the projected costs for 

halosilane-based processes. Therefore, it holds great promise for 

decreasing the overall cost of silicon solar cells. 
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Table 2 

SSMS ANALYSIS OF SRI SILICON CRYSTALS AND SEMICONDUCTOR E F E m N C E  
(PP~W) 

SRI Si CRYSTAL Semiconductor 
Impurity 1 2 S i 

- - - 

*Infrared Absorption Nicolet Spectrometer 





T a b l e  4 

SOLAR CELL CHARACTERISTICS 

VOC I S C ~  PMX CFF EFF(AM0) EFF(AM~ lb  
(m) (MA) (MW) % % 

C-3 
C-17a 
C-17b 

C o n t r o l  C-18a 
Cells C-18b 
(Semi- C-19 
S i )  C-20a 

C-20b 

3-B 
5-30 
5-24 
5-85 

Sample 5-12 
Cells  5-42 
(SRI-Si) 7-11 

7-63 
7-57 
8-26 

a2 x 2 c m  ce l l s .  

b ~ ~ ~ ( ~ ~ l )  e s t i m a t e d  f rom AMO. M u l t i p l y i n g  f a c t o r  1.14. 



Element 

Table  5 

IMPURIT^Y THmSEIOLD LEVmS FOR SOLAR GRADE S i  

VERSUS 

IMPURITY LEVELS IN Si PRODUCED BY THE SIP4-Na PROCESS 

100% Max ~ f f  iciency(a) 90% Max ~f ficiency(b) Si from SiF4--~a 

(a) Maximum impurity level allowed in polycrystalline silicon feedstock 

that does not result in degradation of single crystal solar cells 

manufactured from that silicon. 

(b) Impurity level that results in single crystal cells with only 

efficiencies of 90% of those produced with ultrapure semiconductor Si. 



Table 6 

EFFECTS ON CELL EPFICIENa OF BACK SURFACE FIELD, AND TEXTURE 

Cell No. 

* 
Back surface field. 

** 
Back surface field, front textured cell. 

Projected 
r)(AMo) 

Note: The projected efficiency at AM0 is the efficiency that cell would 
have had if its fill factor were .799, the value for Cell C-17a. 



DISCUSSION 

SCHWTTKE: E congratulate you on your semiconductor-grade s i l i c o n .  I assume 
%hat you have used t h i s  material to make solar cells. What kind of cell 
efficiency did you obtain using this type of material? 

SANJURJO: You mean the last material? No, we haven". 

SCHMUTTKE: Oh, that's too bad. 

SANJURJO: Well, I think so, but basically our program has been switched to 
preparing semiconductor-grade silicon. 

SCHMUTTKE: I think it would be extremely interesting to determine cell 
efficiencies using this material. 

SANJURJO: Every time we made solar cells with the previous material, we had 
the possibility of getting even higher efficiencies and we were limited by 
several things. One was the saw damage, which was not properly etched. 
There were some problems in the fabrication itself so that when we tried 
to use back-surface fields, we had very scattered data with shunting of 
several of the cells, including the control cells. Therefore, we were 
limited to a certain extent. We could have probably obtained high 
efficiency for both the semiconductor-grade and solar-grade cells. One 
thing that we would like to do is to get the highest purity material we 
can, and try to make the best solar cells and then compare it with our 
product. 

SCNWTTKE: Looking at the cell data of the Spectroleb labs and cells from your 
solar-grade material, the efficiencies are very similar. Are the areas 
for the cells the same? 

SANJURJO: The same. All of these cells were 2 x 2 cm cells, and they were 
co-processed and intermixed. 

SCHWTTKE: Did Specksolab use a standard baseline process or a high-efficiency 
process? 

SANJURJO: For their level, P think it was a standard process. 

SCHWTTKE: Do the cells have a back-surface field? 

SANJURJO: No. The cells were without back-surface field. Then we tried with 
the back-surface field. The particular batch used had several 
short-circuited cells. The aluminum somehow got through on both batches 
of the semiconductor grade and on our material. I have some information 
in the paper regarding the effect of back-surface fields. The major 
effect was probably in %he semiconductor silicon cells which had a 
diffusion length of about 180 lun and higher. Our best cells were about 
150 to 180 pm, and some of %he others were 100 to 15Q pm. 



SCHWTTKE: What was t h e  c e l l  t h i c k n e s s :  156 or 200 p? 

S M J U R J Q :  We used 380 t o  500 wm. The  cells were made not only by 
Spectrolab, b u t  also by t w o  other Eeboratories, one of which used an 
industrial-eel% fabrication line. The efficiencies sf the referenee 
serniconduckar cells were always the Barn%, but t h e  @ e l l s  from %he 
industrial line had lower efficiencies. The nominal average for both 
semiconductor and our cells was 12.5% M l .  

LEIPOLD: I noticed that the open-circuit voltage for the cells made from your 
material was higher. Mere they the same base resistivities? Do you have 
an explanation? 

SANJURJO: There was a slight difference. Our cells had higher open circuit 
voltage, and the semiconductor cells had higher short-circuit current. 
There is some information relative to this in the paper, but more work is 
needed to characterize the material. We felt that the crystals were very 
good for the first attempt, but better crystals are required. We were 
limited by the crystals and by the processing of the wafers to a point 
that we did not make any determination with respect to any other 
differences. The differences are probably due to the crystal growth 
rather than the material. 
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INTRODUCTION: 
Commencing i n  e a r l y  1981, a  j o i n t  development program t o  p i l o t  

demonstrate a s i l a n e  based p o l y s i l i c o n  process was cons t ruc ted  a t  
Eagle-Picher  Labo ra to r i es  i n  Miami, Oklahoma. The p i l o t  p l a n t  i n c l u d e d  
techno log ies  c o n t r i b u t e d  by A1 1 i e d  Corpora t ion  o f  Morr is town,  New Jersey, 
Eagle-Picher  I n d u s t r i e s  o f  Miami, Oklahoma, and G. A. Technologies,  I nc .  o f  
San Diego, C a l i f o r n i a .  The descr ibed  process as p i l o t e d  i n c l u d e d  t h e  
syn thes is  o f  crude s i l a n e  gas, u l t r a  p u r i f i c a t i o n  o f  t h e  gas, and then  
d i r e c t  p y r o l y s i s  t o  p roduc t  s i l i c o n .  Features o f  t h e  process p rov ided  f o r  
d i r e c t  cont inuous ope ra t i on  f rom process feed t o  f i n a l  product ,  w i t h o u t  t h e  
requi rement  t o  s t o r e  i n te rmed ia tes  o r  ever  conver t  t h e  s i l a n e  t o  a  1  i q u i d  
phase. Semiconductor q u a l i t y  p roduc t  as analyzed i n t e r n a l l y ,  and conf i rmed 
by independent l a b o r a t o r i e s ,  was demonstrated by t h e  f i r s t  i n t e g r a t e d  
ope ra t i on  o f  t h e  p l a n t .  

The p r o j e c t  o r g a n i z a t i o n a l  r e s p o n s i b i l i t i e s  were as shown i n  F igu re  1. 
The p i l o t  p l a n t  descr ibed  by t h i s  paper was cons t ruc ted  by t h e  eng inee r i ng  
and t e c h n i c a l  s t a f f  o f  t h e  p a r t i c i p a t i n g  companies i n  res idence a t  t h e  
Miami, Oklahoma s i t e .  The r e s u l t s  o f  t h e  f i r s t  i n t e g r a t e d  ope ra t i on  o f  t h e  
p l a n t  as eva lua ted  by Monsanto, a r e  as shown i n  F igu re  2. 

The process development, a l though cons idered by a l l  p a r t i c i p a n t s  t o  be 
t e c h n i c a l l y  and f i n a n c i a l l y  ve ry  successfu l  was abandoned i n  l a t e  1982 f o r  
business reasons u n r e l a t e d  t o  t h i s  p r o j e c t .  

ALL1 ED PROCESS : 
980 A l l i e d  was cons ide r i ng  making fumed s i l i c a  f rom by-prod- 

u c t  f l u o s i l i c i a  a c i d  on a l a r g e  sca le .  F l u o s i l i c i c  a c i d  i s  formed i n  a  phos- 
pho r i c  a c i d  p l a n t  when t h e  s i l i c o n  t e t r a f l u o r i d e  f rom t h e  main rock  d i g e s t e r  
i s  scrubbed. Large q u a n t i t i e s  o f  f l u o s i l i c i c  a c i d  a r e  a v a i l a b l e  and much 
more cou ld  be made a v a i l a b l e  i f  a market ex i s ted .  Phosphate rock  con ta ins  
about 3.5% f l u o r i n e  and about  30 - 50% o f  t h a t  f l u o r i n e  can be recovered as 
f l u o s i l i c i c  ac id .  

The s i l i c o n  t e t r a f l u o r i d e  i s  produced from f l u o s i l i c i c  a c i d  by r e a c t i o n  
w i t h  s t r ong  s u l f u r i c  ac i d ,  which a c t s  as a dehydra t ing  agent.  



The k y d r o f l u o r i c  a c i d  can be f u r t h e r  reac ted  by t h e  a d d i t i o n  o f  s i l i c o n  

d i o x i d e  4HF + S i02  SiF4 + 2H20 

A l l i e d  looked a t  p o s s i b l e  r ou tes  t o  p h o t o v o l t a i c  s i l i c o n  and dec ided t o  
pursue two paths. The f i r s t  was t h e  use o f  h i g h  temperature plasma t o  r e a c t  
t o  t he  s i l i c o n  t e t r a f l u o r i d e  w i t h  hydrogen. 

T h i s  r o u t e  was cons idered t h e  most d e s i r a b l e  s i nce  A l l i e d  i s  t h e  
l a r g e s t  merchant producer o f  h y d r o f l u o r i c  a c i d  i n  t h e  U.S. No by-product  
would be produced. 

A c o n t r a c t  was l e t  w i t h  Columbia U n i v e r s i t y ,  who had an o p e r a t i n g  
thermal plasma, t o  develop f e a s i b i l i t y .  The plasma process cou ld  n o t  g e t  
g rea te r  than 5% y i e l d s  o f  s i l i c o n ,  as i t  was n o t  p o s s i b l e  t o  quench t h e  
r e a c t o r  products  be fo re  most o f  t h e  f i n e  s i l i c o n  recombined w i t h  t he  HF. 

Concurrent ly ,  t h e  r e a c t i o n  o f  sodium hyd r i de  w i t h  s i l i c o n  t e t r a f l u o r i d e  
was i n v e s t i g a t e d  a t  A l l i e d ' s  Morr is town,  New Jersey l a b o r a t o r i e s .  

A process was d iscovered  t h a t  gave h igh  y i e l d s  o f  s i l a n e  a t  moderate 
cond i t i ons .  The s i l a n e  was 07 h i g h  p u r i t y ,  as c o u l d  b e s t  be determined by 
s tandard a n a l y t i c a l  procedures. 

Th i s  process i s  covered by U.S. Pa ten t  No. 4,374,111 dated February 15, 
1983. 

Wi th  s i l ane ,  i t  was apparent t h a t  p u r i f i c a t i o n  cou ld  be e f f e c t e d  by 
many methods and a l i t e r a t u r e  search revealed t h a t  cons iderab le  work had 
been done. A l l i e d  decided t h a t  t h e  immediate f u t u r e  o f  s i l i c o n  l a y  i n  semi- 
conductor grade, a l though i t  would be d e s i r a b l e  t o  have a process t h a t  cou ld  
produce s i l i c o n  cheap enough t o  compete i n  t he  p h o t o v o l t a i c  market. A l l i e d  
made p lans  t o  pursue t h e  necessary research t o  p u r i f y  s i l a n e ,  produced f rom 
S iF  , and t he  subsequent decomposit ion o f  t h e  p u r i f i e d  s i l a n e  i n t o  semicon- 
duc to r  grade s i 1 icon.  

A t  about t h i s  t ime,  A l l i e d  was approached by Eagle-Picher  t o  i n v e s t i -  
gate t h e  poss i  b i  1 i t y  o f  a j o i n t  venture t o  produce semiconductor s i l  i con .  
Eagle-Picher had a process t o  p u r i f y  s i l a n e  and had a l s o  contacted General 
Atomic, who were i n  p o s i t i o n  t o  develop a process f o r  t h e  decomposit ion o f  
t h e  p u r i f i e d  s i l a n e .  

I n  a s u r p r i s i n g l y  s h o r t  p e r i o d  o f  t ime, t h e  t h ree -pa r t y  ven tu re  was 
approved and an agreement reached on a j o i n t  p i l o t  p l a n t  t o  produce 1 kg. 
pe r  hour o f  semiconductor s i l i c o n .  The p i l o t  was b u i l t  a t  Eagle-Pichers '  



Miami, Oklahoma f a c i l i t y .  A l l i e d ' s  f a c i l i t y  i nc l uded  two u n i t s .  Phots- 
graphs o f  t he  u n i t s  a r e  i n  F igu re  3 and 4. 

The f i r s t  u n i t  produced s i l i c o n  t e t r a f l u o r i d e  f rom purchased f l u o s i l i -  
c i c  ac i d .  F igure  5 shows how t h i s  was accomplished. 

F ine  sand was added t o  t h e  f l u o s i l i c i c  a c i d  which was then  sen t  t o  a  
s i l i c o n  t e t r a f l u o r i d e  r e a c t o r .  The s u l f u r i c  a c i d  was f e d  t o  t h e  t o p  o f  t h e  
r e a c t o r  and p roduc t  S i F  was compressed t o  300 p s i g  f o r  s torage.  The ou t -  
go ing waste s u l f u r i c  ac4d was p r a c t i c a l l y  f r e e  o f  f l u o r i d e s  and was sen t  t o  
waste d isposa l .  

Y ie l ds  were a lmost  s t o i c h i o m e t r i c  and t h e  p u r i t y  l e v e l  o f  t h e  S i F  was 
very  h igh.  Capac i ty  o f  t h e  smal l  u n i t  t h a t  was b u i l t  exceeded des ian by 
more than 200%. 

I n  a  commercial p l a n t  t h e  f l u o s i l i c i c  a c i d  would come f rom an ad jacen t  
p l a n t  o r  tank  c a r  and t h e  s u l f u r i c  a c i d  would be re tu rned  t o  t h e  f l u o s i l i c i c  
a c i d  producer  o r  o t h e r  user .  

I n  F igure  6, t h e  proposed commercial s i l a n e  ope ra t i on  i s  shown. Hydro- 
gen re tu rned  f rom t h e  s i l a n e  decomposer p l u s  make up hydrogen i s  r eac ted  
w i t h  sodium t o  fo rm sodium hydr ide .  T h i s  r e a c t i o n  i s  done i n  m inera l  o i l .  

The sodium hyd r i de  s l u r r y  i n  m inera l  o i l  i s  f e d  t o  t h e  s i l a n e  r e a c t o r  
where i t  reac t s  w i t h  s i l i c o n  t e t r a f l u o r i d e  t o  form s i l a n e  gas. The s o l v e n t  
used i s  a  commerc ia l ly  a v a i l a b l e  h i g h  b o i l i n g  m a t e r i a l ,  l i k e  d iphenyl  e ther .  
The r e a c t o r  runs a t  about 250," C and s l i g h t l y  above atmospheric pressure.  
Y ie l ds  on sodium hydr ide  and s i l i c o n  t e t r a f l u o r i d e  were demonstrated t o  be 
g r e a t e r  than  90% i n  t h e  p i l o t  p l a n t .  It i s  b e l i e v e d  t h a t  w i t h  o p t i m i z a t i o n  
t h i s  cou ld  be r a i s e d  somewhat. 

The s i l a n e  produced was o f  good q u a l i t y ,  w i t h  smal l  i m p u r i t y  l e v e l s ,  
Design capac i t y  was exceeded and t h e  r e l i a b i l i t y  o f  t h e  process was demon- 
s t r a t e d .  

PURIFICATION PROCESS: 
loped b.y Eagle-Picher  f o r  s i l a n e  p u r i f i c a t i o n  was mo t i -  

vated by ' the  low c o s t  'photo-vol t a i c  p r o j e c t  be ing  conducted by JPL a t  t h a t  
t ime. A number o f  years  e a r l i e r  Eagle-Picher had looked a t  t h e  f e a s i b i l i t y  
o f  separa t ing  t h e  i so topes  o f  boron by t h e  technique o f  l a r g e  sca le  prepara-  
t i v e  gas chromatography (LSGC), b u t  had abandoned t h e  concept i n  f a v o r  o f  
l i q u i d  exchange. Wi th  t h e  advent o f  t h e  JPL p r o j e c t ,  t he  p rospec t  t h a t  l a r g e  
q u a n t i t i e s  o f  p h o t o v o l t a i c  grade s i l a n e  migh t  be a v a i l a b l e  l e d  t o  t h e  i n -  
v e s t i g a t i o n  o f  t h e  method as a means t o  u l t r a  p u r i f y  t h e  gas t o  t h e  e x t e n t  
o f  semiconductor q u a l i t y .  Fur ther ,  t o  do so very  s a f e l y  and economica l ly ,  
thus es tab l  i s h i n g  ' the  p o s s i b i l i t y  o f  a  competing- process t o  Siemens, which 
had p u t  Eagle-Picher  o u t  o f  t h e  s i l i c o n  business some 25 years  e a r l i e r .  



Gas Chromatography ( G C )  -is w i d e l y  employed as  an a n a l y t i c a l  t o o l  t o  
separate  components o f  a v o l a t i l e  m i x tu re ,  The severa l  components are t hen  
charac"crs'zed, b o t h  qual-s"tal l "ve' ly and q u a n t i t a t i v e l y ,  w i t h  one o f  a wide 
v a r i e t y  o f  de tec to r s .  The h e a r t  o f  such an i ns t r umen t  i s  t h e  chromato- 
g raph i c  column. F i g u r e  7 shows t h e  a c t i o n  o f  such a  column. The column 
c o n s i s t s  o f  a l e n g t h  o f  s t a i n l e s s  s t e e l  p i p e  packed w i t h  p a r t i c l e s  of ve r y  
un i f o rm  s i z e  and composi t ion.  An i n e r t  gas, c a l l e d  t h e  c a r r i e r ,  passes 
th rough  t h e  column. The m i x t u r e  t o  be separated i s  i n t r oduced  as a  smal l  
batch,  o r  i n j e c t i o n ,  i n t o  one end o f  t h e  column. I n  F i gu re  7, t h e  sample i s  
composed o f  t h r e e  components represen ted  by  squares, t r i a n g l e s ,  and c i r c l e s .  
As t h e  m i x t u r e  i s  pushed through t h e  column by t h e  f l o w i n g  c a r r i e r ,  t h e  
va r i ous  components i n t e r a c t  d i f f e r e n t l y  and so p e r c o l a t e  th rough  t h e  column 
a t  d i f f e r i n g  r a t e s .  I f  t h e  ope ra to r  has been c l e v e r  about s e l e c t i o n  o f  t h e  
p a r t i c l e s  w i t h  which t h e  column has been packed and t h e  va lues o f  t h e  
va r i ous  ope ra t i ona l  parameters, t h e  components o f  t h e  m i x t u r e  wi  11 be 
separated by t he  t i m e  t h e y  e x i t ,  o r  e l u t e ,  f rom t h e  end o f  t h e  column. As 
t h e  m i x t u r e  pe rco la tes  th rough  t h e  column, t h e  molecu les become mixed w i t h  
c a r r i e r  gas and t h e  c o n c e n t r a t i o n  o f  t h e  component i n  t h e  c a r r i e r  gas 
assumes a  near-Gaussian d i s t r i b u t i o n .  

F i gu re  8 i s  a  b l o c k  diagram o f  t h e  l a r g e  sca le  GC (LSGC) used f o r  t h e  
p u r i f i c a t i o n  o f  s i l a n e  gas. C a r r i e r  gas i s  s u p p l i e d  t o  t h e  column th rough  
s tandard r e g u l a t o r s  and f lowmeters .  S i l a n e  pu lses  a r e  p e r i o d i c a l l y  adm i t t ed  
i n t o  t h e  column by  a  computer operated va lve .  A t  t h e  end o f  t h e  column i s  a  
h o t  w i r e  d e t e c t o r  which r e g i s t e r s  t h e  passage o f  any gas w i t h  a  thermal  
c o n d u c t i v i t y  d i f f e r e n t  than  t h a t  o f  t h e  hydrogen c a r r i e r  gas. Immediate ly  
f o l l o w i n g  t h e  d e t e c t o r  i s  t h e  gas f l o w  system i s  a  s w i t c h i n g  v a l v e  t h a t  
r ou tes  t h e  GC e f f l u e n t  t o  one o f  severa l  l i n e s .  I n  o u r  s i l a n e  system, t h e r e  
were two such l i n e s :  a  waste l ' i ne  go ing  t o  a  f l a r e  and a  pure  l i n e  go ing  t o  
t h e  s i l a n e  c o l l e c t i o n  system. I n  normal LSGC useage, t h e  components o f  
i n t e r e s t  a r e  separated f rom t h e  c a r r i e r  gas i n  a  condensor a t  t h i s  p o i n t .  
I n  ou r  system, we were i n t e r e s t e d  i n  r e t r i e v i n g  o n l y  a  hydrogen mix  o f  t h e  
s i l a n e ,  so t h e  condensor was e l im ina ted .  C a r r i e r  gas i s  r e c y l e d  th rough  a  
c l e a n i n g  system c o n s i s t i n g  o f  carbon scrubbers,  mo lecu la r  s i eve  t r aps ,  and 
c a t a l y t i c  deoxygenators. The s w i t c h i n g  o f  a l l  va lves  i s  done on a  t imed 
bas is .  A ded ica ted  va l ve  sequencer module i s  used f o r  t h i s  purpose. The 
system employed i n  t h e  e f f o r t  desc r ibed  i n  t h i s  paper was a  commercial u n i t  
h e a v i l y  mod i f i ed  f o r  use w i t h  m i x tu res  o f  s i l a n e  and hydrogen, and shown i n  
F i gu re  9. 

Nea r l y  60 d i f f e r e n t  column pack ing m a t e r i a l s  were t e s t e d  f o r  s i l a n e  
use. A s e t  o f  gas m i x tu res  composed o f  s i l a n e ,  hydrogen, argon, oxygen, 
n i t r o g e n ,  carbon d i o x i d e ,  water ,  d iborane, a r s i ne ,  phosphine, s i l i c o n  t e t r a -  
f l u o r i d e ,  and t he  va r i ous  c h l o r o s i l a n e s  were used f o r  t h i s  t e s t i n g .  (No one 
m i x t u r e  con ta ined  a l l  o f  t h e  va r i ous  samples). The concen t ra t i on  o f  t h e  
sample gases ranged f rom 30 ppm t o  2% i n  e i t h e r  s i l a n e ,  hydrogen, o r  he l ium.  
Best  success was ob ta ined  w i t h  a  porous polymer, Poropak. A  composi te 
chromatogram o f  these  m a t e r i a l s  i s  shown as F igu re  10. Two one meter  sec- 
t i o n s  80 mm i n  d iameter  were packed w i t h  t h i s  m a t e r i a l .  The sepa ra t i on  was 
done a t  e s s e n t i a l l y  room temperature and t y p i c a l  throughputs  o f  1200 grams 
pe r  hour  were ob ta ined  a t  t h e  optimum ope ra t i ona l  parameters, Eagle-Picher  
has a  pa ten t  pending on t h e  system as  descr ibed.  



The p u r i f i e d  sl' lane/hydrogen m i x t u r e  was compressed i n t o  s p e c i a l  l y  
c leaned carbon s t e e l  h o l d i n g  con ta iners ,  A two-stage t r i p l e  s t a i n l e s s  steel 
diaphragm compressor was used f o r  t h i s  compression, and i s  shown i n  F igu re  
11. A surge tank  between t h e  LSGC and t h e  compressor was found necessary. 

The measurement o f  t h e  p u r i t y  o f  t h e  s i l a n e  proved t o  be as d i f f i c u l t  a  
t e c h n i c a l  problem as t he  p u r i f i c a t i o n  i t s e l f .  The s i l a n e  was conver ted  t o  
s i l i c o n  and t h e  r e s u l t i n g  s i l i c o n  was used t o  grow Czochra lsk i  c r y s t a l s  o f  
comparable p u r i t y  t o  those ob ta ined  f rom Siemens m a t e r i a l .  The va r i ous  
i m p u r i t i e s  p resen t  cou ld  be a t t r i b u t e d  t o  e i t h e r  t h e  pure s i l a n e ,  t h e  con- 
v e r s i o n  process, o r  t h e  c r y s t a l  growth. Th i s  leads  t o  a  g r e a t  deal o f  un- 
c e r t a i n t y  t o  t h e  q u a l i t y  o f  t h e  s i l a n e  as p u r i f i e d  by LSGC. The assumption 
appears j u s t i f i e d  t h a t  t he  s i l a n e  i s  equal t o  o r  surpass ing convent iona l  
Siemens p o l y s i l i c o n .  

The s i l a n e  was a l s o  cha rac te r i zed  by a n a l y t i c a l  gas chromatography. 
Work done i n  our  l a b o r a t o r i e s  u t i l i z e d  t h e  h o t  w i r e  d e t e c t o r  and t h e  f lame 
i o n i z a t i o n  de tec to r .  The h o t  w i r e  d e t e c t o r  i s  s e n s i t i v e  down t o  about  10 
ppm, depending on t h e  i d e n t i t y  o f  t he  i m p u r i t y .  No i m p u r i t i e s  were found i n  
t h e  p u r i f i e d  s i l a n e  w i t h  t h i s  de tec to r .  The f lame i o n i z a t i o n  d e t e c t o r  
proved useless f o r  t h e  a n a l y s i s  o f  t h e  s i l a n e ,  even when t h e  s i l a n e  i t s e l f  
was rou ted  around t h e  d e t e c t o r  t o  p reven t  s i l i c o n  ox ide  f o rma t i on  on t h e  
i n t e r n a l s  o f  t he  de tec to r .  I n  a d d i t i o n  t o  t h e  work done i n  ou r  l a b o r a t o r y ,  
samples o f  t he  p u r i f i e d  gas were sent  t o  an o u t s i d e  l a b o r a t o r y  f o r  GC/MS 
ana l ys i s .  Again, no i m p u r i t i e s  were detected,  even when concent ra t ions  were 
used. 

The s i l a n e  was f u r t h e r  cha rac te r i zed  by growing e p i t a x i a l  f i l m s  o f  
s i l i c o n  f rom t h e  gas and subje 'c t ing t h e  f i l m s  t o  spreading r e s i s t a n c e  pro-  
f i l i n g .  The subs t ra tes  used were low boron antimony doped s i l i c o n  wafers .  
The antimony doping was used t o  demark t h e  i n t e r f a c e  between t he  s u b s t r a t e  
and t h e  f i l m .  Antimony was used because i t  was f e l t  t h a t  l e s s  d i f f u s i o n  
i n t o  t h e  growing f i l m  would occur  than w i t h  o t h e r  dopants. Growth o f  f i l m s  
was done i n  ou r  l a b o r a t o r y  and a l s o  con t rac ted  t o  SDI, a  manufacturer  o f  
e l e c t r o n i c  devices. A l l  o f  t h e  f i l m s  were p r o f i l e d  f o r  n e t  c a r r i e r  con- 
c e n t r a t i o n  a t  Solecon Labo ra to r i es  by t h e  spreading res i s tance  technique.  A  
bevel was ground on t h e  f i l m s ,  then t h e  f i l m  was p r o f i l e d  by s tepp ing  t h e  
probe a t  r e g u l a r  i n t e r v a l s  down t h e  bevel .  A  r e s u l t i n g  p r o f i l e  i s  shown as 
F igure  12. Near jy  a l l  o f  t h e  f i l m s  t e s t e d  showed c a r r i e r  concen t ra t i ons  i n  
t h e  range o f  10 , w i t h  about a  50% v a r i a t i o n .  Th i s  was t r u e  f o r  two d i f -  
f e r e n t  feedstock m a t e r i a l s  o f  assumed d i f f e r i n g  s t a r t i n g  i m p u r i t y  composi- 
t i o n .  These p r o f i l e s  i n d i c a t e  t h a t  a l l  f i l m s  a r e  e i t h e r  o f  ve ry  h i gh  p u r i t y  
o r  n e a r l y  p e r f e c t l y  compensated. 

The work descr ibed  i n  t h i s  paper i n d i c a t e s  t h a t  s i l a n e  gas may be p u r i -  
f i e d  by t h e  technique o f  LSGC. The p u r i t y  o f  t h e  s i l a n e  i s  enhanced beyond 
t h e  l i m i t s  o f  commonly used a n a l y t i c a l  t o o l s .  E p i t a x i a l  f i l m s  i n d i c a t e  t he  
gas may be o f  ve ry  h i gh  p u r i t y .  D i r e c t  a n a l y t i c a l  methods need development 
t o  con f i rm  t h i s  i n d i c a t i o n .  



The method for pyrolysis piloted by General Atomic Technologies will 
not be discussed i n  t h i s  paper at their request. 

The economics of producing semiconductor quality silicon by the com- 
bined process is as shown in Figure 13. 
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F i g u r e  3 

P i l o t  P l a n t  S i F 4  G e n e r a t o r  Sk id  



Figure 4 

Pi lo t  P l a n t  SiH4 Generator Skid 
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SIH4 PROCESS 
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FIGURE I 

LSGC PURIFICATION PROCESS FLOW 



F i g u r e  9 

LSGC P i l o t  P l a n t  



FIGURE.  10 
T Y P I C A L  G I  C ,  IPn.PURITY P R O F I L E  



Figure 11 

Picture of Compressor 
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CAPITAL AND MANUFACTURING COST ESTIMATES 

FOR 

POLYSILICON FACILITY 

BAS I S  

o  Capaci ty  1000 M e t r i c  TPY 

o  Grass r o o t s  f a c i l i t y  

o  Based on SiH4 f rom SiF4 v i a  A l l i e d ' s  process 

o  I nvo l ves  p u r i f i c a t i o n  of S i H 4  and decomposit ion t o  p o l y s i l i c o n  

o  1983 Do1 l a r s  

CAP I TAL 

F ixed  c a p i t a l  i s  es t imated  a t  $40MM which i nc l udes :  

$5MM f o r  t h e  SiF4 f a c i l i t y ;  

$lOMM t o  produce crude S iH4 ,  and 

$10MM f o r  o f f - s i t e s  

O f  t h e  t o t a l  o f  $40MM, 15% i s  e n g i n e e r i n g l p r o j e c t  management and 10% 
i s  cont ingency. 

MANUFACTURING COST 

Raw M a t e r i a l s  
Produc t i ve  Labor & Superv is ion  
Dep rec ia t i on  (10% o f  C a p i t a l  ) 
Maintenance (5% o f  C a p i t a l  ) 
Taxes (1.5% o f  C a p i t a l  ) 
U t i l i t i e s  
P l a n t  A d m i n i s t r a t i o n  
Tes t  & I n s p e c t i o n  
M i  sce l  1  aneous 

TOTAL $19.55/Kg S i  

FIGURE 13 



DISCUSSION 

HSU: What t h r o u g h p u t  was demons t ra t ed  f o r  t h e  l a r g e - s c a l e  gas  ch romatograph ie  
u n i t  f o r  t h e  s i l a n e  p o r t i o n ?  

GRAYSON: It was a  I200 gm/h throughput  f o r  t h e  GC column we had. 



SILICON PUL1IFICATION USmG A Cu-Si AUOY SOURCE 

R. C. Powell, P. Tejedor, and J. M. Olson 
Solar Energy Research Institute 

Golden, CO 80401 
lU) 244 E 9 6  

Production of 99.9999% pure silicon from 98% pure metallurgical-grade sil- 
icon by a vapor-transport filtration process (VTF) is described. The VTF process 
is a cold-wall version of an HC1 chemical vapor transport technique using a 
Si:Cu3Si alloy as the silicon source. The concentration, origin, and behavior of 
the various impurities involved in the process were determined by chemically 
analyzing alloys of different purity, the slag formed during the alloying pro- 
cess, and the purified silicon. Atomic absorption, emission spectrometry, 
inductively coupled plasma, spark source mass spectrometry, and secondary ion 
mass spectrometry were used for these analyses. The influence of the C ~ / H  ratio 
and the deposition temperature on the transport rate was also investigated. 

INTRODUCTION 

A large fraction of the cost of a silicon solar cell can be attributed to 
the cost of the high-purity silicon feedstock or polysilicon. The silicon feed- 
stock problem is likely to persist in the near future since the price of poly- 
silicon appears to be driven by the supply and demand cycles of the electronics 
industry, the needs of which are not totally compatible with that of the 
photovoltaics industry. 

In 1981, Olson and Carleton (1) invented a process for purifying silicon 
that combined the silicon filtration properties of Cu3Si with a molten salt elec- 
trorefining process. This process produced a 99.9995 a/o pure silicon capable of 
yielding solar cells with an efficiency of 12.2% relative to a baseline of 11.9% 
(2). Later, Olson and Powell developed a vapor transport technique (3-4) that 
not only lacks the practical problems associated with the molten salt electrolyte 
but is more efficient and easier to implement on a production scale. The vapor- 
transport filtration (VTF) process for purifying metallurgical-grade silicon is 
based on the chemistry of the Si:Cl:H system and combines the filtration prop- 
erties of Cu3Si with the chemical selectivity of a closed-cycle HC1 vapor 
transport process to produce 99.9999% pure silicon. Vapor transport processes 
are covered in the monograph by ~chlfer (5) and hot filament processes for pur- 
ifying metals were first described by van Arkel and de Boer in 1925 ( 6 ) .  In 
equilibrium, the temperature and cl/H ratio determine the silicon solubility in 
the gas phase for the Si:Cl:H system (7-9). For a given C ~ / H  ratio, thermal con- 
ditions can be established such that silicon will be transported in a closed 
system in the direction of increasing temperature. Conversely, HC1 will 
transport copper (and certain other impurities) in the opposite direction, 
precluding the accumulation of copper at the filament (5). 



The overall purification is a result o f  at least f o u r  mechanisms: l) dif- 
fusional trapping of impurities in the Cu-Si alloy by slow, solid state 
diffusion; 2 )  segregation by the differential action of the WCL chemical vapor 
transport reactions for the various metal impurities; 3 )  gettering of impurities 
by a Cu26:SiBi slag during the Cu-Si alloying stage; and 4 )  condensation of metal 
impurity chlorides on the water-cooled baseplate of the reactor during the vapor- 
transport stage of the process. 

In the following we first briefly describe the apparatus and its oper- 
ation. The remainder of the paper is devoted to a discussion of the char- 
acteristics of the refined silicon including its purity, electronic properties, 
deposition rate, and morphology. Furthermore, we will attempt to quantify the 
relative importance of the various mechanisms responsible for the purification 
efficiency. 

MPERI 

A schematic of the experimental reactor is shown in Figure 1. The reactor 
consists of a hot silicon filament surrounded by a battery of Si:Cu Si composite 3 
alloys. The composite alloys are cast from a hypereutectic solution of metal- 
Lurgical-grade silicon (mg-Si) and copper to form a two-phase system consisting 
of a primary silicoy phase embedded in a Cu3Si matrix. The alloys are 
approximately 5x5~1 cm . 

Stainless Steel Flange 

Copper baseplate 

Vacuum, Gasses 
(HCI, H,, A)  

A.C. filament power 

Figure  I ,  Schemt ic  d iag rm 06 the experimental arPP reactor, 
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Lnconel-sheathed thermocouples within embedded graphite wells support the 
alloys, Graphite fixtures, connected to copper power feedthroughs, support and 
conduct current to the filament. The filament, made of high-purity Poco@ DFP-1 
graphite sheet, is clamped between two graphite pieces with graphite screws. A 
1.5-liter quartz bell jar encloses the primary components and seals to a copper 
baseplate by means of a stainless steel flange and Viton O-rings. Both the 
stainless steel flange and the copper power feedthroughs are water-cooled. 
Before every run, the reactor is evacuated by means of a turbomolecular pump and 
outgassed until the pressure is -30 mtorr. After evacuation, the free space of 
the reactor is backfilled to atmospheric pressure with a mixture of HCl and H2. 
These initial proportions determine the C ~ / H  ratio. An optical pyrometer is used 
to measure the filament temperature. 

Radiation from the resistively heated filament passively heats the alloys. 
With the silicon filament at 1 1 0 0 ~ ~  and the composite alloy at 700°C, silicon is 
transported from the alloy to the filament by the following nominal transport 
react ion: 

70o0c 

where x = 2, 3, and/or 4. The HC1 reacts with the Si-Cu alloy to form a mixture 
of chlorosilanes and hydrogen. These reactants are then transported to the hot 
silicon filament by a combination of diffusion and convection where they back- 
react, depositing silicon on the filament and releasing HCl to continue the 
process. The general process is traditionally called chemical vapor transport 
(CVT) and is a well-known technique (5). 

The deposition of silicon causes the electrical conductance of the filament 
to change. Since it is very easy to monitor these changes continuously, we have 
a convenient way to indirectly monitor the filament growth (4,lO). If silicon is 
deposited uniformly on a filament of length L, width W, and thickness X, then the 
conductance is given by ' 

where o is the electrical conductivity of the deposited silicon. This con- 
ductivity depends on the doping, the temperature, and the grain structure of the 
deposited silicon. However, if these factors remain relatively constant, the 
increase in conductance with time is directly related to the increase in filament 
thickness and hence filament mass m. Thus, 

dC - a dm. ---- 
dt - 2  dt 

where p is the mass density of silicon. 

As silicon is removed from the surface of the alloy, it must be replenished 
by the outdiffusion of silicon from the bulk of the two-phase alloy. From the 
Phase Rule we can show that the outdiffusion silicon must result in a decrease in 
the concentration of primary silicon particles and the formation of a single- 
phase (Cu3Si) depletion layer that grows with time, The run is terminated after 
the composite alloy has been depleted of its primary silicon. 



For convenience, we use a graphite starter filament, which is much easier to 
ohically heat than silicon, Therefore, for chemical and electrical analysis, 
the silicon must be stripped from the graphite filament. Chemical analysis of 
the refined silicon is made by spark source mass spectrometry on bulk samples cut 
from lapped sections, The alloys during various stages of the process and the 
slag formed during the alloying step are analyzed by inductively coupled plasma 
atomic absorption ( I C P )  and standard emission spectroscopy. Resistivity measure- 
ments are made on lapped, polycrystalline samples and also on single-crystal 
samples grown by the Czochralski technique from the refined polycrystalline 
material. 

RESUETS A1UTT) DISCUSSIOW 

The alloying process plays an important role in the overall purification. 
Since the silicon and the copper are alloyed in an open-air furnace with a 
graphite crucible, a slag of Si02 and Cu20 is formed on the surface of the molten 
alloy. This slag getters many impurities associated with the metallurgical-grade 
silicon, resulting in an alloy substantially purer than the starting materials. 
Table 1 compares the purity of a series of alloys made under different alloying 
conditions of time t and temperature T. In all cases, the alloys were soaked for 
90 and 150 min at temperatures between 1060' and 1 3 0 0 ~ ~  for a Cu-Si alloy with an 
initial metallurgical-grade silicon concentration of 20 w/o. The data indicate 
that the purity of the alloy generally increases with soaking temperature and 
decreases with soaking time. The eutectic temperature of the Cu20:Si02 slag is 
1060°c, which explains the rather poor results observed at the 1 0 6 0 ~ ~  soaking 
temperature. At higher temperatures the slag is in the liquid state and at still 
higher temperatures it becomes less viscous, conditions necessary for efficient 
gettering. Also, the silicon cohtent of the alloy, compared with the initial 
proportion, is an inverse function of soaking temperature. 

Table 1, Effects of casting conditions on alloy purity 



To track the impurities throughout the process, we analyzed by spark source 
mass spectroscopy, emission spectrometry, and inductively coupled plasma 1) the 
metallurgical-grade silicon used to form the Cu-Si alloy source, 2) the Cu 0:Si02 
slag, 3 )  a Cu-Si alloy with -25 w/o Si and soaked at a temperature of !200'C, 
4 )  the Cu-Si alloy after the VTF process, and 5 )  the VTF-refined silicon, The 
results are shown in Table 2. The data indicate that a significant fraction of 
the impurities in the mg-Si are gettered by the Cu20:SiQ2 slag during the alloy- 
forming process. In particular, the slag is efficient at gettering A1 and Ca. 
At this point, any further segregation of the impurities must be associated with 
the VTF process, including the condensation, diffusional trapping, and vapor 
transport mechanisms. The purity of the alloy is essentially unchanged by the 
action of the VTF process. 

Table 2. Typical impurity concentrations (ppm) in mg-Si in the slag, the ~ u / m g - ~ i  
alloy before and after the VTF process, and the refined Si.* 

Impurity nng-Si Slag Alloy Alloy Refined Si 
before after 
VTF VTF 

*ag-Si - metallurgical-grade silicon 



Some segregation of impurities is likely to occur in most vapor transport 
systems of this type, This segregation is determined by the enthalpy change of 
the relevant transport reaction, Exothermic reactions, like those involving HCl 
and Si, transport the solid to the hot filament, Endothermic reactions and 
physical vapor transport tend to accumulate the deposit at the coolest point in 
the system (see Figure 2). For example, the HCl transport reaction for copper is 
probably the following endothermic reaction ( 5 ) :  

The net effect is to transport copper from the "hot" filament to the "cold" alloy 
source, essentially precluding the accumulation of copper at the filament. But 
for impurities like B and Al, the segregation (due to the CVT process) should be 
negligible ( 4 ) .  If these impurities exist at the surface of the alloy, the HCl 
should transport them to the hot silicon filament. 

Figure 2. Calculated equilibrium constants for various HCl 
transport reactions possible as a functibn of 
inverse temperature, Exothermic reactions have a 
positive slope and are expected to transport up 
the temperature gradient, 



The use of a composite Si:Cu3Si source, however, greatly enhances the segre- 
gation of these impurities by limiting the rate at which they can be extracted 
from the bulk of the source, As a result of the rapid cooling during casting, 
the impurities originating from either the metallurgical silicon, the copper 
source, or the alloying crucible are presumably distributed more or less 
uniformly throughout the alloy (although there may be some enrichment of impur- 
ities in the interior). The effective diffusion of silicon in Cu3Si at 700'~ is 
rapid (DS. > cm2/s), while the diffusion of other metal impurities like B, 
P, Al, ani Ti is much slower (2,4,12). Hence, the transport gas HCL, capable of 
acting only on the surface of the alloy, can extract or transport only silicon at 
any reasonable rate, leaving behind impurities that otherwise might have been 
transported to the hot filament, The net effect is that all impurities, 
independent of their thermochemical properties, are efficiently segregated. The 
copper concentration in the refined silicon is never larger than 0.1 ppma, 
illustrating the purification efficiency of the HC1 vapor transport process for 
elements that react endothermically with HCl. Boron is typically less than 0.2 
ppma. Boron, aluminum, titanium and phosphorus should be diffusionally trapped 
within the bulk of the Q-CujSi matrix. These, plus other elements such as Fe, 
Ti, and Mn, are also segregated during the casting step by slagging processes. 
Compared with the results for the other elements, the residual phosphorus con- 
centration is anomalously high. This residual P concentration could be intrinsic 
to the process or could be a function of the purity of the rea~tor/~rocess 
environment. Finally, the carbon concentration varies from <10 ppma to 
>lo0 ppma. This again seems to be a function of reactor purity, since C should 
not be transported by HCl. 

The serendipitous purification mechanism is the condensation of impurity 
chlorides on the cooled baseplate. Although it is not possible to quantitatively 
determine the fraction of impurities removed by this mechanism, Al, K, and Mn 
have been chemically identified. Furthermore, it is not clear whether or not 
much of this condensate accumulate's during cooling of the reactor. In addition, 
a powdered residue originating on the surface of the alloys accumulates on the 
baseplate. This residue contains Fe, Al, Ca, Mg, Ti, V, Ni, Mn, and B (4). 

To determine the background or baseline for the overall process, a number of 
different silicon sources were substituted for the mg-Si:Cu alloy source. Alloys 
made from electronic-grade Si (eg-Si) were considerably purer than alloys made 
from mg-Si; almost every impurity was below the 10-ppm level. However, the 
purity of the Si derived from these alloys was essentially the same as that 
derived from those alloys made with mg-Si. Moreover, deposits made using a pure 
eg-Si or a mg-Si source were also of similar purity. 

Semiconductor Characteristics 

The refined silicon material is typically n-type with a resistivity of 0.1-1 
ohm-cm. After recrystallization, this material is still n-type with a 
resistivity of 0.08 ohm-cm. This correlates well with the relative concentration 
of P and B usuallr measured by chemical analysis in this material The Hall. 
mobility is 520 cm /VS with a carrier concentration of 1.5 x 1017cm-'. 

To determine the photovoltaic quality of the VTF-refined silicon, a single 
crystal with (11%) orientation was grown from 75 g .of the VTF material using the 
Czochralski crystal-growth technique. This 75 g was the product of four separate 
purification runs, Wafers from the middle of the boule along with 8 - 2  ohm-crn 



wafers from fiionsanto and wafers from a g r o w  control boule were simultaneously 
processed into solar cells, The junctions were formed from a boron spin-on dif- 
fusion source with a 30-min drive-in at 906'~- The front and back contacts were 
of the TiFdAg type with no antireflection coating. The average, total area (0.1 

2 cm ) efficiency for four cells was 9.6%, with a high of 9.8%- The 9.8% cell had 
an open-circuit voltage (Voc) of 622 mV, a short-circuit current density (Jsc) of 
19.6 m ~ / c m ~ ,  and a fill factor (FF) of 0.81. The control cells had an average 
efficiency of 9.6%; no cell had a V greater than 604 mV. These results are a 
good indication that this ~ ~ ~ - r e f i n e 8  silicon is of solar-grade quality. 

The morphological stability of the silicon filament is an important process 
parameter. If the growth morphology of the silicon filament becomes dendritic, 
the purification efficiency and yield of the process can decrease. This growth 
morphology is affected by several parameters including temperature, pressure, 
reactor purity, and growth rate. At filament temperatures much less than 900°c, 
the growth morphology becomes dendritic. (At temperatures much greater than 
1300°tZ, the growth rate approaches zero,) Good product morphology is favored by 
initial gas pressures (pH + PH greater than 400-500 torr. Furthermore, oxygen 
andlor water vapor appear to a$versely affect the product morphology. 

Deposits on graphite are polycrystalline with a semicolumnar grain structure 
and a [I101 fiber texture. Near the silicon-graphite interface, the grain size 
is typically on the order of 1-10 pm, and increases with distance from the 
graphite-silicon interface. 

Purification Rate 

The purification rate is an important economic parameter. In principle, it 
is a function of several variables including temperature, pressure, cl/H, alloy 
composition and the surface areas of the filament and alloy sources. Under 
normal operating conditions, however, the purification rate is limited by the 
rate of diffusion of silicon from the bulk to the surface of the alloy and is 
therefore most affected by the alloy temperature and surface area. 

To study the transport rate, we carried out a series of runs at deposition 
temperatures of 1050' to 1 3 0 0 ~ ~  and with C ~ / H  ratios between 0.3 and 1.0 at 
atmospheric pressure. The transport rate was measured using both a time-average 
method and the real-time, in situ method described previously. The time-average 
transport rate was obtained by dividing the mass deposited by the total run 
time. Under optimum growth conditions using the Cu-Si alloy, the conductance 

1~ t-lI2. In Figure 3, increases as t1I2. Thus, the deposition rate decreases 
the filament conductance is plotted as a function of t for a series of runs 
carried out at four different C ~ / H  ratios and a filament temperature of 1 1 6 0 ~ ~ .  
We observe a linear behavior in all cases in which good deposits are made at 
times that extend over -20 hours. This time dependence suggests a diffusional 
limitation that cannot be attributed to gas-phase diffusion. Therefore, the pur- 
ification rate must be limited by the diffusion rate of silicon from the bulk to 
the surface of the alloy. Although the transport rate values plotted were deter- 
mined by the time-average method, they agree with the real-time measures since 
the total run time was held constant, 



Figure 3. Real-time plot of the Figure 4. Average-time transport 
filament condu ance as a rate as a function of the 
function of t17' for four filament temperature for 
different C ~ / H  ratios. C ~ / H  = 0.3 to 1.0. 

For any given Cl/H ratio, we observe that the transport rate exhibits an 
asymmetric maximum around 1 1 6 0 ~ ~  '(see Figure 4). Since the alloy temperature 
scales with the filament temperature, the increase in rate with increasing fil- 
ament temperature below the maximum is attributed to the increased diffusivity of 
Si within the alloy. However, the gas-phase solubility of Si near the alloy 
decreases with increasing temperature (7). This tends to decrease the rate since 
the surface concentration of Si in the alloy presumably is an inverse function of 
the local gas-phase solubility. Furthermore, the gas-phase solubility passes 
through a minimum with increasing temperature. Thus, the difference in gas-phase 
solubility between the alloy and the filament, which drives the gas-phase 
transport, passes through a maximum and then decreases to zero with increasing 
temperature for a given temperature difference between alloy and filament. This 
is observed experimentally at very high temperatures where no deposition 
occurs. Thus, at low temperatures the rate is controlled by Si diffusion in the 
alloy and is fairly insensitive to ~ 1 1 ~ .  At higher temperatures the rate passes 
through a maximum due to the competing effects of larger diffusivity within the 
alloy but lower driving forces for both diffusion through the alloy depletion 
layer and for gas-phase transport. At very high temperatures, gas-phase 
transport controls the rate. In fact, the driving force for gas-phase diffusion, 
which is sensitive to c ~ / H ,  inverts and no deposition occurs. 

The optimum CI/H ratio appears to be near 0.3. At lower values the deposits 
can become dendritie, and of course as Cl/H approaches zero so does the rate. At 
higher values of cL/H, the relative concentration of SiC12 increases. Since the 
formation reaction of WCl with Si to form SiC12 is endothermic, this reaction 



tends to transport S i  from the filament to the alloy, Thus, at higher C ~ / H  we 
expect the transport rate to diminish. A growth rate as high as 2-3 g/h has been 
achieved for C ~ / H  - Q , 4  and deposition temperatures of l160'~, 

The vapor-transport filtration (VTF) process permits the production of 
99.9999% pure silicon from metallurgical-grade silicon, which is suitable for 
solar cells. The purification efficiency is attributed to four mechanisms: 
gettering of impurities during casting of the alloy, the chemical selectivity of 
the HCl vapor-transport process, the unusual filtration properties of Cu3Si, and 
the condensation of impurities in the form of chlorides on the cold walls and 
baseplate of the reactor. Optimum growth rates occur at deposition temperatures 
around 1 1 6 0 ~ ~  and a cL/H ratio of 0.3. 

The VTF technique is a closed-cycle process that is adapatable to small- or 
Large-scale operations requiring only a small volume of HCl and H2 and Si:Cu3Si 
composite alloys as inputs. There are no large volumes of waste gas to recycle 
or dispose of, and the spent copper alloy can easily be recycled by means of 
common metallurgical processes. 

The authors would like to thank T. F. Ciszek for growing the single 
crystals, T. Schuyler for the cell processing, and C. Osterwald for the cell 
measurements. This work was supported by the U.S. Department of Energy under 
contract no. DE-AC02-83CH10093 and by the Instituto de Electronics de Comunica- 
ciones (C.S.I.C), Madrid, Spain. ' 
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LUTWACK: The intent BE t h i s  Forum i s  to provide the opportunity $0 exchange 
i n f o r m a t i o n ,  to present critiques of the work reported or of other work, 
to ask additional questions sf the speakers, and Lo offer additional 
cements which may have occurred Lo you as a consequence of having 
additional time fss consideration of the earlier presentations. Feel free 
to participate in all of these ways. Dr. Aulich will act as the Chairman 
of this Forum. 

AULICH: I hope that the Workshop attendees will participate in lively 
discussions. First, I will present a short sumary of what has transpired 
so far and maybe raise some questions. I invite everyone to participate 
during my discussion. 

We learned from Dr. Hopkins that in order to have a good feedstock for 
solar cells, we have to have low impurity concentrations in the 
feed-stock. We can tolerate a few parts per million of some elements that 
have very low distribution coefficients. He also pointed out that 
gettering will work only for fast diffusers (such as copper or nickel) and 
that, in principle, impurities such as titanium and molybdenum cannot be 
removed once they are in the wafer. We then heard that solar cells from 
high-purity silicon had been prepared with efficiencies of about 20% and 
that it's possible, in principle, to even achieve an efficiency of around 
25%. For multi-crystalline materials, we learned that Hz-passivation 
should drastically improve the efficiencies of solar cells made from this 
material. In an economic study, it was shown that polysilicon using the 
CVD process, and there are a number of CVD processes being used now or at 
least under consideration, will end up with a material price varying 
between $25 and $40/kg. From Union Carbide, we heard that the silane 
process works well using the Komatsu technology, but this process is too 
expensive for solar cell applications. The silane fluidized-bed reactor, 
which is under development now, must be used. It has been shown that 
high-purity material can be produced, but the question remains regarding 
the solar cell efficiencies which can be obtained using this material. 

There were also a number of papers showing that the basic understanding of 
the silane fluidized-bed reactor system and also of particle formation 
exists. In the work of Osaka Titanium and Shin-Etsu, the trichlorosilane 
fluidized-bed reactor system was demonstrated. It works, and the 
production capacity is now about 10 MT/year. More development for that 
process is needed, particularly with the kind of reactor walls that can be 
used, like silicon carbide or quartz, and in 1990 this process should 
yield about 110 MT of silicon for solar cell applications. In Taiwan, a 
process development is underway for the reduction of silica and then the 
leaching of metallurgical-grade silicon that could be used for solar cell 
applications. The Macker process uses hydro- and pyro-metallurgical 
purification steps to purify metallurgical-grade silicon to the low parts 
per million level. At the present time, this process yields charges of 
about 100 kg. The Siemens advanced carbothermic reduction process was 
shorn to yield silicon which was fabricated in solar cells of about 10% 
efficiency; it is presently in the pilot plant scale production. The 
Elkem research work shows that silica reduction and leaching of the 
silicon seems to work and yields a material with resistivity of about 0.2 



t o  0 . 3  oh-em, and this bas ic  research done by Exxon and Elkem should now 
be t r a n s f e r r e d  t o  a pilot p l a n t  sca le ,  It was reported that Pragma has a 
very similar approach except that silicon c a r b i d e  i s  used i n  place of 
carbon f o r  the reduction step. Then there is a step f o r  t h e  leaching of 
the product silicon. If this product is diluted with electronic-grade 
silicon, solar cells with efficiencies of around 6% or maybe 7% have been 
made; this value is about 70% of cells made from electronic-grade 
silicon. At SRP, the silicon tetrafluoride-sodium process works. The 
silicon has been processed into single crystals which have a quality 
comparable to electronic-grade silicon crystals. At SERI, the copper 
silicide vapor transport purification yields a material from which quite 
decent solar cells were made. 

Basically, we have heard about two routes to low-cost silicon. One is the 
chemical vapor deposition (CVD) method which is followed in Japan and the 
United States. It gives a material that has a high purity. It's usable 
for Czochralski crystals and for casting. Its use for sheet production 
remains to be demonstrated, but I have some doubts (this is my personal 
opinion) that this material will be low cost. It seems to me that these 
are competing processes for electronic-grade silicon, and I'm not sure 
that this is what the photovoltaic industry is waiting for. Then, there 
are the metallurgical or non-CVD processes, whish are primarily being 
developed in Europe. This route yields silicon which contains a number of 
impurities in the parts per million range. Consequently, this silicon is 
considerably lower in purity than the products of the CVD processes. It 
can be used for solar cells using the Czochralski and casting methods. It 
remains to be seen whether it is usable for sheet processes. The 
interesting thing is that the costs of these processes should be below 
$10/kg, and this is exactly what is needed for the solar cell photovoltaic 
industry. The Forum is now open for discussion of the technologies being 
pursued in these two routes or1 any other subject of interest. 

SCHWUTTKE: We started out 12 years ago with the objective of low-cost silicon, 
and I believe that maybe this was the m o n g  emphasis, although it was 
dictated by the time. Why are we still riding the same horse of low-cost 
silicon today? Do we really need to push for low-cost silicon as we did 
10 years ago? I feel that a tremendous amount of technology has been 
generated over the last few years whisk did not exist at the start of the 
program. In this respect, I believe the photovoltaic program has been one 
of the greatest successes, and I'm pleased that I was allowed to 
participate for over 12 years. Now, what do we know today that we did not 
realize 12 years ago? I think that most of us now believe that the road 
to success is in the high-performance, single-crystal solar cell. Looking 
at the paper given by Professor Sah in which he showed that, in contrast 
to what Dr. Aulich said, the theoretical efficiency of a high-performance 
silicon solar cell is 22% and not 25%. Now, how can & 22% efficient cell 
be obtained? Professor Sah pointed out that the first thing to be done is 
to get rid of the traps in the base of the cell. That means that high 
performance silicon is needed. Therefore, why worry about cost if high 
performance silicon is not available? I hope that we will discuss this 
point in more detail. Another point is that no one has produced a solar 
cell better than 20%, to my knowledge. In East, the best cell ever 



produced was made by Green and it was,  as I remember, 19,IX. 

AULECN: In the IEEE Conference here in Las Vegas, he showed a cell with an 
efficiency sf about 25%. 

SGHWTTKE: This is late news f was not aware of. However, most likely, it is 
for a single cell and has not been achieved in production. Maybe then, 
Professor Sah will have to recalculate the theoretical value for cell 
efficiency. However, we should discuss whether the driving force is still 
low cost or will it be high performance. Will low cost be a consequence 
of obtaining high performance cells? 

SANJURJO: The SRI process does not belong to either the CVD process category 
or to the other category of yours. Where does it fit in your two. 
categories? 

AULICH: I didn't pick out any specific processes, but the SRI process probably 
will fit into the non-CVD category. 

NODA: Another important field of amorphous silicon seems to have been 
forgotten. In Japan, the recent NED0 plan includes amorphous-silicon 
flat-plate solar cell research together with the polysilicon project. 
Previously, the amorphous silicon studies had been separated from the 
low-cost polysilicon project. However, recently the development of 
amorphous silicon has progressed very rapidly. Starting with this year, 
the two are competing, like contestants in a small wrestling circle. 
Thus, the amorphous-silicon project and the low-cost polysilicon project 
are to compete on equal terms in this arena. Amorphous silicon is a very 
important competitor for low-cost polysilicon technology. Consequently, 
this additional factor of amorphous silicon should be discussed here along 
with our discussion of low-cos% polysilicon. 

AULICH: I agree with you. I did not discuss amorphous silicon because this 
conference was mainly about crystalline silicon, but you are absolutely 
right that amorphous silicon and, really, thin-film technology in general 
is a very strong competitor in the photovoltaic area. If I may give nly 
personal opinion, it is precisely because the low-cost polysilicon 
material is not available that a large number of activities in the 
thin-film area were started. If a low-cost material becomes available, or 
if the Siemens-type silicon is not too expensive, I think the activities 
in the amorphous silicon field would not be as large as they are now. I 
also agree with you that the discussion of cost should include the 
consideration of amorphous silicon, but I'm not sure that this is the 
correct time to discuss amorphous silicon. At the IEEE Conference last 
week, there were a number of excellent contributions regarding not only 
amorphous silicon, but of thin-film technology in general. I think we 
must be very careful in our considerations of low-cost silicon for solar 
cells. 

LORD: Regarding the questions of high purity and low cost for the CVD 
processes, the high-purity processing has been well developed due to the 
semiconductor silicon market. However, with the successful development of 
the fluidized-bed reactor processes, there will be an increasing tendency 



in the eleetrsnie-grade market t o  go to continuous crystal pulling. 
Hsnsanko and other companies have a l r eady  been involved in Pssking at 
this, and it" svey a a t t ~ a c t l v e .  Hence, t h a t  puts an additional strain on 
the purity r equ i r en~en t  f o r  t h e  f luidized-bed reactor pelysilicon, In 
continuous CzschraPski growth ,  the same seg rega t i on  b e n e f i t s  are n o t  
available as with batch Czochralski, so these will be a tendency to 
produce even higher purity polysilicon from CVD processes. That should 
help, to some degree, the sheet manufacturers who also have very low 
segregation coefficients. This is one reason that non-CVB silicon 
producers will have a problem of acceptance in the sheet silicon market 
because there has been a reliance on the segregation coefficients of the 
Czochralski system. I think the sheet is a major factor in low cost due 
to the kerf loss and manufacturing cost of wafering. Cost is, of course, 
a matter of plant size. The fluidized-bed reactors are far more sensitive 
to plant size than are the Siemens reactors because the fluidized-bed 
reactors are much cheaper than the Siemens reactors. Therefore, a 3000 or 
4000 MT plant with fluidized-bed reactors will have a considerably lower 
product cost than a l Q Q O  E'E fluidized-bed plant. The other factor that 
drives low cost is, of course, greed and with the current market price of 
silicon being high and the production cost of fluidized-bed process being 
so low, there will be a great temptation to overbuild. I think you will 
see Union Carbide proposals for 3000 MT plants, and the photovoltaic 
market may have access to a lot of distressed silicon from companies which 
built too many plants to satisfy the electronic silicon market. 

AULICH: I would like to coment on this. I feel that if the photovoltaic 
industry is going to make it, it cannot live off the semiconductor-grade 
silicon. I think it will be a single industry which will have to have its 
own source of polysilicon. We did not answer the question of Professor 
Schmttke whether we need high purity silicon. Z invite you to discuss 
this question. 

CALLAGHAN: In Bob Aster" presentation yesterday he gave the driving force of 
the DOE program in terms of energy price. If we are going to pursue 
competitive energy prices with other technologies in this country, then 
the mass of silicon and the silicon price that can be paid, given certain 
technologies for converting silicon into sheets, cells, and modules, are 
fairly well prescribed, as he presented. If the price is relaxed, then 
the silicon cost constraint can be relaxed. That" what is in the DOE 
Program. There is valid criticism that there are many more markets other 
than bulk power and competitive energy price at which point, given the 
various applications, one could mediate the cost one could afford to pay 
for the polysilieon. I think we have to work it backwards in that way 
before we can answer the question, "what do we need to pay," in terms of 
what do we want to do with it. With respect to amorphous silicon, I 
believe that amorphous silicon-technology was developed based on consumer 
product activity and proliferated mainly in Japan and was nearly 
independent of photovoltaic activity i n  this country. Whether amorphous 
silicon will be competitive with silicon in the near term, i.e., within a 
10-gear period, remains to be seen. 

HcCQMICK: I think u s i n g  dellars/kilogram i s  the m o n g  approach. It should 
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i t ;  so we shou ld  n o t  look  o n l y  a t  %he use of Bnigt l -eff ie ienq c e l l s  fo r  
utility applications. There  are n large number of app%icaliows, 1 donet 
understand hew the c o s t  sf photovoltaic modules can be deereased by using 
electronic-grade silicon or using float-zone o r  CzschraLski technologies. 
An inexpensive s t a r t i n g  material i s  needed. The name for it i s  
unimportant. This material must be convertible into a sheet-like form at 
a high-drawing velocity and then into cells and modules. The ultimate 
price must be about $2/peak watt or even less. Otherwise, as Dr. Noda 
pointed out, amorphous-silicon or thin-film technology is a serious 
competitor. I see no future for the photovoltaic industry using 
electronic-grade silicon along with the other processes being used for the 
semiconductor industry purposes. 

sANJURJO: I am happy to have heard these remarks, because I think that the SRI 
process is closer to electronic-grade silicon in purity and also closer to 
the non-CVD processes in cost. 

LORD: It's always tempting to put together a new process especially designed 
for a particular application, but history has shown that when it is 
possible to take an existing process, like the Siemens process, and make 
some relatively small modifications (such as adding a fluidized-bed 
reactor), there is a great potential for improvement in capital cost, in 
operating cost, and in utility cost by increasing size and, in some cases, 
the degree of sophistication of design of the plants. It will always be 
cheaper, I think, to build a 4000-HT/year CVD process instead of a 
2000-MT/year CVD process, and a 1000-EI%/year solar process plant. Hence, 
the non-CVD processes will have to wait until the photovoltaic market has 
developed to a much larger size than it is now. 

AULICH: I agree with you that there is a strong tendency in the conventional 
semiconductor industry to impcove on their process and make slight 
modifications. This is one of the big problems in photovoltaics. On the 
one hand, a production plant size using the non-CVD process of about 
1800 HT/year is required but, on the other hand, the photovoltaic market 
is much smaller. Therefore, the question is, what can be done with the 
silicon that is being produced? This is a chicken and egg problem. If 
the photovoltaic industry can be supplied with $%O/kg material and useful 
cells can be made, the material problem can be solved. This discussion is 
very similar to the one conducted 3 or 4 years ago. It seems to me that 
this is a frustrating situation. Very little is happening and the 
photovoltaic industry doesn't know what to do. As a consquence, there is 
much interest in thin-film technology. 

LEIPOLD: With respect to solar-grade silicon, we've heard from a number of 
people that comercial production is several gears away and, therefore, we 
must wait for them if, in fact, they are suitable. I've heard three or 
four people say that they are producing 10 to 20 MT of solar-grade silicon 
a year. Now, those quantities, although small, are capable of providing 
for a significant fraction of the world's present photovoltaic 
production. Where is that material going and why isn't it being used? 
Maybe this question is being asked sf the wrong audience. Maybe the solar 
cell manufacturers should answer the question. Why can't this material be 



used? 1s it being stored? Is it price? 1s product q u a l i t y  the problem 
preventing use? Don" the photovoltaic manufacturers talk to the 
producers sf so-called high-quality solar-grade silicon, which seems to be 
consistent with the quality being used for the phokavoltaic modules being 
produced today? 

AULICH: One answer I heard this afternoon was that the Osaka Titanium 
fluidized-bed reactor material is being used for casting and is being 
evaluated in s~lar cells and modules within the NED0 program. That is the 
only 10 BIT I know of which is being used to fabricate cells. I don't know 
of any other process that produces 10 KT of us$ble material. I mentioned 
that at Siemens we are at the pilot scale development and have run our 
furnace several times, and each time we produce a few hundred kilograms, 
which we evaluate in-house by making solar cells. This is not a material 
that can be comercially distributed. It isn't ready yet. The time scale 
seems to be about 3 to 5 years. 

WRIGHT: All of the economics described today were based on 1000-PIT/year 
production plants, and the price range was given as about $20/kg. On a 
pilot scale of 20 to 100 MT/year, I believe the price would be 
significantly higher. It probably would be $40 to $50/kg, if not higher, 
and I believe that price is the main factor for keeping this material off 
the market. Also, the non-CVD processes are being developed by the 
polgcrystalline wafer market companies, which are looking at the concept 
of using the grain boundaries as a sink for some of the impurities. They 
believe that they could use a cheaper type material. This is similar to 
the concept I used at Solarex that we could use a much lower grade quality 
of material given the fact that we could use the inherent nature of the 
grain boundaries in a polycrystalline wafer as compared to a 
single-crystalline wafer grow by the Czochralski process. If we triad to 
process what we called solar-grade material in a Czochralski grower, the 
product would be a much lower quality material than that obtained from a 
Semix or NEH process. 

AULICH: This morning we saw some pictures of the Pragma process shown by 
Dr. Rustioni and, of course, it didn't look like the semiconductor 
industry. It's very difficult for someone familiar with semiconductor 
devices to look at these pictures of furnaces with their fires and flames 
and believe that this processing would be useful as a part of the scheme 
of processing solar cells. However, you have to realize that low-cost 
polysilicon processing requires compromises. On one hand, there is the 
semiconductor industry with very clean processes for its devices. On the 
other hand, there is the metallurgical industrg which uses very dirty, but 
high-efficiency processes. There has to be something inbetween. The 
question is, where can the inbetween point be? This is why there are many 
companies working on the non-CVD processes. 

LUTWACK: There are people here who can discuss other technologies such as the 
fluidized-bed reactor systems for the siPane process or for the 
trichlorssilane process, and Isd like to invite them to give us 
descriptions. 



SCHUmCHER: Looking a t  t h e  papers t h a t .  have been presented, a91 sf the cost 
analyses  show $ha t  t h e  fluidized-bad r eac to r  process would give $he lowest 
cost produc t .  A number of o t h e r  papers  have shorn t h a t  t h e  impurity 
levels in the f lu id ized-bed  reactor product  were much h i g h e r  t h a n  are 
achieved in the filament process, The objective o f  anyone working with a 
fluidized-bed reactor process today would be t o  achieve the same quality 
level obtained in the filament process, and this can be done, I believe. 
It's obvious, then, there would be a low-cost method of making high-purity 
silicon to satisfy the requirements described by Professor Sah. We have 
announced that we have built a pilot plant, called a PDU, a process 
demonstration plant which (if everything works properly, and usually they 
don't for some time after startup) could produce as much as 50 NT/year of 
whatever quality of material the process is capable of. I think we will 
continue our development and see what happens. 

AUELCH: I think that any cost reduction that comes about for high-purity 
silicon that will be offered to the photovoltaic industry will be gladly 
accepted. I sometimes have the feeling that the competition among the 
various electronic-grade silicon processes will not end with a large cost 
reduction, and that, in a few years, the silicon cost will be about the 
same as it is today. I fear this will happen. If there is anyone here 
working in the thin-film field, I would like to.hear why they have 
abandoned or shifted or decided to work in thin-film technology. 
Apparently, there is no one. 

FLAGAN: 1% not representing the thin-film technology. To pick up on the 
comments made by Ralph (Eutwack), the question can be turned around. The 
fluidized-bed reactor does look like a promising technology, but there are 
problems. *at are the problems and what are the solutions? Wow much 
will achieving the solutions cost? Will they drive the price of the 
fluidized-bed reactor process to the same level as the Siemens process? 
The reactor liner is clearly a major problem that has been identified in 
many laboratories. The fluidization process itself, in particular the 
nature of the distributor plate, is a problem. Advances have been made 
there and it seems like that is fairly well under control. What are the 
other problems and what are the directions that the technology development 
is likely to go to in order to solve them? These are key questions we 
could discuss, perhaps providing some feedback to lead to results in a 
shorter time. 

SCHWUTTKE: I don't want to co ent on the fluidized-bed reactor technology, 
but I would like to consider the question asked about thin films and 
amorphous silicon. I will express my opinion based on what I have seen 
over the last few years. The reason POP the emphasis on high-efficiency, 
flat-plate silicon array is the reliability that is built into that 
system. It is very difficult for me to see that a thin film, or an 
amorphous film, can match the reliability of a single-crystalline 
flat-plate array. A lot of difficult research is required to advance 
amorphous or thin-film cells to the level of reliability now demonstrated 
by single-crystalline flat-plate arrays and to reach that level will take 
a long time. Thin films have a special place in the industry, but 1 
believe they are not suitable for barge power systems. There needs to be 
a lot of good research in the next %O years to improve the reliability. 





LORD: I can" &help responding to t h e  statement  about  g i v i n g  photsvoltaic 
panels away to poor,  undeveloped countries because t h a t "  what t h e y  need, 
I believe Ghat the French did, i n  f a c t ,  do t h a t  and gave away 
solar-powered systems that ran water pumps on t h e  edge of t h e  Sahel desert 
in the mid-1970s. These were very useful, gulling a Pot of water out of 
the ground. This encouraged the nomads to gather around the well and to 
build up their cattle herds. However, these photovoltaic systems were not 
maintained and fell into disrepair. The huge numbers of cattle were a 
major contribution to the Sahel famine in the late 1970s. So before we 
push our problems of excess solar-cell capacity, we should look carefully 
at what we do for the poor, undeveloped countries. 

AULICH: I'd like to correct you. They were not photovoltaic-driven hot water 
pumps. They were conventional diesel-powered water pumps. There were 
very few photovoltaic pumps. 

SCHWUTTKE: What they needed was a 25- to 40-year reliability. 

LUTWACK: I would like to ask Professor Flagan to comment on the application 
of the theory and experimental information about nucleation that he has 
obtained to what he has learned about the operation conditions of the 
fluidized-bed reactor in the silane system, and whether he sees great 
technical problems in the application of the silane fluidized-bed reactor. 

FLAGAN: I don't understand all of the things going on in a fluidized-bed 
reactor. I look at the structure of the particles coming out of our 
silane pyrolysis flow reactor, and it is a very low-density material. The 
product particles from the.fluidized-bed reactor are a high-density 
material, on the other hand. The basic chemistry and physics of tSe; 
particle growth of the fluidized-bed reactor are not obvious. A better 
understanding is necessary in order to apply nucleation theory to the 
fluidized-bed reactor-silane system. There are major differences between 
the fluidized-bed reactor and the flow reactor. In the fluidized-bed 
reactor, there are boundary layers around the large particles in the bed, 
and the effects of the bed particles are not felt outside the boundary 
layer. One can apply the basic theory which we have developed to those 
interstitial regions without major approximations. To describe the whole 
bed will require a major theoretical development. I'm not sure that this 
is a limiting factor or even a major consideration in the development of 
the fluidized-bed reactor. It looks like the technology is well advanced 
provided the technology problems of seed particles, of reactor liners, and 
basic materials can be solved. I don't see a major problem. 

AULICH: From your research, can you coment on any problems that would arise 
on increasing the fluidized-bed reactor size, assuming a large reactor 
size would be advantageous so that 50 or 60 reactors would not be 
necessary for a 1000 MT/year plant? Now large a reactor is feasible or 
desirable? 

FLAGAN: Which type of seactor do you mean? 

AULICH: The fluidized-bed reactor. 
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AULICW: Dr. Noda, in your paper, you presented the work from Osaka Titanium 
and Skin-Etsu, but you also mentioned other processes underway such as 
production of silicon tetrachloride by s silica, carbon, and chlorine 
reaction as well as t h e  gsacess being developed by Nippan Sheet Glass for 
the carbothermic reduction of high-purity silica. Does this mean that 
N E W  is not very confident that your process will achieve the cost goal? 
Why are other processes being developed? 

NODA: I think that NED0 has confidence in the NEDO process. The descriptions 
of many low-cost polysilicon processes were given today in this workshop. 
NEDO has also evaluated the different means of using the Japanese 
resources, and this evaluation has resulted in a change of the NEDO 
position in processing. Therefore, NEDO has expanded its project plan 
from 10 to 100 HT and then to 1000 MT/year. I want to emphasize that in 
Japan, as I have already mentioned, the research in the amorphous-silicon 
field is very important and is well supported. Not only has there been 
activity for using amorphous silicon for calculators and watches, but 
recently also in the field of solar-power generators. Many are involved 
in these research programs. This year, NED0 included in the NEDO plan the 
development of two methods. One of these is the conventional low-cost 
polysilicon production by the NEDO process and the other is the 
amorphous-silicon method. Hang think there is a definite possibility for 
the successful development of amorphous silicon for solar cells within 10 
or 15 years. However, in the interval before that happens, solar cells 
must be manufactured and, therefore, it is necessary to develop another 
polysilicon production method to bridge this time period. Each of these 
methods has an equal opportunity for success, and they will complement 
each other in many areas in the future. As Professor Schmttke said, some 
solar-cell areas require crystalline silicon and other solar-cell areas 
may require another type of solar-grade silicon. The methods of producing 
these types of silicon can coexist. This is the current opinion in Japan. 

K O I N m :  I would like to add some coments on this question. As far as I 
know, NEDO considers the fluidized-bed reactor process for producing 
solar-grade silicon as the method for producing the raw material for solar 
photovoltaic cells until the year 2000. Then, NEDO believes the non-CVD 
type of process may be feasible for the long term for producing a type of 
silicon material. NED0 believes that in the field of fluidized-bed 
reactor technology, Japan is already leading JPL and UCC in the production 
of high-purity silicon. However, Japan has not paid much attention to the 
non-CVD type of process so far. Recently, a new idea for the production 
of silicon by a non-CVD process was proposed in Japan. That" the reason 
that NEDO supports such a process. The process will be evaluated at the 
end of next year to determine if it should have continued support. 

SCHWUTTKE: I would like to consider the subject of the impurity carbon in 
silicon. 1 have noticed a great deal 06 concern repeatedly at this 
meeting, but I haven't obtained from anyone a precise definition of the 
anticipated effects of carbon in silicon and what are the actual effects. 
I would like to sumarize my experience dealing with carbon in silicon. 
If carbon is present substitutionally in silicon, it will contract the 
lattice. The silicon lattice can t a k e  up a fairly large amount 06 
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I have one other question, and it is directed to Union Carb ide .  Up to 
new, the photovoltaic Industry seems to live on so-called off-grade scrag 
solas-grade material from many sources. The photeveltaic industry needs 
more low-cost material ts expand. Uill these be more of this scrap 
material available to the photovoltaic industry after Union Gasbide 
reaches large-scale production of, for instance, 1200 HT/year, using the 
silane-Komatsu process? 

7. ' ' : A  hi . . 
, . , t .  

. ''%x~: I'm not sure I can answer that question. It's our intention not to 
. . ' produce any off-grade polysilicon. We would like to make everything on 

specification. 

AULICH: Well, my question is not answered. 

BRIGLIO: I don't feel that I feel nearly as hopeless about the use of 
fluidized-bed reactors to get high purity and run for long times. I think 
that the solution is the liner. I'd like to ask Union Carbide if in their 
longest run, which I think was 66 h with a liner, whether the liner broke 
on cooldown. I think if there are long durations (continuous operation 
for perhaps several months), then maybe liner breakage will not be a big 
problem. I think that some of the liner problems in the past were because 
of liner support design and I think those have been solved, and if now 
there are very long runs without cooldowns, I'm hopeful it will not be a 
problem. 

IYA: I believe the question pertains to whether the quartz liner will break on 
cooldown. In our experience with the runs of 40, 50, 60 h duration, the 
liners cracked during the cooldown cycle because of thermal stresses. The 
answer to this problem is not to interrupt the run after short times, but 
rather to use runs of 2 or 3 weeks or longer and make a lot of product and 
then throw away the used liner'and install a new liner. Another approach 
would be to use a liner, such as a polysilicon liner, which we will test 
under our program. 
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Electronic grade polycrystalline silicon is the basic raw material of the 
electronic industry and will remain the most important semiconductor material 
for the rest of this century. The technology of manufacture of silicon devices 
has advanced rapidly and the physics of the material, silicon, will allow this 
technology to continue to improve rapidly. Since 1975 the computational power 
of silicon devices has increased by a factor of a thousand for a price increase 
of only a factor of six. During the next ten years a similar 1000 fold increase 
in the computational power of silicon devices for a price increase of only a 
factor of six will again take place. Other materials will be used in the manu- 
facture of electronic devices but such devices will only be supplementory to the 
silicon electronics that exists today. 

Forecasting the amount of polycrystalline silicon that will be used in 
future years is not a simple task. Obviously the amount of polycrystalline 
silicon used will correllate with the number of silicon devices manufactured 
and the number of silicon devices manufactured will correllate with the value 
of electronic equipment produced. In this paper a forecast of polycrystalline 
silicon usage will be constructed based on forecasts of the production of elec- 
tronic equipment and silicon elec$ronic devices. 

The electronic industry, the silicon device industry, and the polycrystal- 
line silicon industry are a truly worldwide phenomenon. The same electronic 
equipment is used everywhere. The same electronic devices are used every- 
where. The same silicon wafers are used in all parts of the world. The same 
quality polycrystalline silicon is used everywhere. The value of all these 
products is high versus their weight and therefore can be shipped anywhere 
cheaply. This electronic industry is truly worldwide in every respect and in 
this paper world wide data only is used. 

In Figure 1 the free world consumption of electronic equipment in real 
dollars is plotted for the years 1974 - 1990. The market is further broken 
down for the four electronic categories, data processing equipment, indus- 
trial equipment, consumer goods, and communication gear. In 1974 less than 
one hundred billion dollars worth of electronic goods were used. In 1985 it 
is expected that a half trillion dollars worth of goods will be sold. It is 
forecasted that by 1990 the electronic market will pass a trillion dollars. 

In Figure 2 the free world consumption of electronic equipment is compared 
with the free world consumption of silicon electronic devices. Between 1974 
and 1984 the average value of silicon devices consumed was 9% of the value of 
electronic equipment manufactured. During 1985 the price of the average sil- 
icon device has decreased by 18%.(1) This has caused the percentage value of 
silicon devices versus electronic equipment to decrease to 8%. This value is 
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forcasted to continue for some years, Figure 2 explains this phenomena, Book- 
ings for silicon devices have dropped substantially, Bookings for computers 
are still increasing, As competitive as is the personal computer market, the 
silicon device industry is even more predatory and it is believed the price de- 
creases in silicon devices are permanent. 

Regardless of sales decreases in the silicon device industry during 1985 
the market is still elastic and will continue to grow at an average of 25% per 
year. (2) The growth will not however be constant. The years 1971, 1974, 1981 
and 1985 were all recession years for this industry. The years 1970, 1973, 
1979 and 1984 were boom years. The market will fluctuate similarly in future 
years. 

In Table #1 the history of silicon electronic device usage by device cat- 
egory is presented for the years 1974 - 1984. This Table shows the growth of 
silicon integrated circuits dramatically. In Table #2 a forecast is made of 
future use of silicon devices. Basically these Tables show that the consump- 
tion of silicon devices will grow from $5 ,750,000,000 in 1974 to $80,300,000,000 
in 1990. 

Table #3 shows the companies who manufacture silicon electronic devices 
and their sales over the years 1977 - 1985. The growth of the Japanese Com- 
panies. NEC, Hitachi, and Toshiba is phenomenal. This Table shows estimates 
of silicon devicemanufacture by IBM, Western Electric and General Motors who 
sell no devices to the outsideworld but only use such devices internally. Act- 
ual sales of silicon electronic devices for the years 1983 and 1984 are shown 
in Table #4. 

Between 1960 and 1982 one figure of merit in the silicon electronic device 
industry was remarkably constant: Worldwide, silicon device companies manufac- 
tured $18 worth of silicon devices per square inch of polished silicon wafer 
used over all these years. The value of devices manufactured per square inch 
of silicon varies with device and with the time cycle of the device. The price 
of silicon polished wafers varys with the device manufactured. Neverless 8ur- 
ing the years 1960 - 1982 the average value of devices manufactured per square 
inch of silicon wafer was $18. In 1983 a slight decline in this figure of merit 
was noticed and the decline continued in 1984 and 1985 and is expected to de- 
cline in future years as the industry matures. 

Table #5 makes use of this figure of merit to construct a forecast of sil- 
icon material usage. The Table is enormously complex but has proved quite ac- 
curate and useful during the past ten years. Column 2 shows silicon electronic 
device usage. Column 3 shows the above discussed figure of merit to determine 
the value of silicon wafers required. By 1990 it is expected that the figure 
of merit will increase to $23 of silicon device sales per square inch of sil- 
icon wafer used. Column 4 shows the dollar value of silicon polished wafers 
used during any given year. Column 5 shows the average price per square inch 
of polished wafer. Column 6 shows the number of square inches of silicon pol- 
ished wafers used. Column 7 shows the average diameter of silicon crystal used 
during any given year. Column 8 shows the average number of grams of polycrys- 
talline silicon required to manufacture one square inch of polished silicon 
wafer. Column 9 shows the number of metric tons of specification crystal re- 
quired to manufacture the annual need of silicon wafers. Column 10 shows the 



requirement of electronic grade polycrystalline silicon in any given year, 

A large number of assumptions were made in putting this forecast together, 

I. Prior to 1983 the following yields at each silicon material 
process step were standard practise. 

1. Crystal Growth - 60% 5. Lapping - 97% 
2. Crystal Grinding - 98% 6. Etching - 97% 
3. Crystal Slicing - 93% 7. Polishing - 93% 
4 Wafer Beveling - 97% 

By 1983, the crystal growth yield was no longer exact. Japanese silicon 
device manufacturers began requiring tighter silicon crystal parameters and 
drove this yield in Japan below 50%. 

2 .  The progression to larger and larger diameter wafers, but insis- 
tence upon equivalent wafer flatness forced wafers to be manufac- 
tured thicker and thus require more polycrystalline silicon per 
square inch. 

3. Silicon Device manufacturers use a great many test wafers during 
device processing. Test wafers have similar specifications to 
product wafers but produce no devices, Test wafers are not in- 
cluded in Table 5. 

4 .  It is assumed that much averaging occurs. When a new silicon ma- 
materials plant comes on line, yields are poor for a time. When 
new devices come on'line, the yield of good devices is poor for a 
time. As knowledge increases, the yields of wafers and devices 
increase. 

5. New plants and new devices are seldom brought on line in recession 
years. This makes boom years boomier and recession years gloomier 
for silicon material manufacturers. 

6. A considerable time lag occurs between the manufacture of poly- 
crystalline silicon and the sale of a silicon device manufactured 
from it. In Table 5 it is assumed that 3 months occur between the 
manufacture of polycrystalline silicon and the sale of the polished 
wafer and that an additional 3 months occurs between the sale of 
the polished wafer and the device manufactured from it. 

7. Silicon materials people live on a learning curve and get better 
and better at their jobs. It is assumed that wafer specifications 
get tighter and tighter as transistor density increases and that 
the tug of war between improving efficiency of wafer manufacture 
and tighter specifications is a standoff. 

8 ,  The dollars referred to in Table 5 are real dollars at time of use. 

9. The manufacturing technology of silicon wafers and devices has been 



continuously modified for 25 years but never significantly changed. 
It is assumed this situation will continue. 

10. It is assumed that between 1985 and 1990 much of growth in 
silicon electronic devices will take place in CMOS Integrated Cir- 
cuits. This change istraumatic to the silicon wafer industry 
since the sale of polished wafers will be replaced by the sale of 
epitaxial wafers. In Table 5 the sale of epitaxial wafers is not 
delineated. Only the sale of polished wafers as substrates for 
epitaxial wafers is considered. It is expected that the overall 
increased yield of devices from epitaxial wafers will exactly com- 
pensate for the yield loss in going from a polished wafer to an 
epitaxial wafer. 

11. Implicit in Table 5 is a major change in the silicon materials 
market. The merchant vendors of silicon polished wafers have won 
the battle with internal manufacturers. In the future most wafers 
will be manufactured by merchant vendors such as Wacker, Monsanto, 
SEH and Osaka. 

The companies listed in Table 4 are the customers for silicon polished waf- 
ers and will purchase wafers in correllation with their sales of silicon devices. 
The thirty companies listed will purchase at least 80% of all silicon wafers 
sold. 

In Table 6, a history is presented of silicon wafer manufacturers for the 
years 1977 - 1984 and in Table 7 a forecast is made of who will manufacture waf- 
ers in the future. The all other category grows large toward the end of the 
1980s. The companies listed below have announced plans to enter the polished 
silicon wafer business in the near future and will compete with the .21 comp- 
anies listed in Table 7 for a forecasted three billion dollar business in 1990. 

1. Rhone Poulenc - France (3) 
2. J.C. Schumacher - USA (4) 
3. Toya Soda Mfg. Co. - Japan (5) 
4. Showa Denko K.K. - Japan (6) 
5. Kawasaki Steel Corp. - Japan (7) 
6. Nippon Steel - Japan (8) 
7. Korea Electronic Materials - Korea 
8. Lucky Gold Star - Korea 

The manufacture of polished silicon wafers requires electronic grade poly- 
crystalline silicon of exceptional purity and more than 90% of all polycrystal- 
line silicon is sold on a long term contract basis. Some 5% of electronic grade 
polycrystalline silicon is sold on the spot market. The remaining 5% of poly- 
crystalline silicon produced, does not meet the stringent specifications and 
is sold as an off grade product. Table 8 shows the price history of polycrys- 
talline silicon. Contract pricing has been remarkably constant. The pricing on 
the spot market has been volatile and shows the results of panics in 1970, 1973, 
1980 and 1984 when annual usage exceeded annual capacity to produce and inven- 
tories were depleted. 



A history of polycrystalline silicon manufacturing capacity is shown in 
Table 9. A Forecast of future capacity is shown in Table 10. Capacity stays 
close to demand. All companies except Texas Instruments, Komatsu Electronic 
Metals and Union Carbide use the Siemens Process, decomposing trichlorosilane 
to elemental silicon of a rod form. Texas Instruments decomposes trichlorosi- 
lane on silicon particles in a fluidized bed. Komatsu manufactures silane by 
hydrolyzing a magnesium silicide alloy and decomposes the silane to silicon in 
a rod form. Union Carbide catalytically converts silicon tetrachloride to si- 
lane which is then decomposed to elemental silicon in a rod form. 

A number of new companies have announced plans to manufacture polycrystal- 
line silicon in the near future. 

1. Ethyl Corporation - USA 
2. Great Lakes Chemical Corporation - USA 
3. J.C. Schumacher Co. - USA 
4. Nippon Kokan KK -.Japan 

The Ethyl Corporation(9) will decompose silane on silicon seed particles 
in a fluidized bed. The Great Lakes Chemical Corporation will use an advanced 
Siemens Process. J.C. Schumacher will decompose tribromosilane to elemental 
silicon on seed particles in a fluidized bed. Nippon Kokan will use Siemens 
Process Technology obtained from the General Electric Company. 

Crystal growth people prefer the fluidized bed product spherical pellet 
polycrystalline silicon because it pours easily. The use of this product allows 
crystal growers to fill crucibles more completely and thus get greater through- 
put from equipment. Further, this product would allow the development of semi- 
continuous crystal growers. Unfortunately, up to this time, the requisite pur- 
ity in polycrystalline silicon has been difficult to attain. 

The Siemens Process is only generically named. All companies practise 
widely different technologies which result in rather different types of pro- 
ducts and widely ranging costs, Purity, however has never been a problem when 
the Siemens Process is used. 
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Table 4 

- 
SEMICONDUCTOM SALES--WORLD WIDE 

U.S.---EUROPEAN-JAPANESE MANUFACTURERS 
DOLLARS IN bIlLLlONS 

Annual Sales Pcrient C'tla~\gc 
1933 1 9S4 1984 

I .  Tcsas lnstrun~rnrs  $ I595 
7 .  btotorula 1337 
3. NEC 1435 
4. Hitachi 1793 
5. T o s h ~ h a  102 1 
6. Natlt)nal n9.t 
7. lnrrl 7 7 0  
8. Fujitsu 703  
9. AMD 477 

10. Marsushita 010 
I I .  S i ~ \ c r i i s  3 35 
I.?. Mitsuhishi 34 5 
13. Fii~rchild -lor? 
14. Ph~lips  37 5 
15. S;rnyo 330 
Ib. Mosrck 315 
17. Siznlcns 335 
18. RCA 297 
13. Slurp  765  
20. SGS-ATES Z 3d 
21. OK1 2 2  I 
7 7. C,c~\cr;~l l~ l~r r i in \cn t  283  
2 3. Grncral Elcctrii 203  
24. Thonison CSF 1 Ui l  
25. Harris 1 H3 
26. ITT 195 
27. Analog Dcviccs I30 
28. Monolirhtc Memories 121 
29. AM1 l o 2  
30. Inrrrnationirl Recr. 9 4  

$7436 
2124 
11~17  
2156 
1545 
1235 
1 190 
1 11ib 
072 
9d5 
7 20 
735 
o i h  
5 4 i  
$92 
4 7 ~ '  
4 5 1  
$03 
376 
3 35 
3 15 
787 
'HZ 
275 
2 08 
255 
2 1') 
2 Cll 
173 
124 

TOTAL T o p  33 $15674 $7 3470 t 4 3 . 7  
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DISCUSSION 

HkiWG: Can you predict what the growth sate of the epitaxial silicon market 
wi ll be? 

PELLIN: I showed the numbers for CMOS, and I feel that epitaxy will take over 
in CMOS. Perhaps by 1990, half of all of the CMOS and NMOS devices will 
be made on epitaxial wafers. It's slower than was expected. Epitaxial 
wafers are still high priced, but they are also a high profit item. 

SCHUMACHER: What is the principle source material for making epitaxial layers? 

PELLIN: It really depends on the thickness of the layer. For instance, if the 
required layer is only 1 or 2 vm thick, silane is always used. For 
somewhat thicker layers, trichlorosilane is used. Silicon tetrachloride 
is used for the thickest layers. Trichlorosilane will be used for 95% of 
all epitaxial wafers in the future. 

SCHWUTTKE: I really enjoyed your presentation, and I believe that the 
photovoltaic industry must recognize that it is the tail of the dog, and 
the tail is not going to wag the dog, which is the semiconductor 
industry. I tried to make this point before. Your numbers made this 
conclusion very clear. 

PELLXN: I would like to discuss a number of comments you have made at this 
workshop. The silicon solar cell is an extremely complex device and 
anyone who believes that a good silicon solar cell can be made with 
anything but the best silicon, I think, is wrong. The silicon costs so 
little and if the best polysilicon can be made for $20/kg (and I think it 
can be made for $15/kg), why use anything else? 

PATTEN: Given your statement that the quality of the Texas Instruments' 
polysilicon is electronic grade now and given the statement that the 
process is available for licensing, what is your estimate of the cost 
compared with what it would have to be for photovoltaic industry to make 
ready economic use of that process? 

PELLIN: I would like to digress a little. I don't think that it's necessary 
to go to the fluidized-bed reactor technology to get the lowest cost. I 
think that all that is basically needed is to find ways, even in the 
Siemens process, to lower costs. However, to answer your question 
directly, I'm absolutely convinced that with complete recycling of 
by-products and, perhaps, a better material usage in the fluidized-bed 
reactor than Texas Instruments has, the process cost is easily $10/kg in 
today's dollars. I emphasize that this is a cost number. 

HcCORMICK: We at Hemlock Semiconductor obviously also plot silicon price as 
a function of time and cumulative volume to develop a learning curve for 
the industry. The data from the 1970s is really badly distorted because a 
110% inflation rate occurred between 1975 and 1985. If the plot is made 
in constant dollars, the industry has been on about a 75% learning curve 



from t h e  e a r l y  1960s when sizable planks  based on Siemens technology were 
built, 1 think your conc lus ion  %ha% there are many advances in technology, 
described In patents, t o  indicate t h a t  the trend will continue. Starting 
w i t h  $he 1975 economies, the conclusion would be that polysilicon can be 
bought today for the equivalent of maybe $25/kg in 197% dollars and, using 
the PePlin prsjeetions, the estimates for the 1990s give a $10 t o  $%%/kg 
price for top-quality material in 1975 dollars. Obviously, the price 
would not be that in current dollars. 

LORD: I would like to consider the question of how the semiconductor industry 
can get a cheap price for silicon even if it can be manufactured cheaply. 
The marginal cost in plant capacity in these processes, particularly in 
fluidized-bed reactor processes, is relatively small. It's relatively 
cheap to go from 1000 MT to 1200 MT or 1500 MT, or whatever the 
appropriate range might be. The problem is selling that material without 
cutting the price for the first 1000 MT. I suggest that if the 
photovoltaic people want high-quality silicon on a regular basis, they 
should go back to the oil companies that now own them and suggest that 
they look at joint ventures. In a joint venture, a percentage of the 
product is taken. I'm sure many companies would be willing to do this on 
the basis of a guarantee of no resale to the electronic industry. On this 
basis, the $20/kg price would probably be obtained and that is what is 
really needed. 

PELLIN: I agree that scale is a primary factor in the polysilicon business. 
However, in 1990 when there will be a requirement for about 20,000 MT, the 
demand is so large that a situation of diminishing returns may occur. A 
5000 MT/year plant is a huge plant. In the case of fluidized-bed reactor 
processes, the reactors may have to be 6 to 10 ft in diameter. 

AULICH: I am somewhat surprised. Ten years ago, the DOE project was started 
with the objective of obtaining inexpensive solar-grade polysilicon. A 
large number of new processes were studied. Now you are saying, after 
10 years of this program, that modifications of the Siemens process or a 
modification of the Texas Innstruments process will yield $10/kg. I'm 
puzzled. 

PELLIN: You're talking price. I was using cost numbers. 

AULICH: Yesterday we learned about studies showing that the economics of the 
fluidized-bed reactor process and the other electronic processes would be 
about $20 to $40 for silicon. If the Texas Instruments process yields at 
$10/kg, it's really not necessary to develop any other process to make 
solar-grade or any other inexpensive silicon. Silicon, at $10/kg, is the 
goal of many of these developments for solar-grade or inexpensive 
silicon. I don't believe it. 

PELLIN: Well, we've gotten into our first disagreement. 
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ABSTRACT 

The t e r r e s t r i a l  photovol t a i c  module market i s  summarized f o r  1983 through 
1985 and a module shipment f o recas t  developed f o r  1990 and 1995. The PV module 
shipments f o r  each major  c e l l  ma te r i a l  opt ion:  s i n g l e  c r y s t a l  s i l i c o n ,  po l y -  
c r y s t a l  c a s t  s i l i c o n ,  s i l i c o n  sheet, s i l i c o n  concent ra tor  c e l l s ,  amorphous 
s i l i c o n  and o ther  ma te r i a l s ,  i s  fo recas t .  A s i l i c o n  consumption f a c t o r  
(k i lograms used pe r  k i l o w a t t )  f o r  the  present  p roduct  and f o r  each c e l l  o p t i o n  
i s  shown. The reduc t i on  i n  s i l i c o n  usage as processes are improved, and 
e f f i c i e n c i e s  increase are  fo recas t  t o  1995 f o r  each opt ion.  Given the  market, 
the  technology mix, and the  s i l i c o n  usage fo recas t ,  an aggregate s i l i c o n  consump- 
t i o n  est imate w i l l  be made f o r  a "h igh"  case (U.S. t a x  c r e d i t s  extended), and a 
"low" case (U.S. t a x  c r e d i t s  terminate) .  

THE PV MODULE MARKET TO 1995 

I n  1984 the  wor ld  shipments o f  f l a t  p l a t e  PV modules were about 22 MW. O f  
t h i s  22 MW, 14.8 MW were " t h i c k  c r y s t a l "  - s i n g l e  o r  p o l y c r y s t a l  - s i l i c o n ,  7 MW 
were made w i t h  amorphous s i l i c o n  t h i n  f i lms.  F igures One and Two show t h e  
1983-84 module markets and the  technology mix. 

We have attempted t o  fo recas t  t he  PV markets t o  1995. The r o l e  o f  t h e  
extension and expansion o f  t he  U.S. t ax  c r e d i t s  was considered. F igure Three 
shows our f o recas t  f o r  t h e  wor ld  PV market t o  1995 w i t h  and w i thout  the  t a x  
c r e d i t  extension. If the t a x  c r e d i t s  a re  extended, we can see a 975 MW market 
i n  1995 a t  an average module p r i c e  o f  $2/Wp. I f  the  tax  c r e d i t s  a re  n o t  
extended, the  PV module market can grow t o  310 MW a t  an average module p r i c e  of 
$3/wp. 

FIGURE ONE 

WORLD PV MODULE SHIPMENTS 

1983 1984 
MW SHIPPED PERCENT MW SHIPPED PERCENT 

UNITED STATES 1 3 ~ 1 -  6 0 . 4  11.7 4 6 . 8  

JAPAN 

EUROPE 

OTHER 



FIGURE TWO 

WORLD PV MODULE SHIPMENTS BY MODULE TYPE 

1983 1984 

MW SHIPPED PERCENT MW SHIPPED PERCENT 

SINGLE CRYSTAL 10.9 5 0 . 2  10.8 4 3 . 2  
FLAT PLATE 

AMORPHOUS 3. 1 14.3 6 . 9 5  2 7 . 8  

SINGLE CRYSTAL 4 . 5  20.7 3.1 12.4 
CONCENTRAT0 RS 

RIBBON 0 .  I 0.5 0.2 0.8 

TOTAL 21.7 MW 100% 2 5 . O M W  180% 

FIGURE THREE : WORLOWl%)E MOWLE SALES 
( Factory Prices - 1985 $ ) 

( I )  11.S.Tan Gradits Extenbd ts 1989 
(2) U.S. Tat: Credits Ewiee oftee 1985 

ads inc lud~s  dep~nea@ Grid -Connected PV Powered Houses 



PV CELL TECHNOLOGY PO 199% 

In e i t h e r  market scenario, we see two major changes i n  the technology o f  the 
modules, Virtually a17 PV product will be silicon-based w i t h  low ( l e s s  than 5%) 
penetration by cadmium t e l l  uride,  gal 1 i u m  arsenide, and 11-VI compounds, The 
f irst  change i s  the cost  per Watt t o  manufacture the silicon-based product, and 
the  second is the performance increase i n  the  thick c ry s t a l ,  and s i l  icon-based 
concentrator modules. Figure Four summarizes the technology forecast  t h a t  we 
used i n  preparing the  market forecast .  

The "prof i table  prices" i n  Figure Four a re  developed using a production cos t  
model t h a t  assumes automation, increasing y ie lds ,  increasing e f f ic ienc ies ,  and 
ten year warranties. The s ingle  crysta l  forecast  is  v i r t ua l l y  ce r ta in ,  the 
ribbon and sheet forecasts  a r e  70-80% l i ke ly ,  and the  amorphous s i l i con  fo recas t  
i s  60-70% l ike ly .  

FIGURE FOUR 

SUMMARY OF TECHNOLOGYICOST FOR 
E Y  SILICON- BASED OPTIONS 

(1984 $ ) 
1985 1990 1995 

@ S I N G L E  CRYSTAL S IL ICON 
- Module Efficiency (%I I I 15 16 
-Profitable Price ( $ / W P )  6.50 4-5 3 

@ CONCENTRATORS 
- Module Efficiency (%) 

-Profitable Price ( $ / W p )  

@ RIBBON / SHEET 
-Module Efficiency (%) 

-Profitable Price ( $ / W p )  

@ CAST INGOT 
-Module Efficiency (%I 

-Profitable Price ( $ /  Wp) 

@ AMORPHOUS SIL ICON 
-Module Efficiency (%) 

-Prof itable Price ( $ 1  Wp) 5.60-6.50 2-3 1.66 - 2.50 

e AVERAGE MODULE PRICE ($ /wp)  6.50 3.50 2.50 



IMPACT ON SILICON USAGE 

The dominant cos t  i n  today's  product i s  the cost  of s i l i con .  These 
forecas ts  a l l  involve major reductions in the  amount (grams/Watt) of s i l i con  
consumed because the  industry wil l  : 

- eliminate kerf l o s s ;  
- increase ce l l  ef f ic iency;  
- increase product y i e ld ;  
- use th inner  s l  ices ;  

o r  go t o  micron thick films deposited from s i lanes .  

PRESENT CONSUMPTION OF SILICON 

The production of s ingle  o r  polycrystal modules using .015 inch thick c e l l s  
consume .035 t o  .045 inches of s i l  icon per s l i c e .  If the  module i s  ten percent 
e f f i c i e n t ,  then we need about 100 square cm of ce l l  area per Watt o r  about 25 
grams per Watt consumed. This i s  25 metric tons per megawatt. In 1985 we wi l l  
produce about 15 MW of "thick c rys ta l "  product. This means we consumed about 
375 metric tons of s i l i con .  

In our technology forecas t ,  we a t t r ibu ted  almost a l l  cos t  reduction, around 
70%, t o  s i l i con  cos t  reduction. Of the thick crys ta l  options,  we see the trends 
in s i l i con  usage shown i n  the t ab le  below. 

Thick Crystal Si l  icon 

Single Crystal 20 10 

Cast Ingot 2 5 

Ribbon/Sheet 25 

Single Crystal 
Concentrator Cell s 5 

HOW MUCH SILICON IN 1995? 

We can only bracket the s i l i con  consumption requirements f o r  1995. The 
primary issue i s  the  degree of penetrat ion of the amorphous s i l i con  and the 
concentrator in to  the thick crys ta l  arena. 

HIGH SCENAR I0 FOR SILICON CONSUMPTION : 1995 

If we assume amorphous s i l i con  grows t o  40 percent of the 1995 market, then 
the Pol 1 owing scenario holds. 



MW Shipped: 975 

Percent Thick Crys ta l :  60 

MW Thick Crys ta l  : 585 

Grams Per Watt: 10 

M e t r i c  Tons: 5850 

C lea r l y  t o  grow from about 400 tons i n  1985 t o  nea r l y  6000 tons i n  1998 i s  
a major b a r r i e r  t o  the  progress o f  PV. Th is  "high" scenar io assumes dramatic 
market growth, U.S. tax  c r e d i t  extension, and slow pene t ra t i on  by amorphous 
s i l i c o n .  

LOW SCENARIO FOR SILICON CONSUMPTION: 1995 

I f  we assume t h a t  t he  t a x  c r e d i t s  a re  n o t  extended, and t h a t  amorphous 
s i l i c o n  gains 70 percent  o f  t he  PV market by 1995, then the  f o l l o w i n g  "low" 
scenar io appl i es .  

MW Shipped: 310 

Percent Thick Crys ta l :  30 

MW Thick Crys ta l  : 93 

Grams Per Watt: 12 

M e t r i c  Tons: 1116 

The growth from about 375 tons of s i l i c o n  t o  1100 i n  1995 can be e a s i l y  
ass im i l a ted  by the  indus t ry .  Th is  w i l l  be e s p e c i a l l y  t r u e  i f  the  Wacker/Japanese 
s i l i c o n  ventures r e s u l t  i n  a t r u e  " so la r "  grade ma te r ia l  (SILSO) t h a t  i s  
a v a i l a b l e  a t  a reasonable c o s t  ($20-30/kg) independent of t he  s i l i c o n  demand by 
the semiconductor device i ndus t r y .  We are n o t  aware o f  any U.S. e f f o r t  t h a t  w i l l  
r e s u l t  i n  low cos t  po l y  f o r  PV. Th i s  i s  understandable as v i r t u a l l y  a l l  U.S. PV 
R&D i s  now focused on amorphous s i l i c o n  c e l l  technology. Investment i n  s i l i c o n  
product ion  capac i ty  f o r  PV w i l l  be delayed u n t i l  the  r o l e  o f  r ibbon, cas t  i n g o t  
and amorphous s i l i c o n  i s  c lea r .  

If amorphous s i l  icon becomes the  "mater ia l  o f  choice" f o r  PV, then pure 
s i l anes  w i l l  be the  issue. Our present  ana lys is  i nd i ca tes  t h a t  present  s i l a n e  
capac i ty  plans are more than adequate t o  respond t o  the  amorphous s i l i c o n  demand 
a t  very p r o f i t a b l e  p r i ces  t o  the  ma te r ia l  producer. Because s i l i c o n  cos t  i s  n o t  
the  d r i v e r  f o r  amorphous s i l  i con  PV, we do n o t  see the  pressures on s i l a n e  p r i c e  
t h a t  we see i n  p o l y c r y s t a l '  f o r  PV. 

SUMMARY 

It i s  r i s k y  to  forecast  s i l i c o n  consumption f o r  PV ten  years ahead. Phis 
forecast  proposes two scenarios. The "h igh"  scenar'io w i t h  low pene t ra t i on  f o r  
amorphous s i l i c o n ,  tax  c r e d i t  extension and major cos t  reduct ions lead t o  nea r l y  



6000 tons of s i l i con  per year used by the  PV industry. This i s  a s  l a rge  as  
today's  semiconductor industry consumption in a  good year.  The "low" scenario 
with no tax c r ed i t s ,  h igh  amorphous s i l i con  penetrat ion,  moderate cos t  reduction 
leads t o  a  s i l i con  demand f o r  PV of I100 tons per year by 1995. A t  t h i s  moment, 
October 1985, we fee l  the  " low" ,  no tax c r e d i t  extension scenario i s  more l  ikely 
t o  occur. 



HcCBWIGK: %f I compare your data on demand and usage with the data of P e l l i n  
on scrap, either from poly or from single crystal, there is no demand for 
additional solar-grade silicon. 

MYCOCK: That's right. If we take the premise that scrap is available, as it 
is now at $20 or lower, and take Pellin's data that there is continued 
growth in the semiconductor industry and in the ratio of scrap, which may 
go up even higher, there is 3000 MT of scrap available in 1995, and that's 
the highest we would need. I think we should be very careful. Those of 
you who are in the electronic semiconductor-grade business have that 
business to defend. If I were Siemens and I believed that I could purify 
and make solar-grade silicon that allowed the casting people to make 14% 
cells, and I believed that there was a 3000 MT opportunity and that I 
could sell it at $15, then I could wipe out the scrap market and I could 
make an industry. There are some business scenarios allowing entrance, 
but the price would have to be lower than scrap and a quality equivalent 
to that of scrap. There is a very narrow window. A lot of people don't 
realize that. In my opinion, ARCO Solar, which is the leading purchaser 
of scrap in the United States, has a cost below $24/kg. 

McCORMICK: The exception is that there is no bottom on scrap price, 
particularly if the scrap comes from the single-crystal area such as the 
material coming from tang ends of ingots. That's where Pellin showed 
10%. This scrap will be dumped at very low prices. 

MAYCOCK: The other market, which is what one of the small companies (Solec 
International) is based on, buys scrap slices and etches off the 
integrated circuit information and puts aluminum on it and makes solar 
cells. Their silicon cost per slice is one third of that of ARCO Solar. 

McCORMICK: Was the price shorn in your data, comparing the different 
technologies, the module price or the installed price? 

'HAYCOCK: Those were only module prices. 

McCORMICK: m a t  is the impact of efficiency on driving those different 
technologies if one compares installed versus module prices? 

WYCOCK: I ended up with approximately a 60% higher efficiency for single- 
crystal cells than for amorphous-silicon cells, and it was 16% versus 
10%. At those prices of $3/watt for module and $2/watt for the amorphous 
silicon, the area-related cost for remote fixed installation is about a 
$l/watt higher for amorphous silicon, and therefore it's a wash. They 
both come in at about $5/watt installed system in that time frame. 

SCHWUTTKE: You may not realize how serious the scrap situation can be if a 
price war would start, I remember when XBM at Fishkill was paying for 
scrap to be removed and only when a demand started did IBM go into 
business selling the scrap. 



WYCOCK: "Ewe"  sanotk~es scenario and that is i f  cane i s  dependent  on s c r a p ,  
then one is dependent on random even t s ,  'If one wants to have a serious 
phot~voltai~ business, then one may have to produce his o m  silicon and 
t h a t  may be using whatever process is needed to obtain the estimated 
necessary price. I'm sure that the Siemens strategy is that because we 
know everything about the Siemens process, then we know that we had better 
have a photovoltaic material that works well and a dependable supply. 
There are some situations in the scrap market that get wild. The scrap 
market is very big. 

EEIPOLD: I think that the point to be made about the scrap market was given 
clearly in Pellin's data showing that the scrap prices clearly tracked the 
spot market prices. This means that the photovoltaic manufacturer is 
affected by the spot market which, I believe, is an unacceptable position. 

~ Y c O C K :  Pellin also showed that the contract price for scrap was very low all 
the way through. His bottom line was low. His escalations were very 
high. Those who have a contract for scrap, like ARC0 Solar, are not 
affected. 

SANJURJO: The bottom line is that if we want to produce a solar-grade 
material, we have to compete with the $10 to $20/kg, or whatever, scrap 
material on the market. 

PaAYCOCK: Well, about $20. I don't know of any $10 prices now. 

SMJUKJO: Again, I want to make the same point which I made yesterday. SRI 
has a process that produces a material having 4 to 10 ppb of boron, and I 
remind everyone that the estimated cost of this process is $13 to $15/kg. 

MYCOCK: If that's cost, the price would have to be $20, so you don't have 
anything. 

SANJURJO: With 25% return on investment, the price would be $18 to $20. The 
difference is that this process would be in the market with a constant 
supply of material of a constant quality and characteristics. There would 
not be a dependency, such as the case you just mentioned in which scrap 
wafers are bought and used. Yes, the material is much cheaper, but the 
cost of labor to sort and process that material is much higher. 

MBYCOCK: I think that those of us who are forecasting the market, don't see a 
market at this time that gets out of the scrap domain. If we had a market 
that was twice the scrap domain, then we would have to have new 
technologies and new low-cost processes and that's what the market was 
when we began the DOE program. The DOE program had an amplitude of ten 
times these levels in terms of its objectives and, therefore, there wasnet 
enough scrap, and Pellin was tel.ling us that there wasn't enough silicon. 
Remember that we had a crisis in 1974 and, when we were planning the 
program, we actually had to give presentations to the DOE saying there 
wouldn" be enough silicon under any circumstances, not only scrap, to 
provide for the photovoltaic industry. That" what started the silicon 
initiative. Now it's quite a different story. We are told that the 



amount sf scrap  is more t h a n  enough to cover our present market 
forecasts, If t h e r e  i s  a doubling sf the price of o i l ,  it will be a 
d i f f e r e n t  s t o r y .  

NODdL: 1 agree with t h e  cowrment of Dr, McCormiek, The conclusion from mgr o m  
calculations is t h a t ,  under normal conditions, the scrap from the 
semiconductor industry is about 10%. This result corresponds to 
Dr. Pellin" data which show that, in 1990, the overall consumption of 
polysilicon will be 18,000 MT, and solar use will be 2000 MT. Perhaps, as 
D r .  NcCormick said, we have enough polysilicon material for solar use and 
do not need to hurry up in installing new capacity for solar use, although 
the effort for a more economical process should continue. According to 
the forecast by Mr. Haycock, we have been very busy making scrap and now 
we can, perhaps, take a vacation for 5 years. 





FORm: POLYSILICON MRKETS 

J. Lorenz, Chairman 





LORENZ: We would like this Forum to be an opportunity for expressions off 
opinion, especially if they are different from what the speakers have 
said. It" a l s o  an opportunity Lo ask questions of the speakers. 

LORD: E would like to coment on the question of scrap material. I wonder 
if there will be a place for a non-CVD or a nonelectronic-grade process. 
Let me mention a technology driver that has a lot of impact on scrap, 
i.e., the development of continuous crystal pulling. Wonsanto has done a 
lot of work in this area and has stated that they have been successful. 
Others, such as Hamco, have been working on it. It's probably reasonable 
to assume the technology will be available by 1990 and, perhaps, before 
that. With continuous crystal pulling, a much longer crystal can be 
grown. Far less of the material is in the seed and tang ends. Also, if 
it is done correctly, far more of the material is on specification, and 
the indications are that if all the problems are solved, there will be 
less wafer rejection. There could be a major driving force to reduce 
scrap. This would indicate the potential for a non-CVD process to enter 
the market. However, if the technology is successful, the amount of 
polysilicon required would be reduced. There might be a surplus of 
polysilicon capacity at that time, which would again foreclose the 
opportunity for a solar-grade product. This depends on how people who 
forecast the market for CVD applications foresee the developments in these 
other technology areas. I advise following the development of continuous 
crystal pulling and the actual building of polysilicon production plants, 
rather than the announcements of plans to build plants. 

PELLIN: I've been in this industry a long time and there has been continual 
change. I don't believe that future changes will differ greatly from 
changes in the past. Basically, we now make wafers having particular 
properties which are sold to the device makers. The device makers would 
like the range of material properties to be tightened considerably. I 
don't think that less polysilicon will be used, but rather the parameters 
will be tightened on the wafers and, as a consequence, somewhat the same 
kind of situation as today will continue for at least the next 5 years. 
The main change will be the tighter requirements on wafer properties. 
This is already seen, obviously, in the example of the Japanese device 
companies going full steam ahead. It's a tug-of-war between improving 
product and cost. 

LORENZ: I concur with Remo's (Pellin) comments and also note that, from his 
data, it can be seen that over the last 4 or 5 years there have been at 
least five companies which have looked at polysilicon and, for various 
reasons, have chosen not to enter into production. Furthermore, I would 
like to emphasize that, as Remo said, any of the polysilicon expansion 
that occurs will be based on the semiconductor industry. There is no 
other way that the management of a chemical company would be convinced 
that there is a market for 2000 WT of polysilicon in 1995. 

, 
WRIGHT: As a former Solarex employee, I was also involved in looking at 

various types of scrap material available on the market. Hopefully, in 
the near future, with increases in polysilicon production, the quality of 
the scrap will go up as well. The Solarex product was highly dependent on 



%he type of scrap  from the i n d i v i d u a l  source, and there were seven t o  
twelve different scrap dealers ( i - e . ,  different sources of s c r a p ) ,  
Oeeasionaly, we had l a r g e  deliveries % h a t  just produced garbage. This 
caused e x e c u t i v e  d e c i s i o n s  Lo enter into OUR o m  produc t ion  of material 
just to c o n t r o l  the material to be used. A company which depends on t h e  
scrap market must have a long-term contract with a high-quality dealer to 
have a satisfactory arrangement. The user depends on the quality of the 
scrap. Having just one batch of unsatisfactory material rJhich slips 
through the quality control (and often a plant's quality control is not 
really capable) will result in large money penalties. Some of the 
processes discussed at this meeting have some merit based solely on the 
reasoning that the manufacturer feels assured. 

LoRENZ: I would like to make an additional comment on that. The polysilicon 
producers today (Wacker, Hemlock, Union Carbide, and Osaka Titanium) are 
chemical companies. Two-tier pricing is quite comonly used in the 
chemical industry, Later, maybe Jim McCormick, Remo Pellin, or someone 
else will coment on the use of two-tier pricing as a possibility if the 
scrap improves and all the production is good. 

SWNJURJO: I would like to emphasize again, and it has been our experience as 
well, that there are problems of extra costs if polysilicon bought from 
different sources is used. 

HWANG: 1 would like to coment from our experience in Taiwan. About 5 years 
ago, we in %aiwan were manufacturing solar cells for watches. We had a 
large fraction of the world" solar cell production for watches. We used 
wafers, but the Japanese introduction of the use of amorphous silicon 
forced us to stop production. I would also like to ask a question of 
Mr. Haycock. Disregarding the definition of solar-grade silicon, do you 
believe that a situation with a solar-grade silicon cost of $10/kg and a 
module efficiency of 10% can survive? 

EPAUCOCK: I think I said that module efficiencies had to be 15% in 1995 for 
cast poly, and it has to be based on a low-cost solar-grade material in 
the $lO/kg range. The answer is that, generally speaking, if 152 can be 
obtained from $20/kg material, then the $10 material is not a bargain at 
all. It" something like $5/kg per efficiency point in the cost of 
mater ial . 

SmJURJO: I would like to ren~ind you that the manufacture of solar cells is 
not solely dependent on the polysilicon material quality. The cell 
manufacturing process must be fitted to the material used. That means 
that the crystal growth and all the steps of the cell processing must be 
well understood. When plants use materials from different sources, there 
are continual problems, such as in the etching step to remove the surface 
damage, in the use of various process temperatures, and in the diffusion 
methods. All of these process steps are important factors in achieving a 
reasonable efficiency. It makes a difference of one or two efficiency 
points and, therefore, has a very important effect on the cost. 1 think 
that this has to be taken into account in the consideration of the use of 
scrap silicon. 



WRIGHT: I would l i k e  t o  expand ow t h a t  c s m e n t ,  I n  l o o k i n g  a t  v a r i o u s  scrap  
materials, there  i s  no gua ran t ee  by %he manufacturer of t h e  scrap, The 
materiel is accepted on an "as is" bas i s .  The reason f o r  declaring t h e  
material t o  be scrap  i s  n o t  given ,  whether it is high-oxygen conten$ 8% 

high-carbon con ten t .  Occasionally, we used ko ge t  mate r i a l  with high 
boron concentration. Suddenly* the feed stock may drop from several 
hundred ohm-centimeters resistivity material d o m  to perhaps 50 ohm-cm. I 
have seen wide fluctuations. In doping to a specific resistivity for the 
b a s e  material, it i s  unrealistic to treat the incoming material as 
equivalent. The wide fluctuations in base resistivity have a tremendous 
effect on the resultant solar cells that were manufactured. Vertical 
integration must be considered. The basis for productivity and profit 
should not be dependent on the scrap market, especially if one is 
considering plants of the 25 W size. 

LORENZ: I think that those coments emphasize what Dr. Schwuttke and 
Dr. Pelbin said earlier. The cell manufacturer should use the best 
quality of material he can to ensure being in the business for a long time. 





CLOSING CB%gaENTS 

LUmbaCK: This workshop is %he l a s t  one to be sponsored by FSA dealing with 
the technology and production sf polysilieon. We were made aware In this 
workshop of the technology advances which have taken place throughout the 
world during the last eleven years; we were also reminded of the technical 
and market problems that remain. I want to especially thank the speakers 
for presenting papers which were informative and thought-provoking. I 
also want to thank all of you for participating in the discussions and in 
the forums. I hope that you enjoyed the workshop and derived something of 
interest from the meeting. Thank you very much for being here. 
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