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ABSTRACT 

The r e s p o n s i b i l i t y  t o  conduct ERDA's Low-cost S i l i c o n  So la r  Array 
P r o j e c t ,  which i s  a p a r t  af t h e  o v e r a l l  So la r  P h o t J v o l t a i c s  Program, has  
been de lega ted  t o  t h e  C;llifor!iia I n s t i t u t e  of Technclogy's Je t  Propuls ion 
Laboratory (JPL). An Indus t ry  B r i e f i n g  formally announcing t h i s  P r o j e c t  
was conductee February 5, 1475. The o b j e c t i v e s  of t h e  P r o j e c t  incl9ide a 
1985 goal  E O  reduce s i l i c o n  s o l a r  a r r a y  p r i c e s  t o  less than $500/K\J. 
low-cost arrays f u r t h e r  s h a l l  have l i fe t ines  g r e a t e r  than 20 v e a r s ,  con- 
v e r s i o n  e f f i c i e n c i e s  Zreater than  102 and a n a t i o n a l  rate of u n i t s  m n L -  
f ac iu red  g r e a t e r  t han  5@C?lW per  jreor. A P r o i c c t  team, l ed  by Robert Fo-nev, 
has been orgar.ized a+- JPL.  T h i s  tesrn is d iv ided  present?:< i n t o  f i v e  a a j o r  
Task a r e a s :  S i l i c o n  Xaterhl ,  Large Area S i l i c o n  Sheet ,  Yodule Encapsulat ien,  
Automated Array, and Large Sca le  Prodoction. 
i n t e g r a t e d  e f i o r t  ded ica t zd  t o  r each ing  t h e  P r o j e c t ' s  1985 n b j e c t i v c s .  
Specif ifall:;, t h e  S i l i c o n  Yzterial Task i s  t o  c o n c e n t r a t e  or. reducing t h e  
b a s i c  w l a r  c e l l  q u a l i t y  silicS2n material p r i c e  t o  less than $30iRg with a 
goa l  of l e s s  than SlO/Kg. The Large Area S i l i c o n  Sheet Task is t o  converc 
the low-cost m a t e r i a l  i n t o  l a r g e  areas of s i l i c o n  wi th  :he r equ i r ed  p r o p e r t i e s  
and dimensional t h i c ' k x s s e s  t h a t  ;:iil p e r n i t  t h e i r  conversion i n t o  high 
e f f i c i e n c y  solar c e l l s .  The added p r i c e  goa l  of  t h i s  p r o c s s s  is l e s s  than 
$l.bO;sq. f t .  The Encapsulat ion Task i s  t o  produce low-cost, l o n g - l i f e ,  
g r e a t e r  than 20-year l i fe t ime eTcapsulat ion materials and techniques.  i n e  
Automated ArraP Task i s  t o  convert  t h e  s h e e t s  of s i l i c o n  i n t o  s o l a r  arrays 
u t i l i z i n g  f z c i l i t i e s ,  desi3no and processes  t h a t  vi11 r e s u l t  i n  t h e  less 
t han  SSOOlhW c b j e c t i v e .  The Large Sca le  Product icn Process  Task has as i t s  
primary o b j e c t i v e  t h e  scpply of si'-icon s o l a r  a r r a y  modules t o  ER3A's 
Pho tovo l t a i c  Program Demonstratian and System T e s t  and Analysis  P r o j e c t s .  
Approximately 10 neqawatts  of t h e s e  r;.odcles are p resenc iy  planned t o  be 
procured frm I c d u s t r y  wi th  g r a d u a l l y  5.icreasinq arxtua! buys over t h e  next  
e i g h t  years .  
assist I n d u s t r y  i n  deve lop ins  b e t t e r  nodules  a t  lower c o s t .  
Sca le  ProductLon Tqisk w i l l  benefi:  from t h e  techno1op;y advancement achieved 
i n  t h e  p rev ious ly  desc r ibed  four  Tasks and could s e r v e  as a p r a c t i c a l  t es t  
of improved des igns  and product ion techniques.  I t  i s  a goal t h a t  nardware 
p:ocured thrdugh tha  Large Sca le  Production Task w i l l  be bought for less 
than $5 per  t i a t t  by 1979 and S? p e r  w a t t  by 1983. 

These 

The Tasks a r e  a l l  p a r t  of ORC 

It is  a n z i c i p a t e d  t h e s e  buys w i l l  s t i m u l a t e  t h e  mi.rket ana 
Th i s  Large 

Th i s  Low-cost S i l i c o n  So la r  Ar ray  P r o j e c t  is t o  be a Nat ional  e f f o r t  
involving t h e  b e s t  t a l e n t s  'n I n d u s t r y  and U n i v e r s i t i e s .  Requests f o r  
P ropcsa l s  i n  tne f i rs t  four  Task areas were s o l i c i t e d  du r ing  A p r i l ,  and 
p roposa l s  are  now under eva lua t ion .  A Request f o r  P roposa l s  f o r  t he  t i r s t  
40 k i l o w a t t s  of solar a r r a y  modules r e q u i r e d i n t h e  Large Sca le  Production 
Task w i l l  be r e l eased  i n  t h e  near  f u t u r e .  
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1)  Object ive 

The f i r s t  and most { m e d i a t e  ob jec t ive  of the photovDltaic conversion 
work a t  ORNL i s  the developpent of a thorough understandins of  and techniques 
f o r  c o n t r o l l i n g  ce r ta in  factors  which are known t o  degrade cne e l e c t r i c a l  
cha rac te r i s t i cs  of p-n junc t ions  i n  s i l i c o n  seniconductor d2vices. The c o s t  
inpor tant  of these factors  i s  the nonuniform d i s t r i b u t i o n  o f  phosphorus which 
i s  introduced by conventional doping techniques. As a possible means of c i r -  
cumventing t h i s  problem a thorough study o f  nuclear dopins i s  cu r ren t l y  being 
emphasized. The second ob jec t ive  of the progran i s  the i c e n t i f i c a t i o n  and 
cont ro l  o f  po in t ,  l i n e  and surface imperfections which ac t  as recombination 
centers t o  degrade the m ino r i t y  c a r r i e r  l i f e t i m e  i n  both s ing le  and poly-  
c r y s t a l l i n e  s i l i c o n ,  and i n  other  I l l - V  and I l - V I  semiconductors. A t h i r d  
ob jec t i ve  of  the program i s  the i d e n t i f i c a t i o n  and study c= new so la r  c e l l  
mater ia ls  and growth methods. 

2) Past A c t i v i t y  

This p ro jec t ,  though recent ly  i n i t i a t e d ,  i s  c lose ly  :elated t o  other  
research a t  ORNL, e.g., the work on u l t ra -pure  germanium, -3clear doping, 
c rys ta l  growth, o p t i c a l  and e l e c t r i c a l  p roper t ies  o f  so l ids,  pure mater ia ls  
research, chemical vapor deposi t ion,  e lec t ron  microscopy, serniconductor device 
modeling and test ing,  and organic semiconductors. 

3) Current E f f o r t  

The f i r s t  phase of t h i s  m r k  i s  being devoted t o  the appl icabi  1 i t y  o f  
"nuclear doped" s i l i c o n  to  the s i l i c o n  so la r  c e l l .  A l l  methods present ly  
used i n  the preparat ion of s i l i c o n  f o r  semiconductor devices introduce a 
nonuniform d i s t r i b u t i o n  of  any chemical dopant. I t  has bets denonstrated 
tha t  the d i s t r i b u t i o n  of  pnosp5orus, the standard n-type dopant, takes the 
form o f  s t r i a t i o n s  which i n te rsec t  and degrade the charac ter is t i cs  o f  a p-n 
junct ion.  
which the ' 'S i  o f  normally ava i lab le  s i l i c o n  transmutes t o  "P a f t e r  thermal 
neutron capture w i t h  a h a l f - l i f e  of 2.6 hours. 
introduced by the nuclear doping process i n  cor l t rast  t o  t!-s p o s s i b i l i t y  of  
inadvertant contamination of the m e l t  w i t h  copper, gold, e tc .  dur ing normal 
doping procedures. 
and avalanche detectors i s  s i g n i f i c a n t l y  improved for nucliar-doped S i  c~vet- 
tha t  for convent ional ly  doped mater ia l ,  and a s i m i l a r  improvement nay be 
a t ta inab le  i n  the e f f i c i e n c y  of s i l i c o n  so la r  c e l l s .  

These s t r i a t i o n s  can be g r e a t l y  reduced by nuclear doping, i n  

Also, no crher impur i t ies  a re  

The perfomance of h igh power s i  1 icon siodes, t h y r i s t o r s  

We have i r r a d i a t e d  wafers and ingot  sect ions o f  both s ing le  c r y s t a l  and 
p o l y c r y s t a l l i n e  s i l i c o n  i n  various reactor  loca les w i t h  a tnermal to epithermal 
neutron r a t i o  from u n i t y  t o  2,000, and have introduced l O I 3  t o  10 l6  phosphorus 
cm". 
l a t t i c e  damage are being studied, and e l e c t r i c a l  property -easurements are 
i n  use t o  deterrrine the c a r r i e r  concentration, n o b i l i t y ,  and m ino r i t y  c a r r i e r  
l i f e t i m e  as a funct ion of the t o t a l  f l u x .  thernal /epi ther-a1 r a t i o ,  and anneal- 
ing requirements. E lect ron microscope and microscopic spreading resistance 

The times and temperatures required t o  remove (n,y) and f a s t  neutron 

t e s t  specimens are also being evaluated a t  
9h 

measurements are i n  progress, and 
other labora tor ies  as regards t h e  
\io1 tage power r e c t i f i e r s  and thyr  

r performance as avalanche detectors,  h 
s to rs ,  d d  so la r  c e l l s .  
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4) Future Plans 

Af te r  the f i r s t  stage cf the research progran i s  ;.re11 advanced, and 
d e f i n i t i v e  r e s u l t s  on the r o l e  played by the nonunifor3 d i s t r i b u t i o n  of 
dopants have been obtained, the emphasis w i l l  s h i f t  tc:.rard studies of  
e lect ron-hole recombination processes. This p a r t  of the progran w i l l  r e l y  
heav i l y  on a c lose  i n te rp lay  between experimental and theore t ica l  research. 
Advanced o p t i c a l  techniques and spin-resonance (where zopl icable) w i  1 1  be 
used to determine the l a t t i c e  s i tes ,  concentration, energy leve ls  and I i f e -  
times associated w i t h  those impur i t ies  and p o i n t  inper fect ions which i n t r o -  
duce deep t raps and ac t  as recombination centers. 
locat ions,  g r a i n  boundaries, and surfaces i n  promoting reconbination and 
thus reducing the m ino r i t y  c a r r i e r  l i f e t i m e  w i l l  be t toroughly studied by 
op t i ca l ,  Auger electron, LEED and e lec t ron  microscopy techniques. The 
theore t ica l  work w i l l  be d i rec ted  toward a determination of the energy 
leve ls ,  wave funct ions and l i f e t i m e s  of e lect rons and holes a t  deep traps 
and i n  the v i c i n i t y  of l i n e  and surface imperfections. These are  pa r t i cu -  
l a r l y  important studies because the u l t ima te  success of photovo l ta ic  con- 
version as an a l t e r n a t i v e  source o f  energy i s  l i k e l y  t o  depend on the possi-  
b i l i t y  of us ing  polycrystar  : ine,  amorphous or h igh l y  ii-pure s i l i c o n  o r  o ther  
mater ia ls .  

The r o l e  played by d i s -  

S ing le c r y s t a l  ingots of s i l i c o n  w i l l  be g r o m  by f l o a t  zone r e f i n i n g  
and Czochralski p u l l i n g  and a systematic study w i l l  be nade o f  the requi re-  
ments for con t ro l  o f  po in t  defects,  defect  c lus te rs ,  d is locat ions,  twins, 
stacking f a u l t s  and unwanted chemical impur i t ies .  Crystals w i th  vary ing 
concentrations o f  those i rnour i t ies most f requent ly  found i n  s i l i cc ln  w i l l  be 
grown f o r  use i n  l i f e t i m e  studies.  Samples o f  s i l i c o n  f ro3  newer growth 
processes such as edge-defined, f i lm- fed  growth and in te rna l  zone growth 
w i l l  be procured an2 prepared f o r  tes t ing .  
I I I-V, I I - V I ,  po lyc rys ta l  l i ne ,  amorphous and organic seiiconductors w i  11 be 
surveyed. The possible use o f  Shottky b a r r i e r s  instead o f  p-n junc t ions  w i l l  
be explored because such an approach may lead t o  s i - p l i f i e a  fab r i ca t i on  pro- 
cedures and hence reduced costs.  

Studies of grodth rethods f o r  

5) Survey of Key Results t o  Date 

The most ser ious problem tha t  was an t ic ipa ted  w i th  the nuclear doping 
technique was the removal of r a d i a t i o n  damage tha t  i s  introduced as a coa- 
sequence o f  (n,y) r e c o i l s  fo l low ing  thermal neutron absorption, and as a 
consequence o f  a l l  o ther  damage mechanisms ac t iva ted  by the reactor  i r r a d i a -  
t ion .  We have now produced phosphorus concentrations i n  s i  1 icon from 1 O l 3  
t o  10 l6  cm'3 by neutron doping, and i n  a l l  cases have been able t o  recover 
the c a r r i e r  m o b i l i t y  and a substant ia l  percentage o f  the c a r r i e r  l i f e t i m e  by 
su i tab le  annealing schedules. We f i nd  tha t  genera l ly  the n o b i ! i t y  re turns 
t o  normal a t  lower temperatures than the l i f e t i m e ,  but as the annealing study 
i s  Incomplete a t  t h i s  t i m e  we do not know the upper ! '? i t ,  if any, o f  l i f e -  
t i me recovery. 
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ABSTRACT 

The e f f i c i e n c y  of s i l i c o n  s o l a r  c e l l s  has beer increased 

s i g n i f i c a n t l y  i n  the  l a s t  few years ,  p a r t i c u l a r l y  a f t e r  t he  

in t roduct ion  of t h e  v i o l e t  c e l l .  With the  onset  of the t e r -  

r e s t r i a l  photovol ta ic  program, it  becaine apparent t h a t  techniques 

should be found f o r  high e f f i c i ency  incxljensive s o l a r  ce l l s .  

This Grant was glven j u s t  f o r  such a purpose. The ac tua l  work 

has proceeded along the  l i n e s  which a r e  bas i c  t o  inexpensive 

technologies,  such a s  the  use of CZ c r y s t a l s ,  chemical sur face  

prepara t ion ,  s h o r t  j unc t ion  formation I n  quan t i ty ,  back junc t ion  

formation by simple a i loy ing ,  no clean room operat ion,  e t c .  

Progress i n  e f f i c i e n c y  during the gran t  per iod was continuous 

and the  20% e f f i c i e n c y  has been j u s t  about reached by t h i s  time 

a s  is i nd ica t ed  i n  t h e  a t tached  f igu res .  The reason f o r  t he  

gradual improvement i s  t h a t  na ture  r e s i s t s  the  idea of l a rge  

jumps; improvement . i n  one parameter usua l ly  r e s u l t s  i n  degrada- 

t i o n  of another and t h i s  continuous c ros s  t a l k  i s  t h e  reason f o r  

graduality. 

Much of t h e  e f f i c i ency  of s i l i c o n  s o l a r  c e l l s  was l imi t ed  by 

the  generat ion of t h ree  types of  defec t  states:  

sur face  induced s t a t e s ,  and sur face  s t a t e s .  The magnitude and 

d i s t r i b u t i o n  of these  de fec t s  a f f e c t  t h e  t h ree  bas i c  parameters,  

photocurrent ,  photovoltage and f i l l  f a c t o r .  

bulk s t a t e s ,  
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A. Current 

The quantum yield of the cells have been improved continuously. 

The short wavelength response is controlled by defect states near 

the front junction while the red response is controlled by bulk 

states and by defects generated near the back surface. The total 

collection efficiency is approximately 78% at the moment for flat 

surfaces but can be increased by some 5-6% with textured surfaces. 

There is clearly room for continued improvement in the current 

collection efficiency. 

B e  Photovoltage 

The complex matter .of photovoltage has been attached heavily 

both theoretically and experimentally. 

treatment indicates that the practical limit of a room temperature 

A general mathematical 

photovoltage of about 600 mV is controlled by surface thermal 

generation current. 

retically identified with this work and, therefore, gives an 

important guideline for the experimental approaches. We believe 

that with sufficient experimental effort, the photovoltage coilld 

be raised much above 600 nV. 

We believe that the problem has been theo- 

C. Fill Factor 

Great improvements have been accomplished in the control of 

the fill factor and it can now be held very closs to the ideal 

value; namely in the range of 78-808.  These excellent results 

indicate the potential return that can be obtained by minimi- 

67 zation of defect states. 



The combined theoretical and. experiittental effort which went 

in many directions during the grant could not encompass detailed 

studies.of all the related phenomena but  has been instrumental 

in establishing a range of parameters that can provide consistently 

high conversion efficiencies. 
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SHEET RESISTANCE OF DIFFUSED PHOSPHORUS UYER AS A 
FUNCTION OF TEMPERATllRE (10 MIN.) 

t 1 . 3  0.95 1.0 
1000/T(”K)  
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TABLE FGR DIFFERENT aACK LAYERS 

Compound 

B g l a s s  

Ga glass 

CeO2 

Cr 

S i  (p-type) 

T i  

Ta2O5 

Ni 

S i 0  

Si (me ta l lu rg ica l )  

G e  

hoO3 

Mn 

MO 

v 

Sn 

A1203 

P a p  

B203 

Character  - 
P-tYPe 

n-type 

n-type 

P-tYPe 

n-type 

P-tYPe 

P-tYPe 

n-type 

n-type 

>-type 

n-type 

n- type 

11- type 

3 

? 

n-type 

P-tYPe 

n-type 

? 

Remarks 

spin-on 

spin-on 

electroil beam 

f i lament  

e l e c t r o n  beam 

f i lament  

e l e c t r o n  beam 

e l e c t r o n  beam 

e l e c t r o n  beam 

e l e c t r o n  beam 

e l e c t r o n  beam 

e l e c t r o n  beam 

e l e c t r o n  beam 

e l e c t r o n  beam 

e l e c t r o n  beam 

e l e c t r o n  Learn 

electron beam 

e l e c t r o n  bean 

e l e c t r o n  beam 
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ACCEPTOR CONCENTRATION ( ~ r n ' ~ )  

CALJJLAS'ED PHOTOVOLTAGE FOR TWO CELL THICKNESSES. THE PARALLEL LINES 
ARE FROM THE BULK CONTRIBUTION ALONE (CONVENTIONAL), AT ',OW DOPING 
LEt'LS iMPROVEMENTS ARE SEEN FROM REDUCED REAR RECOMBIh.'ION, AT 
HIGh DOPING REVERSE CURRENT OF TOP LAYER LWITS PHOTOVOI'.IGE. 
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SUI.iC'WY OF KEY RESULTS 

IilPROVED TAXALUM OXIDE COATIiiGS 
TEXTURING NAY LEAD TO LOX TEW! DEGRADATIOiS 
HIGii FILL FACTORS AROW 80% 
BETTER UXDERSTNlDIilG OF PHOTOVOLTAGE PROBLUB 
HIGHER PiOTOVOLTAGE, MOVE 600 MV 
BETTER RESPOiiSE 
EFFICIEiSCY HEAR OR AT 20% 
EF F I C I EiKY II?PROKS WITH COfXElTRAT I ON 

PLANNED ACTIVITY FOR NEXT 6 MONTHS 

GRANT ENDS I N  AUG, 1975; RENEWAL REQUESTED 

I F  RENEWED, THE EFFICIENCY RANGE ABOVE 20% WOULD 
BE EXAMINED. INCLUDING BASIC RESEARCH ON EFFECTS 
OBSERVED BUT NOT WELL UNDERSTOOD 

88 



SOLAR SILICON DEFINITION GRANT 

AER 75 - 03972 
PRINCIPAL INVESTIGATOR DR. G o  F. WAKEFIELD 

TEXAS INSTRUMENTS INCORPORATED 
DALLAS, TEXAS 75222 

This p ro jec t  i s  being conducted t o  define a prel iminary chemical p u r i t y  
spec i f i ca t ion  fo r  so lar  grade s i l icon.  
u t i  1 i za t i on  of less pure (than semiconductor grade) s i  1 icon t o  manufacture 
so la r  c e l l s  having e f f i c ienc ies  of a t  least  10% AMO. Lower p u r i t y  solar 
s i l i c o n  should be obtainable f o r  s i g n i f i c a n t l y  reduced cost than semicon- 
ductor s i l icon,  since lower cost processing approaches could be u t i l i zed .  
The c r i t i c a l i t y  of t h i s  goal i s  e a s i l y  appreciated from the f a c t  tha t  s i l i c o n  
presently cont r ibutes 20% t o  cost o f  so lar  panels. R2duction o f  the panel 
cost t o  one tenth present cost i s  obviously mater ia l  l imited. Economies of 
scale and learn ing do not forecast the required cost reduction since semi- 
conductor s i l i c o n  i s  already an established, r e l a t i v e l y  large scale industry. 
This program was thus conducted on a compressed time scale t o  a l low e a r l i e s t  
consideration of  the reduced p u r i t y  requirements. 

The spec i f i ca t ion  should permit the 

The approach on t h i s  p ro jec t  was t o  prepare c rys ta l s  from high p u r i t y  
s i l i c o n  doped to known leve l  w i t h  many c m n  impurit ies. This impure s i l i c o n  
was fabr icated into small area diodes and so la r  c e l l s  to  evaluate the e f f e c t  
of the impur i t ies  on device performance. 
charac ter is t i cs  (w i th  emphasis on the slope o f  the recombination and i n j e c t i o n  
influenced curves), the photoresponse behavior and 1 i f e t ime  measurement by 
photoconductive decay technique. Following se lect ion r .  the maximum levels  
of  ..tipurities to le rab le  w i t h i c  the performance c r i t e r i a ,  samples o f  impure 
s i l i c o n  were fabr icated i n t o  so lar  c e l l s  by several so lar  c e l l  manufacturers. 
Tile performance o f  these c e l l s  was compared t o  performance of c e l l s  fabr icated 
simultaneously from semiconductor s i l i c o n  by the same manufacturer t o  e l im ina te  
processing variables. 
several ppm o f  most comnon impur i t ies  were to le rab le  i n  the raw material s i l i c o n  
used f o r  c rys ta l  growth. The impure s i l i c o n  provideo fo r  so la r  c e l l  manufacturers 
tes ts  was grown from s i l i c o n  containing 
studied, f o r  a t o t a l  impurity leve l  of 

Measurements were made o f  the I - V  

The resu l t s  o f  the diode evaluation showed tha t  up to  

10 ppm o f  each o f  the impur i t ies  being 
129 ppm i n  the melt. 

The so lar  c e l l s  made from the impure s i l i c o n  were consis tent ly  lower i n  
performance by .5 t o  1% absolute from a l l  sources. The Voc and lac were reduced 
.5750 t o  ,565 V and 31 t o  20 rna/an2 f o r  2" diameter c e l l s  semicon uctor  grade 
s i l i c o n  and the impure s i l i c o n  respectively. Ce l ls  from t h  i m  u e s i l i c o n  thOs 

level. 
normal d i s t r i b u t i o n  shape o f  the y i e l d  curve tend t o  support the v a l i d i t y  o f  
the data. 

performed 9VXf as we l l  as c e l l s  made from s i l i c o n  having 10 f L p 5  10 higher p u r i t y  
The consistency o f  data from several sources o f  fabr ica t ion  and the 

A pre l iminary spec i f i ca t ion  was drafted, reviewed w i t h  government and 
producers, and included i n  the grant f i n a l  report. 
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