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1. SUMMARY 

The o v e r a l l  ob.j,ective of t h i s  program i s  t o  d e f i n e  t h e  e f f e c t s  

of i m p u r i t i e s ,  var ious  thermochemical processes ,  and any impur i ty- '  

process  i n t e r a c t i o n s  on t h e  performance of t e r r e s t r i a l  s i l i c o n  s o l a r  

c e l l s .  The r e s u l t s  of t h e  s tudy form a  b a s i s  f o r  s i l i c o n  producers ,  

wafer manufacturers,and c e l l  f a b r i c a t o r s  t o  develop appropr i a t e  c o s t -  

b e n e f i t  r e l a t i o n s h i p s  f o r  t h e  use  of l e s s  pure,  l e s s  c o s t l y  S o l a r  Grade 

s i l i c o ~ i .  

We have performed t h e  f i r s t  repor ted  de termina t ions  of  t h e  

segrega t ion  c o e f f i c i e n t s  of tungs ten ,  tantalum, and cobal t  f o r  t h e  

Czochralski p u l l i n g  yf s i l i c o n  s i n g l e  c r y s t a l s .  S e n s i t i v e  neutron 

a c t i v a t i o n  a n a l y s i s  was used t o  determine t h e  metal impuri ty  content  of 

t h e  s i l i c o n  (CS) while atomic absorp t ion  was used t o  measure t h e  metal  

conten t  of t h e  r e s i d u a l  l i q u i d  (CL) from which t h e  doped c r y s t a l s . w e r e  

grown. The e f f e c t i v e  segrega t ion  c o e f f i c i e n t s  computed from t h e  r e -  
-8 - 8 - 5 1 a t i o n . k  = C s / C L  were kw = 1 . 7 ~ 1 0  , kTa = 2 . 1 ~ 1 0  and kCo = 1x10 . e f f  

The previous ly  repor ted  va lue  k  = 4 . 5 ~ 1 0 ' ~  was a l s o  confirmed. 
Mo 

Ge t t e r ing  of Ti-doped s i l i c o n  wafers improves c e l l  performance 

by 1 t o  2 %  (absolu te)  f o r  t h e  h ighes t  temperatures  and longes t  t imes.  

HCk i s  more e f f e c t i v e  than POCR t rea tments  f o r  JeacLiva t ing  T i  bu t  3 
POCR3 and HCR produce e s s e n t i a l l y  i d e n t i c a l  r e s u l t s  f o r  Mo o r  Fe. De- 

t a i l e d  anal.ysis by deep l e v e l  transient spectroscopy (DLTS) i n d i c a t e s  

t h a t  t h e  performance improvement i s  due t o  a  reduct ion  i n  t h e  number of  

ar.t.i.ve recombination c e n t c r s  no t  t o  a  change i l l  the recombination 

energy l e v e l .  The reduct ion  i n  t r a p  c e n t e r  d e n s i t y  i s  no t  uniform 

through a  s i l i c o n  wafer, but  i s  lowest near  t h e  phosphorus-rich junc t ion  

reg ion  then  inc reases  with d i s t a n c e  i n t o  the  wafer even tua l ly  becoming 

cons tan t  a t  a  va lue  equal t o  t h a t  i n  t h e  bulk ma te r i a l  be fo re  t h e  g e t t e r i n g  

opera t ion .  



The measured p r o f i l e  f o r  T i  c e n t e r s  formed a f t e r  an 8 5 0 ' ~  

g e t t e r i n g  opera t ion  was f i t t e d  by a  mathematical express ion  f o r  t h e  

o u t - d i f f u s i o n  of an impuri ty  spec i e s .  From t h e  f i t  o f  t h e  d a t a  we 
2 c a l c u l a t e d  a  d i f f u s i o n  cons tan t  1 . 2 7 x 1 0 - ~ ~  cm / sec ,  a  va lue  c l o s e  

t o  t h a t  ex t r apo la t ed  from high temperature d a t a  i n  t h e  l i t e r a t u r e .  

Ge t t e r ing  d a t a  f o r  Mo imply t h a t  t h i s  impuri ty  d i f f u s e s  much more slowly 

i n  s i l i c o n  than does T i .  

By nieans of  c e l l  performance d a t a  and t h e  newly-measured 

segrega t ion  c o e f f i c i e n t s  we have computed curves t o  p r e d i c t  t h e  va r i a t i on  

i n  c e l l  e f f i c i e n c y  wi th  impuri ty  concent ra t ion  f o r  Mo, Ta, W ,  Nb and Co, 

m a t e r i a l s  commonly employed i n  t h e  cons t ruc t ion  of  high temperature 

s i l i c o n  processing equipment. Co behaves much l i k e  Mn and Fe producing 

only  modest performance degrada t ion .  I n  c o n t r a s t  Mo, Ta, W and Nb a l l  

degrade c e l l  performance seve re ly .  

Using d a t a  f o r  second and t h i r d  genera t ion  n-base ingo t s  we 

updated t h e  c e l l  performance curves f o r  s i n g l e i m p u r i t i e s  i n  n- type 

s i l i c o n .  Most i m p u r i t i e s  degrade n-base c e l l s  l c s s  than p-base devices .  

The e f f e c t  i s  l a r g e s t  f o r  Mo, A l ,  Mn, Ti  and V whi le  Fe and C r  behave 

much t h e  same i n  both types  of s o l a r  c e l l s .  I n  c o n t r a s t  N i  and Cu both 

degrade n-base devices  (apparent ly  by a juriction mechanism) more s e v e r e l y  

than  p-base c e l l s .  



2 .  INTRODUCTION 

This  i s  t h e  15'th q u a r t e r l y  r epo r t  desc r ib ing  a c t i v i t i e s  . 

conducted under JPL Contract  954331. Phase I11 of  t h i s  program i s  

e n t i t l e d  "An Inves t iga t ion  of t h e  E f f e c t s  of  Impur i t i e s  and Processing 

on S i l i c o n  S o l a r  Cells." 

The ob jec t ive  of  t h i s  program i s  t o  determine how thermal processes ,  

impur i t i e s ,  and impuri ty-process  i n t e r a c t i o n s  a f f e c t  t he  p r o p e r t i e s  of 

s i l i c o n  and t h e  performance of t e r r e s t r i a l  s o l a r  c e l l s  made from s i l i c o n .  

The development of t h i s  d a t a  base permits  t h e  d e f i n i t i o n  of t h e  t o l e r a b l e  

impuri ty  l e v e l s  i n  a  low-cost S o l a r  Grade S i l i c o n .  In  a d d i t i o n , t h e  d a t a  

provide t h e  s i l i c o n  manufacturer with a  means t o  s e l e c t  m a t e r i a l s  o f  

cons t ruc t ion  which minimize product contamination and permit t he  c o s t -  

e f f e c t i v e  s e l e c t i o n  of chemical processes  f o r  s i l i c o n  p u r i f i c a t i o n .  For 

t h e  s i l i c o n  ingo t ,  s h e e t ,  o r  r ibbon manufacturer,  t h e  information i n d i c a t e s  

what s i l i c o n  feedstock p u r i t y  must be s e l e c t e d  t o  produce wafers s u i t a b l e  

f o r  c e l l  product ion and what furnace m a t e r i a l s  minimize wafer contaminat ion.  

The c e l l  manufacturer may use t h e  impur i ty -ce l l  performance r e l a t i o n s h i p s  

t o  d e f i n e  an acceptab le  wafer p u r i t y  f o r  c e l l  f a b r i c a t i o n  and t h e  hea t  

t rea tment  data  t o  i d e r ~ t i f y  processes  which minimize impuri ty  impact on 

e f f i c i e n c y .  In s h o r t ,  t h e  impuri ty  d a t a  provide a  b a s i s  f o r  cos t -  

b e n e f i t  a n a l y s i s  t o  t he  producers and u s e r s  of  S o l a r  Grade S i l i c o n .  

The Phase I11 e f f o r t  encompasses f i v e  major t o p i c s ,  s e v e r a l  o f  

which r ep re sen t  new d i r e c t i o n s  f o r  our  work: ( 1 )  examinatinn of t h e  

i n t e r a c t i o n  of impur i t i e s  with processing t r ea tmen t s ,  (2) genera t ion  of  

a d a t a  base and modeling of impuri ty  e f f e c t s  i n  n-base s o l a r  c e l l s ,  (3)  

extens ion  of  previous p-base s t u d i e s  t o  inc lude  impur i t i e s  l i k e l y  t o  be 

introduced dur ing  s i l i c o n  product ion,  r e f i n i n g  o r  c r y s t a l  growth, (4) 

a  cons idera t ion  of t h e  p o t e n t i a l  impact of a n i s o t r o p i c  (nonuniform) 

impuri ty  d i s t r i b u t i o n  i n  l a rge  Czochralski  and r ibbon s o l a r  c e l l s  and, 



(5) a  pre l iminary  i n v e s t i g a t i o n  of t h e  of  impuri ty  e f f e c t s  i n  

s i l i c o n  s o l a r  c e l l s .  

During t h i s  p a s t  q u a r t e r  experimental a c t i v i t y  proceeded i n  

each of t h e  f i v e  t a sk  a r e a s :  (1') The e f f e c t  o f  HCR high temperature 

t rea tment  on t h e  e l e c t r i c a l  a c t i v i t y  of T i ,  Mo and Fe was determined; 

d e t a i l e d  a n a l y s i s  of  g e t t e r i n g  mechanisms -was performed and modeling of 

t h e  impuri ty  behavior  was i n i t i a t e d ,  ( 2 )  s o l a r  c e l l s  on n-base ma te r i a l  

were f a b r i c a t e d  and t e s t e d  and model c o e f f i c i e n c t s  f o r  t h e  impurity- 

performance r e l a t i o n s  were der ived ,  (3) f u r t h e r  d a t a  desc r ib ing  t h e  

e f f e c t s  of  Ta, W ,  Nb, and Co on s o l a r  c e l l  performance were gathered and 

analyzed,  (4) 7 . 6  cm diameter  i ngo t s  doped with Fe and Cu and 3  t o  4  cm 

wide s i l i c o n  webs doped with Ti  and V were grown t o  eva lua t e  t h e  e f f e c t s  

of  p o t e n t i a l  non-uniform impuri ty  d i s t r i b u t i o n s a n d  (5) aging t rea tments  

on T i  and Mo doped c e l l s  were extended t o  900°C; aging s t u d i e s  of  Cr-doped 

i n g o t s  were i n i t i a t e d .  

The h i g h l i g h t s  of t hese  s t u d i e s  a r e  descr ibed  i n  t h e  fol lowing 

s e c t i o n s  of t h e  r e p o r t ,  



3 .  TECHNICAL RESULTS 

3 .1  Growth and Evaluat ion of  S i l i c o n  Ingots  

Major o b j e c t i v e s  of t h i s  a c t i v i t y  have been t o  provide ingo t s  

purposely contaminated with con t ro l l ed  add i t i ons  o f  metal impur i t i e s  f o r  

subsequent e l e c t r i c a l  and s o l a r  c e l l  eva lua t ion  and a l s o  t o  a s s e s s  t h e  
. . .  . 

e f f e c t s  o f  impur i t i e s  on ingot  micros t ruc ture .  During t h i s  q u a r t e r ,  i n  

addi t ion  t o  t he  p repa ra t ion  and a n a l y s i s  o f  t h e  metal-doped Czochralski  

i ngo t s ,  we have a l s o  made t h e  f i r s t  d i r e c t  measurements repor ted  f o r  W 

and Ta segrega t ion  c o e f f i c i e n t s ,  updated segrega t ion  d a t a  f o r  Mo and Co 

and determined t h e  c r i t i c a l  Nb, C r  and Fe concent ra t ions  a t  which t h e  

l o s s  of s i n g l e  c r y s t a l  s t r u c t u r e  occurs .  

3 .1 .1  Segregat ion Coef f i c i en t s  o f  T rans i t i on  Metals 

A s  we have pointed out  be fo re ,  1 '2 convent ional  spark source 

mass spectrometry (SSMS) and neutron a c t i v a t i o n  a n a l y t i c a l  (NAA) methods 

lack s u f f i c i e n t  s e n s i t i v i t y  t o  d e t e c t  elements such a s  W ,  Ta, and Mo 

which, because of t h e i r  r e l a t i v e l y  sma l l . s eg rega t ion  c o e f f i c i e n t s ,  a r e  

present  only a t  low l e v e l s  i n  s i l i c o n  s i n g l e  c r y s t a l s .  Nevertheless ,  t h e s e  

elements even a t  low concent ra t ions  have profound e f f e c t s  on s o l a r  c e l l  

perfnrmance. 1 , 2  A fnllrth e l e m e n t ,  Co, can be de tec ted  by SSMS but  t h e  

a n a l y s i s  o f  t h e  d a t a  i s  hindered by t h e  background from nearby s i l i c o n  

l i n e s .  Spec ia l  techniques t o  e x t r a c t  t h e  concent ra t ion  da t a  can be 
3 

employed but  t h i s  approach inc reases  t h e  unce r t a in ty  i n  t he  a n a l y t i c a l  

r e s u l t .  For t h i s  reason ingo t s  bear ing  these  impur i t i e s  were sub jec t ed  

t o  s e n s i t i v e  NAA a t  t h e  Kraftwerk Union. 
1 

We g i v e h e r e  a  pre l iminary  

r epor t  o f  t h e  da.t.a; a more rletai l.ed eva lua t ion  w i l l  fo l low.  

In Table 1 a r e  compiled, t h e  most c u r r e n t  values we have der ived  

f o r  t he  segrega t ion  c o e f f i c i e n t s  of  impuri ty  elements i n  s i l i c o n  c r y s t a l s  

produced by  Czochralski  p u l l i n g .  With t h e  except ion of Mo, Ta, lV, Co 



and Nb, t h e  d a t a  r ep re sen t  t h e  weighted averages o f  many samples analyzed 

by SSMS, convent ional  NAA and s e n s i t i v e  NAA. y 2  In t he  case  of Mo two 

a n a l y t i c a l  da t a  po in t s  both from Kraftwerk Union (and i n  c l o s e  agreement 
- 8 with  each o the r )  were used t o . d e r i v e  t h e  va lue  k  =4.5x10 For Ta and 

- 8 - 8 Mo 
W t h e  values kTa=2.1x10 and k  =1.7x10 a r e  each c a l c u l a t e d  on t h e  

W 
b a s i s  o f  one a n a l y t i c a l  measurement by s e n s i t i v e  NAA. The s i m i l a r i t i e s  

i n  magnitude f o r  t h e  segrega t ion  c o e f f i c i e n t s  of Mo, Ta, and W might be 

expected on the  b a s i s  o f  t h e  proximity o f  t h e  elements i n  t h e  Pe r iod ic  

Table,  a  f a c t  which g ives  f u r t h e r  c r e d i b i l i t y  t o  t h e  a n a l y t i c a l  r e s u l t .  

- 6 
Previously we had der ived  a  va lue  of 3 . 7 ~ 1 0  f o r  t h e  segrega t ion  

c o e f f i c i e n t  of Co i n  s i l i c o n .  The r e s u l t  was somewhat compromised by 

t h e  high s i l i c o n  background on t h e  SSMS p l a t e .  S e n s i t i v e  NAA p l aces  

t h e  Co segrega t ion  c o e f f i c i e n t  a t  1x10-' a s  l i s t e d  i n  Table 1. We 

adopted t h e  l a t t e r  r e s u l t ,  based on our  judgement of t h e  r e l a t i v e  

u n c e r t a i n t i e s  i n  t he  SSMS and NAA va lues .  Moreover, t h e  new va lue  f o r  

Co i s  more c o n s i s t e n t  with t h e  segrega t ion  c o e f f i c i e n t s  of  Mn, Fe, and 

N i  t o  which Co i s  chemical ly s i m i l a r .  

- 7 Finally,we have es t imated  a  va lue  of  about 10 f o r  Nb based 

p r i m a r i l y  on i t s  p o s i t i o n  r e l a t i v e  t o  Ta and V ,  i t s  neighbors  i n  t h e  

Pe r iod ic  'I'able. (We have n u t  yeL been a b l e  t o  d e t c c t  Nb by SSMS i n  even 

t h e  most heav i ly  doped i n g o t ,  W-167. This  p laces  an upper l i m i t  o f  
14 -3 

1 . 5 ~ 1 0  cm on t h e  ingot  concen t r a t ion .  We p lan  t o  at tempt  a  s lower 

.growth r a t e  t o  i nc rease  t h e  Nb concent ra t ion  without caus ing  ingo t  

s t r u c t u r e  breakdown). 

3 .1.2 Ingot  S t r u c t u r a l  Breakdown Via C o n s t i t u t i o n a l  Supercooling 

We continue t o  compilo data rwlabiiig i ngo t  srnlr.t.iirc t o  t h e  

contamination l e v e l  of t h e  s i l i c o n  feedstock from which t h e  ingo t  i s  

grown. This  information w i l l  be  used i n  a  d e t a i l e d  assessment of t h e  

c o s t - b e n e f i t  t r a d e o f f  f o r  s o l a r  grades o f  s i l i c o n  ( see ,  e . g .  Reference 1 ) .  



Table 1 ' .  Segregation Coefficients 

Element Segregation Coefficient 



I t  i s  wel l  e s t a b l i s h e d  t h a t  when t h e  l i q u i d  impuri ty  

concent ra t ion  exceeds a  c r i t i c a l  va lue  C s i n g l e  c r y s t a l  s t r u c t u r e  breaks R 
down v i a  c o n s t i t u t i o n a l  t o  a  c e l l u l a r - p o l y c r y s t a l l i n e  

morphology. Increas ing  the  c r y s t a l  p u l l i n g  r a t e  O r  t h e . c r y s t a 1  diameter  

reduces a t  c r t i c a l  concent ra t ion  f o r  t h e  -onset of s t r u c t u r a l  degrada t ion .  

In Figure 1 ,  we show curves desc r ib ing  t h e  expected v a r i a t i o n  

i n  C "  with growth speed o v e r l a i d  with measured d a t a  f o r  i n g o t s  doped with 
R 

Nb, C r  and Fe, r e s p e c t i v e l y .  As f o r  o t h e r  impur i t i e s  we have s t u d i e d ,  

t h e  t r a n s i t i o n  t o  c e l l u l a r  s t r u c t u r e  occurs  a t  impuri ty  concenTrations i n  

t h e  mid 1020cm-3 Note the  d a t a  po in t  f o r  Fe ( ingo t  W-173) i s  

f o r  a  3 .8  cm r a d i u s  ingot  and f a l l s  'below t h e  po in r s  f u r  the 1 . 0  clil 

i n g o t s  bear ing  Nb and C r .  This  .wou.ld be expected due t o  t he  reduced 

thermal g rad ien t  i n  t h e  l a r g e r  s i z e  i n g o t s .  

3 .1 .3  Ingot  Prepara t ion  

S ix teen  ingo t s  (W172 t o  W188, i n c l u s i v e )  were grown by Czochralski 

p u l l i n g  during t h i s  q u a r t e r ,  u s ing  t h e  same techniques and condi t ions  

descr ibed  i n  previous r e p o r t s .  S i x  of  t h e s e  were second, t h i r d  and 

fou r th  genera t ion  ingo t s  doped with boron and e i t h e r  Co, Nb, Ta o r  W t o  

a s s e s s  t h e  iinpact of m a t e r i a l s  of cons t ruc t ion  on s o l a r  c e l l  performance. 

The r e s t  o f  t he  ingo t s  were designated f o r  compensation s t u d i e s ,  g e t t e r i n g  

and h e a t  t r e a t i n g  experiments and t o  complete our  d a t a  base on impur i ty  

e f f e c t s  i n  n-base s i l i c o n  s o l a r  c e l l s .  

A s  i n  t h e  p a s t  we have c o l l e c t e d  t h e  a n a l y t i c a l  da t a  f o r  a l l  

i n g o t s  i n  Appendix 1. L i s t ed  t h e r e  a r e  t h e  i n g o t s ,  t h e  t a r g e t  impur i ty  

concent ra t ions ,  impur i ty  concent ra t ions  based on melt  ana lyses  and 

measured impuri ty  concent ra t ions  (SSMS). 2 ' 4  Table 2  l i s t s  ou r  b e s t  

e s t ima te  of  t h e  impuri ty  concent ra t ion  i n  each of  t h e  ingo t s  grown f o r  t h e  

Phase I11 s tudy .  Note t h a t  t hese  e s t ima te s  have been r e v i s e d  t o  r e f l e c t  

t h e  new va lues  f o r  t h e  segrega t ion  c o e f f i c i e n t s  of  W ,  Co, and Ta. The 
- 7 es t imated  Nb concent ra t ions  a r e  based on the  assumption kNb%10 



Curve 71  5943-A 

Figure 1 Predicted variation of critical 1iquid.impurity concentration 
for crystal breakdown with crystal growth velocity during 
Czochralski pulling of silicon. Data points represent impurity 
concentrations at which breakdown actually took place (curves 
assume heat loss to o°K environment, see Reference 2) 



Table 2 -  Best Estimate of Impurity Concentrations 

Ingot Identification 

W-129-00-000 (7.6 cm) 

W-130-00-000 (7.6 cm) 

W-131-Mn-008 (7.6 cm) 

W-138-Mo-005 

W-139-Mo-006 

W-160-Ti-001 (7.6 cm) 

Best Estimate of 
Impurit Concentration 

(x10r5 a t o m s / c m 3 ~  



Table 2. -Best Estimate of Impurity Concentrations (Continued) 

Best Estimate of 

Ingot Identification 

Impurity Concentrations 
(X 1015 atoms/cm3) . 

W-154-N/Cr-003 

W-155-N/Mo-001 

W-156-N/Ma-002 

W-157-N/Ti/v-001 

W-158-N/Ti/V/Cr-001 

~-159-N/Cr/Mn/~i/V-Ool 

W*-160-Ti-001 

W**-161-Ti-002 

w-162-Ni/Ti-001 

W-163-Ni/V-001 

W-164-Ni/Mo-001 

W-165-CO-002 

W-166-Fe-007 

W-167-Nb-001 

W*-168-Ph-002 

W*-169-Ph-004 

W-170-Ph-005 

W-171-W-002 

W-172-Cu-006 (7.6 cm) 

W-173-Fe-008 (7.6 cm) 

w-174-Ta-004 

W-175-W-003 

W-176-00-000 

W-177-~/CrlMn-001 

W-178-N/Mn/Ti-001- 

W*-17 9-Ph-006 

W*-18U-Ti-001 

W-181-Cr-006 

W-182-Cr-007 

W-183-Nb-002 



Table 2. Best Estimate of Impurity Concentrations (Continued) . 

Ingot Identification 

Best Estimate of 
Impurity Concentrations 

3 
(X 1015 atomslcm 

Processing 

Processing 

Processing 

Processing 

* Asterisk indicates low resistivity p-type ingot (< - 1 ohm-cm) 
** 30 ohm-cm p-type ingot 
+ Value based on resistivity measurement 
i-t Assumed k value near 1 x 



3.1.4 Ingot  Evaluat ion 
.-.*,-- 

The r e s i s t i v i t y  and e t ch  p i t  dens i ty  f o r  each ingot  cont inue  t o  

f a l l  c l o s e  t o  the  norms e s t a b l i s h e d  i n  Phases I and I 1  of t h i s  program. 

T h e . r e s i s t i v i t y  and e t ch  p i t  data  f o r  i ngo t s  W-129 through W-187 a r e  

l i s t e d  i n  Table 3. 

The carbon and oxygen concent ra t ions  of  each odd numbered ingo t  

were measured by i n f r a r e d  absorp t ion .  The amplitude of  t h e  absorp t ion  

peaks a t  606 cm-' and 1107 cm-I i s  p ropor t iona l  t o  t h e  carbon and oxygen 

concent ra t ions ,  r e spec t ive ly .  The cons t an t s  of  p r o p o r t i o n a l i t y  used i n  

t hese  measurements were 2 . 2  f o r  carbon and 9 . 6  f o r  oxygenL. We n o t e  t h a t  

normal carbon and oxygen concent ra t ions  i n  Czochralski-grown ma te r i a l  
16 

range from 2.5 t o  50x10 atoms/cm3 f o r  carbon,and from 5 t o  150 x  10 
16 

atoms/cm3 f o r  oxygen; no s i g n i f i c a n t  dev ia t ions  from t h e s e  va lues  were - 

observed i n  t h e  ingo t s  produced t h i s  q u a r t e r ,  v i z .  Table 4.  

3.2 Processing S tud ie s  

Elevated temperature t rea tment  of contaminated s i l i c o n  wafers 

i n  an ambient bear ing  POCR o r  HCR provides one way t o  e l e c t r o n i c a l l y  3 
deac t iva t e ,  o r  g e t t e r ,  t he  impur i t i e s  a f t e r  an ingo t  is  grown. Thus we 

may improve t h e  performance of s o l a r  c e l l s  f a b r i c a t e d  from s o l a r  grades ' 

of  s i l i c o n  with an appropr i a t e  thermochemical process .  We have c a r r i e d  

out a  s e r i e s  of  experiments t o  d e l i n e a t e  t h e  t ime-temperature and chemical 

spec i e s  respnnse f o r  a  number o f  impur i t i e s  which degrade c e l l  performance. 

The improvements i n  c e l l  performance f o r  POCR t r ea tmen t s  were descr ibed  
3  

previous ly ;  recent  r e s u l t s  i n  which HCR was employed t o  e f f e c t  g e t t e r i n g  

a r e  d iscussed  he re .  We a l s o  r e p o r t  some extens ions  t o  t h e  POCR experiments;  
3  

d e t a i l e d  examinations of  t h e s e  r e s u l t s  by deep l e v e l  t r a n s i e n t  spectroscopy 

(DLTS), and model c a l c u l a t i o n s  of impuri ty  g e t t e r i n g .  

3 . 2 . 1  Thermochemical Behavior o f  Impur i t i e s  i n  S i l i c o n  

3 . 2 . 1 .  1 Impurity Ge t t e r ing  by High Temperature HCR Treatment 

Our f i r s t  experiments with HCR a s  a  g e t t e r i n g  medium u t i l i z e d  
3 

t he  same f i v e  impurity-doped i n g o t s  a s  i n  t h e  POCR i n v e s t i g a t i o n s :  
3  



Table 3 ~ e s i s t i v i t ~  and Etch Pit Density 

of Phase I11 Ingots 

TGT Actual ~tch' 
Ingot Resistivity Resistivity Pit Density 
Identification (ohm-cm) (ohm-cm) ( /cm2> 

W-129-00-000 (7.6 cm) 

W-130-00-000 (7.6 cm) 

W-131-Mn-008 (7: 6 cm) 

W-132-Ta-003 

w-133-00-000 

W-134-Ti-009 

W-135-Fe-005 

W-136-Fe-006 

W-137-Ti-010 . 

W-138-Mo-005 

W-139-Mo-006 

W-140-Ti-011 (7.6 cm) 

~-141-~0/Cu-001 

W*-142-00-000 

W*-143-Ti-002 

W*-144-Mo-001 

W-145-W-001 

W-146-CO-001 

W-147-N/Ni-002 

W-148-N/Mn-002 

W-149-N/Fe-003 

W=150-N/V-003 

W**-151-00-000 

W**-1 ,S2-Ti-001 

W-153-N/Ti-003 

W-154-N/Cr-003 

W-155-N/M0-001 

W-156-N/Mo-002 

W-157-N/Ti/V-001 
. . 

W-158-N/Ti/V/Cr-001 

~-159-N/Cr/Mn/~i/V-ool 

4.0 (B) 

4.0 (B) 

4.0 (B) 

4.0 (B) 

4 .0  (HI 

4.0 (B) 

4.0. (B) 

4.0 (B) 

4.0 (B) 

4.0 (B) 

4.0 (B) 

4.0 (B) 

4.0 (B) 

0.2 (B) 

0.2 (B) 

0.2 (B) 

4 (B) 

4 (B) 

1.5 (P) 

1.5 (P) 

1.5 (PI. 

1.5 (P) 

30 (B) 

30 (B) 

1.5 (P) 

1.5 (P) 

1.5 (P) 

1.5 (P) 

1.5. (P) 

1.5 (P) 

1.5 (P) 
. . 

1 K-Gross Lineage 

OK-Gross Lineage 

OK-Gross Lineage 

1 -2OK 

OK-Gross Li~leage 

0-10K 

0-~ross Lineage 

1K-Gross Lineage 

0-Gross Lineage 

0-5K 

0-Gross Lineage 

5K-Gross Lineage 

2K-Gross Lineage 

0-3K 

0-Gross Poly 

0-Gross Poly 

2K-Gross Poiy 

1K-Gross Poly 

2-.25K 

1K-Gross Poly 

3K-Gross Poly 

1=5K 

0-5K 

0-Gross Poly 

0-10K 

3K-10K 

1-4K 

3K-Gross Poly 

1-10K 

1K-gross Lineage 

1-2K 



Table 3 Resistivity and Etch Pit Density 
of Phase I11 Ingots (Continued) 

TGT Actual Etch+ 
Resistivity Resistivity Pit Den ity 

Identification - (oh-an) (ohm-cm) 9 
( /cm 

W*-160-Ti-001 1.0 (B) 

W**-161-Ti-002 30 (B)  

W-162-Ni/Ti-001 4.0 (B) 

W-163-Ni/V-001 4.0 (B) 

W~164-~i/~0-001 4.0 (8) 

W-165-CO-002 

W-166-Fe-007 

W-167-Nb-001 

W*-168-Ph-002 

W*-169-Ph-004 

W-170-Ph-005 

W-171-W-002 

W-172-Cu-006 (7.6 cm) 

W-173-Fe-008 (7.6 cm) 

W-174-Ta-004 

W-175-W-003 

W-176-00-000 

.W-177-~/cr/Mn-001 

W-178-N/M~/T~-001 

W*-179-Ph-006 

W*-180-Ti-001 

W-181-Cr-006 

W-182-Cr-007 

W-183-Nb-002 

W-184-Pd-001 

W-185-Cu/Ti-004 

W-186-CO-003 

W-187-CO-004 

4.0 (B) 

4.0 (B) 

4.0 (li) 

0.5 (B) 

1.0 (B) 

2.9 (B) 

4.0 (B) 

4.0 (B) 

4.0 (B) 

4.0 (B) 

4.0 (B) 

2.0 (P) 

2.0 (P) 

2.0 (P) 

0.35 (b )  

0.5 (B) 

4.0 (B) 

4.0 (B) 

4.0 (B) 

4.0 (B) 

4.0 (B) 

4 :0 (B) 

4.. 0 (B) 

1.3-1.0 2-8K . 

31.8-21.7 . . 1-15K 

4.5-4.0 OK-Clusters 

4.8-4.4 1K-Clusters 

4.7-3.2 OK-Clus ter s 

0-SK 

OK-Gross Lineage 

OK-Poly 

3-10K 

OK 

1-3K 

0-2K 

0-10K 

3K-Poly 

OK-Twin ' 

0-10K 

OK 

OK-Poly 

2K-Poly 

0-2K 

2-5K 

OK Clusters 

0-4K 

0-5K 

0-4K 

0-Poly 

0-2K 

Processing 

see key on next page 



Table 3 R e s i s t i v i t y  and Etch P i t  Dens i ty  
of Phase I11 I n g o t s  (Continued) 

* Low r e s i s t i v i t y  p-type i n g o t  (<1 - ohm-an) 

** Use of double a s t e r i s k  i n d i c a t e s  30 ohm-cm p-type i n g o t .  

+ The f i r s t  f i g u r e  i s  e t c h  p i t  d e n s i t y  of t h e  seed ;  second f i g u r e  e t c h  
p i t  d e n s i t y  of  extreme tang end of  i n g o t .  The f i r s t  va lue  shown i s  
i n d i c a t i v e  of  d i s l o c a t i o n  d e n s i t y  i n  s l i c e s  1 1 s ~ d  for c e l l  f a b r i c a t i o n .  
S t r u c t u r a l  deg rada t ion  commonly o c c u r s  a t  t h e  tang  end of t h e  most 
heavily-doped i n g o t s  due t o  c o n s t i t ~ l t i o n a l .  svpe rcoo l ing .  (1) 



Table  4 Carbon and Oxygen C o n c e n t r a t i o n s  

o f  P h a s e  111 I n g o t s  

Carbon C o n c e n t r a t i o n  Oxygen C o n c e n t r a t i o n  
Ingo t  Number x 1016 atoms/cm3 x 1016 atoms/cm3 

Incomplete Incomple t e  

W-187-Co/-004 Process ing  Process ing  

* .  low r e s i s t i v i t y  i n g o t  
** high r e s i s t i v i t y  i n g o t  
4- Duc t o  f r c c  c a r r i e r  a b s o r p t i o n  i n f r a r e d  methods cannot be used TUL 

carbon and oxygen de te rmina t ion  i n  t h e s e  samples.  



This  approach f a c i l i t a t e s  comparison o f  t h e  c e l l  performance-get ter ing 

d a t a  from both types  of  experiments.  

3 
The experimental approach was s i m i l a r  t o  t h a t  employed b e f o r e .  

We sub jec t ed  impurity-doped and uncontaminated base l ine  ( Ingot  W097) 

wafers t o  var ious  t ime/temperature cyc l e s  i n  t h e  presence of a 1% HC2-O2 

gas.  A f t e r  h e a t  t rea tments ,  t h e  wafers were cooled s lowly t o  ambient 

temperature i n  o r d e r  t o  preserve  t h e  bulk recombination l i f e t i m e .  The 

g e t t e r e d  su r f ace  was etched from t h e  wafers ,  and each was made i n t o  a 

s a l a r  c e l l  v i a  o u r  s tandard  process!'2 Tes t ing  t h e  devices  and a n a l y s i s  

of  t h e  d a t a  completed t h e  experiment.  

So f a r  wafers from t h e  f i v e  impurity-doped i n g o t s  have been 

sub jec t ed  t o  f o u r  thermal t r ea tmen t s :  1 hour a t  1000aC and 1 ,  2 and 4 

hours ,  r e s p e c t i v e l y  a t  llOO°C. The experimental  d a t a  f o r  each ingot  a r e  

compiled i n  Tables  5 t o  9 r e s p e c t i v e l y .  The t r e n d s  of  t h e  d a t a  a r e  more 

e a s i i y  v i s u a i i z e d  with t h e  a i d  of Figures  2 and 3 ,  i n  which t h e  normalized 

s o l a r  c e l l  e f f i c i e n c y ,  rl/o b a s e l i n e ,  i s  p l o t t e d  a s  a func t ion  o f  g e t t e r i n g  

temperature and g e t t e r i n g  t ime,  r e s p e c t i v e l y .  

I t  i s  c l e a r  t h a t  a s  g e t t e r i n g  temperature ( f o r  a f i x e d  time) i s  

r a i s e d , c e l l  performance improves, Figure 2 .  'I'his i s  a r e s u l t  very  s i m i l a r  

t o  t h e  behavior  observed when POCI. was t h e  g e t t e r i n g  ambient3 We would 
3 

a l s o  expect  extending t h e  g e t t e r i n g  time a t  cons t an t  temperature t o  have 

a s i m i l a r  e f f e c t .  This  i s  t r u e  i f  olie cons ide r s  t h e  extreme t imes ,  

Figure 3 .  However ahe curves d i p  a t  2 hours .  The downward cu rva tu re  i n  

t h i s  p l o t  i s  ye t  t o  be explained and i s  i n c o n s i s t e n t  wi th  e a r l i e r  POCR 
3 

experiments .  Deep l e v e l  spec t roscop ic  and dark I - V  measurements a r e  

underway i n  an e f f o r t  t o  understand t h e  apparent  anomaly i n  i so thermal  

d a t a .  
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Curve 71 7068A 

Time, hrs 

HCL Gettering 
llOO°C 

Figure 3 Normalized S o l a r  Ce l l  E f f i c i ency  a s  a Function of Q t t e r i n g  Time i n  
HCR a t  l l O O D C  



TABLE 5 

HCL GETTERING OF TI-DOPED SILICON 

W134Ti009 Ingot  

W097000 Base l ine  

1 HR @ 1000°C 

Base 

Ingot. 

Ingot/Base 

1 HR @ llOO°C 

Base 

Ingot  

Ingot/Base 

2 HRS. @ llOO°C 

Base 

Ingo t  

Ingot/Dase 

4 HRS. @ llOO°C 

Base 

Ingot  



TABLE 6 

HCL,GETTERING OF TI-DOPED SILICON 

W137Ti-010 . Ingot 

W097000 Baseline 

1 HR.  C! 1000°C 

Base 

Ingot  

Ingot /Base 

1 HR.  @ llOO°C 

Base 

Ingot 

Ingot/Base 

-- - 
2 HKS.  C! 1100°C 

Base 

Ingot  

Ingot/Base 

- -  - 

4 HRS. @ l l O O ° C  

Base 

Ingot  

Ingot/Base 



TABLE 7 

HCR GETTERING OF MO-DOPED SILICON 

W138Mo-005 Ingot 

W097000 Basel ine  

T ( ~ s e c )  ocd 

Base 21.30 .548 .735 9.07 3.25 

Ingot 20.29 .524 .707 7.95 .95 

Base 

Ingot 

Ingot/Base 

2 HRS. @ 1100°C 

Base 22.40 .559 .729 9 .65 4.94 ' 

Ingot 20.37 .528 .719 ' 8.19 .94 

Ingot /Base .909 .949 .986 .849 . I92 

4 HRS. @ 1100°C 

Base 

Ingot 

Ingot/Base 



TABLE 8 

HCL GETTERING OF MO-DOPED SILICON 

W139M0-006 Ingo t  

W097000 Base l ine  

Basc 21.60 .550 .722 9.04 3 .58  

Ingo t  18.09 .SO1 .666 6 .39  .53 

1 MR @ 1100°C 

Base 21.75 .552 .736 9 .33  4.75 

I n g o t  18.56 .SO6 .706 7 .01  .74 

2 HRS. @ l l O O ° C  

Base 22 .70  .St53 .750 10.14 5 .20  

I n g o t  

Ingo t  /Base 

4 HR$. @ 1100°C 

Base 

Ingo t  

Ingot /Base  



TABLE 9  

HCR GETTERING OF Fe-DOPED SILICON 

K136FE-006 Ingot  

W097000 Basel ine 

-r (!Jsec) ocd 

Base 

Ingot  

Ingot/Base 

1 I-IR @ llOO°C 
I 

Base 

Ingot  

. . 
2  HRS. @ llOO°C 

Base 22 .0  .556 .746 9 . 7 8  4 . 5  

Ingot  

Ingot/Base 

4 HRS. @ l l O O ° C  

Base 

Ingot  

Ingot/Base 



The most s i g n i f i c a n t  aspec t  of t h e  HCR g e t t e r i n g  s tudy becomes 

apparent  wben t h e  HCk d a t a  and POCR d a t a  a r e  compared a s  i n  Figure 4 .  
3 

A t  any given temperature t h e  HCR t rea tment  is  cons iderably  more e f f e c t i v e  

i n  reducing the  harmful e f f e c t s  of Ti  than i s  POCR3. On t h e  average t h e  

HCR g e t t e r e d  Ti -bear ing  c e l l s  a r e  a f u l l  1% (absolu te)  more e f f i c i e n t  

than c e l l s  subjec ted  t o  POCR t rea tment .  In  c o n t r a s t  HCR and POCR3 3 
t r ea tmen t s  give s i m i l a r  r e s u l t s  when e i t h e r  Mo o r  Fe a r e  being g e t t e r e d .  

Future s t u d i e s  w i l l  b e  aimed a t  i d e n t i f y i n g  t h e  reasons f o r  t h e  d i f f e r e n c e s  

i n  impur i ty  respoiise and ais6 exeeilding rhe ranges of tillies a ~ ~ d  tealpera- 

t u r e s  f o r  HCR g e t t e r i n g .  

11s parr  uf r h e  HCR srudy a complemenrary ser of experlmenrs was 

c a r r i e d  out  t o  eva lua t e  t h e  combined e f f e c t  of back su r f ace  damage and 

HCR t rea tment  on c e l l  performance. .Previous d a t a  suggested t h a t  damage 

enhanced t h e  e f f e c t i v e n e s s  o f  HCR g e t t e r i n g .  Thus, one h a l f  t h e  wafers  

i n  each run were lapped on one s i d e  with S i c  g r i t  p r i o r  t o  thermal t r ea tmen t .  

We found - no s i g n i f i c a n t  d i f f e r e n c e  i n  performance between c e l l s  made on 

t h e  damaged and'undamaged wafers .  Thus t h e  d a t a  i n  Tables 5 t o  9 and 

Figures  2 t o  4 a r e  t h e  averages f o r  a l l  c e l l s  i n  a group. 

3 .2 .1 .2  Extension of POCR, Ge t t e r ing  S tud ie s  
. # .  

E a r l i e r  we showed t h a r  f o r  POCk g e t t e r i n g ,  i ~ ~ c r e a s i ~ ~ g  ~ 1 . 1 ~  
3 

g e t t e r i n g  time ( eons t an t  temperature)  o r  g e t t e r i n g  temperature ( f i x e d  

time) improved t h e  performance.of  Ti  and Fe doped s o l a r  c e l l s ;  Mo-doped 

c e l l s  were only s l i g h t l y  a f f ec t ed .  In  t h e s e  experiments t h e  maximum 

temperature was llOO°C and t h e  longes t  du ra t ion  4 hours .  
. . 

To improve e x t r a p o l a t i o n s  of  t h e  d a t a  t o  wider temperature ranges 

w e  cont inued the  POCR3 s t u d i e s  by t r e a t i n g  Ti-doped wafers  f o r  1 hour 

a t  1200°C. Following t h e  t rea tment  qormalized c e l l  e f f i c i e n c y  rose  t o  

0.58 from 0.51, t h e  va lue  f o r  a 1 hour t rea tment  a t  llOO°C. When t h e  

new d a t a  p o i n t  is p l o t t e d  on Figure2 of Reference 3 it f a l l s  on a smooth 

ex tens ion  of t h e  curve f o r  i ngo t  W137 T i .  Apparently t h e  same g e t t e r i n g  

mechanism p r e v a i l s . o v e r  t h e  i n t e r v a l  from 850°C ( c e l l  d i f f u s i o n )  t o  1200°C. 



Figure 4 Comparison of normalized efficiency for isochronal POCL 
' and HCL gettering (1 hour) 

3 
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3 . 2 . 2  Detai led Analysis  of POCRx Ge t t e r ing  by Deep Level Spectroscopy 

3 . 2 . 2 . 1  T i - d o ~ e d  S i l i c o n  

In the  l a s t  q u a r t e r l y  r e p o r t  we analyzed by DLTS t h e  POCR 
14 -3 . 3  3  

g e t t e r i n g ' o f  ingot  W137Ti, a  c r y s t a l  doped with 2x10 cm T1. The 

g e t t e r i n g  t rea tments  ranged from 1 hour a t  950°C t o  5 hours  a t  1100°C. 

S ince . then  we have completed DLTS measurements on wafers  from t h e  as-grown 

ingo t  and s o l a r  c e l l s  without any g e t t e r i n g .  To accomplish t h e  measure- 

ments t h i r t y  m i l  d iameter  Ti-Au Schot tky  b a r r i e r  diodes were f a b r i c a t e d  

on t h e  as-grown m a t e r i a l .  The r ecen t  r e s u l t s  a r e  compared with t h e  

e a r l i e r  g e t t e r i n g  d a t a  i n  'I'able 10. 

We had e s t a b l i s h e d  previous ly  t h a t  POCR g e t t e r i n g  improved 3  
s o l a r  c e l l  performance p r imar i ly  by reducing t h e  a c t i v e  T i  concent ra t ion  

(nea r  t h e  j u n c t i o n ) , - n o t  by a l t e r i n g  t h e  s t a t e  of t h e  Ti-induced 

recombination c e n t e r  a t  EV+0.30eV. We f i n d  t h a t  t h e  a c t i v e  T i  concent ra t ion  
13 -3 

i n  t h e  as-grown wafer i s  about 7x10 cm , o r  n e a r l y  a  f a c t o r o f  3  l e s s  than 

t h e  me ta l lu rg i ca l  Ti  concen t r a t ion .  In  c o n t r a s t  t h e  a c t i v e  T i  concent ra t ion  
l a  - 3  

i n  t h e  s o l a r  c e l l  (near  t h e  junc t ion)  i s  only 1 . 7 6 ~ 1 0  cm (Table l o ) ,  

a  f u r t h e r  reduct ion  of about a  f a c t o r  of 4 i n  a c t i v i t y .  This  i n d i c a t e s  

t h a t  825°C POCR d i f f u s i o n  used f o r  c e l l  f a b r i c a t i o n  a c t s  i s  an e f f e c t i v e  3 
g e t t e r i n g  s t e p  p e r  s e  f o r  ' l ' i .  

A s  t h e  g e t t e r i n g  i n t e n s i t y  i s  increascd  from 350°C/1 h r .  t o  

110OUC/5 h r s  ( p r i o r  t o  c e l l  f a b r i c a t i o n )  t h e  a c t i v e  concen t r a t ion  decreases  
12 -3 12 -3  

s y s t e m a t i c a l l y  from 6 . 3 5 ~ 1 0  cm t o  1:49x10 cm . Again we s t r e s s  

t h e  need t o  recognize t h a t  DLTS measures t h e  a c t i v e  impur i ty  concent ra t ion  

i n  t h e  dep le t ion  reg ion ,  i. e  .near t h e  junc t ion .  I f  g e t t e r i ~  produces an 

impur i ty  p r o f i l e  i n  t h e  wafer  then  t h e  measured N w i l l  no t  r ep re sen t  t h e  
T  

t r u e  a c t i v e  c e n t e r  dens i ty th roughoc t . t he  bulk .  However, NT w i l l  be  

. r e l a t e d  t o  t h e  t o t a l  numbei of recombination c e n t e r s  i n  t h e  e n t i r e  wafer.  



TABLE 10 
C 

Variation in cell efficiency and trap concentration (NT) as a function 

of gettering treatment for Ingot 137 (original metallurgical Ti concen- 
14 - 3  

tration, 2.0~10 cm ) 

GETTERING NORMALIZED CELL EFFICIENCY CO!.ICENTRATION (N ) 
COEDITION (q/nB), (%I OF EV+O. 30eV T R A ~  (cm-') 

None (starting wafer) 

None (solar cell) 

950'C/1 hr. 

1003'C/1 hr. 

llOO°C/l hr. 

llC0'C/2 hr. 

1 100°C/3 hr. 

1 !C0°C/5 hr. 



For t h i s  reason we attempted t o  determine t h e  concen t r a t ion  

p r o f i l e  of  e l e c t r i c a l l y  a c t i v e  Ti  spec i e s  i n  t h e  as-grown wafer  and 

a l s o  i n  s o l a r  c e l l s  sub jec t ed  t o  no i n t e n t i o n a l  g e t t e r i n g .  The experiment 

was c a r r i e d  out a s  fo l lows .  The unprocessed wafer  and t h e  s o l a r  c e l l  

mesa were d iv ided  i n t o  5 p i eces .  On each p i ece  we etched s t e p s  ranging 

i n  depth from 2  t o  10 pm. The s t e p  h e i g h t s  were measured with a  Taly-step 

instrument  ( the  corner  of each fragment, p ro t ec t ed  by apiezon wax 

remained unetched and served a s  a  r e f e rence  l e v e l )  . 
'I'he d a t a ,  Table 11 and Figure 5 ,  show t h a t  t h e r e  i s  a  f l a t  

T i  concent ra t ion  p r o f i l e  i n  t he  as-grown wafer, wlth an average c o n c e n r r a , t l u ~ ~  

of 1. 7x1013 ~ m - ~ .  Hwever ,  i n  t h e  c e l l  f a b r i c a t e d  fru111 a  s i m i l a r  a s -  

grown wafer  t h e r e  is a  s t e e p  p r o f i l e .  The Ti  concen t r a t ion  n e a r  t h e  
13 -3 

junc t ion  i s  1 . 7 6 ~ 1 0  cm ; f rom t h e r e  i t  inc reases  then  l e v e l s  o f f  t o  
13 - 3  

a  va lue  of % 7x10 cm a t  a  d i s t a n c e  of % IOpm from t h e  s u r f a c e .  Thus, 

fo l lowing  d i f f u s i o n  t o  form a  s o l a r  c e l l ,  t h e  ma jo r i t y  o f  t h e  bulk wafer 

(% 250 pm) remains r e l a t i v e l y  una f fec t ed ,  bu t  t h e  a c t i v e  c e n t e r  d e n s i t y  

w i th in  10 pm of t h e  s u r f a c e  diminishes s u b s t a n t i a l l y .  About 70%'o f  t h e  

s o l a r  r a d i a t i o n  is  absorbed i n  t h a t  f i r s t  10 pm t h i c k  r eg ion .  Therefore,  

we expect a .systematic  i nc rease  i n  s o l a r  c e l l  performance a s  t h e  ac.tive 

c e n t e r  d e n s i t y  (measured by DLTS) decreases ,  v i z  Table 10. 

'The concen t r a t ion  p r o f i l e  d a t a  a t  p r e s e n t a r e  pre l iminary .  

Some fu r the r .  experiments a r e  being conducted t o  s u b s t a n t i a t e  t h e  

accuracy o f  t h e  i n i t i a l  p r o f i l e  d a t a .  

3 .2 .2 .2  Mo-doped S i l i c o n  

T t  i s  c l e a r  from F i g u r e  4 t h a t  t h e  e f f e c t  of  POCL3 g e t t e r i n g  

on t h e  r e l a t i v e  c e l l  e f f i c i e n c y  (n/ng) i s  s r ~ ~ a l l  foi. Mu-doped s i l i c o n .  

A more c a r e f u l  look a t  t h e  d a t a ,  Table 12,  r e v e a l s  t h a t  t h e  n o m a l i z c d  

c e l l  e f f i c i e n c y  increased  only  t o  75% from an i n i t i a l  va lue  of 72% even 

a f t e r  t h e  very i n t e n s e  g e t t e r i n g  f o r  5  hours a t  l l O O O ~ .  This  v a r i a t i o n  

i n  t h e  c e l l  performance i s  small  enough t o  r e s u l t  from process  v a r i a t i o n s  

( t h e  d a t a  r ep re sen t  t h e  average e f f i c i e n c i e s  of  5-10 c e l l s )  o r  some 

inaccuracy i n  t h e  measurements and d a t a  r educ t ion .  Therefore ,  we under- 



TABLE 11 

P r o f i l e  of  t h e  a c t i v e  T i  concent ra t ion  i n  t h e  s t a r t i n g  wafer 

and s o l a r  c e l l  each conta in ing  a  me ta l lu rg i ca l  concent ra t ion  of  
14 - 3  

2 . 1 ~ 1 0  cm Ti  ( Ingot  W137Ti) 

STARTING WAFER 

DEPTH (urn) 

SOLAR CELL 

ACTIVE T i  CONCENTRATION 
NT (cm-3) 
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TABLE 12 

\';riation in cell efficiency and trap concentration INT) as a function 

of gettering treatment for Ingot 139 (original metallurgical Mo 
12 -3 

concentration 4.2~10 crn ) .  

I;~'!'?'ERING NORMAL1 ZED CELL 
~ i 2 X 3 1 T I ( j ~  EFFICIENCY ( n / q a ) )  (%) 

. . .\one - - 
{Siarting wafer) 

Xone- 
.Solar Cell) 

95f1°C/1 hr. 76.3 

iOC9CC/l hr. 

!1OO0C/1 hr. 

1!00CC/2 hr. 

1100°C/3 hr. 

1100'~/5 hr. 75.3 . , 



took t o  examine i n  d e t a i l  t h e  g e t t e r i n g  of Mo-doped ingo t  W139Mo by 

deep l e v e l  t r a n s i e n t  spectroscopy.  

To perform t h e  a n a l y s i s  t h e  f r o n t  con tac t -g r id s  were removed 

from t h e  s o l a r  c e l l s .  T h i r t y . m i l  diameter  Ti-Au con tac t s  then  were 

depos i t ed  and mesas etched f o r  t h e  DLTS measurements. The DLTS r e s u l t s  

a r e  l i s t e d  i n  t he  r i g h t  hand column of Table 12. 

Mo exh ib i t s  one peak i n  t h e  DLTS spectrum; a n a l y s i s  shows t h a t  

the  energy of t h i s  recombination c e n t e r  i s  EV+0.3eV. The a c t i v e  Mo 

concen t r a t ion  b o t h . i n  t h e  s t a r t i n g  m a t e r i a l  and i n  t h e  c e l l s  without  any 
12 -3  

g e t t e r i n g  i s  about 4 . 5 ~ 1 0  cm . This  va lue  is  nea r ly  t h e  same a s  t he  

m e t a l l u r g i c a l  concent ra t ion  of Mo i n  t h e  i n g o t ,  Table 1 2 .  This  s t rong ly  

sugges ts  t h a t  a l l  t h e  Mo i s  e l e c t r i c a l l y  a c t i v e  i n  t he  a s  grown ingo t  

and t h a t  t h e  a c t i v i t y  i s  l i t t l e  a f f e c t e d  by t h e  s o l a r  c e l l  d i f f u s i o n  

cyc le .  

When t h e . g e t t e r i n g  temperature i s  increased  t o  1100°C from 

950°C no s i g n i f i c a n t  change i s  produced ' in  t h e  a c t i v e  Mo concen t r a t ion .  
1 2  -3  

(The small  s c a t t e r  o f  t h e  d a t a  from 4.5x1012 t o  5 . 4 ~ 1 0  cm could be  

due t o  a  s l i g h t  v a r i a t i o n  i n  t h e  impuri ty  d i s t r i b u t i o n .  (S imi la r  r e s u l t s  

were found f o r  i ngo t  W138Mo. In  t h a t  i ngo t  t h e  Mo concen t r a t ion  was 

about 1x10 12 cm-3 and t h e  a c t i v e  Mo concen t r a t ion  i n  t h e  c e l l  was 
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1 . 5 ~ 1 0  cm .) However, when t h e  g e t t e r i n g  t ime was extended from 1 

t o  5 hours a t  llOO°C, we found a  sys temat ic  r educ t ion  i n  a c t i v e  Mo 

concen t r a t ion  is  observed, v i z .  Table 12. A t , t h e  most i n t e n s e  g e t t e r i n g  

cond i t i on  (1100°C/5hr) t h e  e l e c t r i c a l l y - a c t i v e  Mo concen t r a t ion  diminished 
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t o  about 2x10 cm , n e a r l y  a  f a c t o r  of 4  reduct ion  from t h e  unget te red  

va lue .  Thus t h e  s l i g h t  i nc rease  i n  th'e c e l l  e f f i c i ency  i s  a r e a l  e f f e c t .  

(DLTS d a t a  on g e t t e r i n g  of T i  a t  1100°C f o r  5 h r s .  showed about 2 orclefs 

of  magnitude reduct ion  i n  a c t i v e  T i  concen t r a t ion  compared t o  m e t a l l u r g i c a l  

T i  concen t r a t ions  i n  t h e  s t a r t i n g  i n g o t ) .  

This  observa t ion  sugges ts  t h a t  Mo i s  much more d i f f i c u l t  t o  

g e t t e r  and thus  may d i f f u s e  more slowly i n  s i l i c o n  than does T i .  One 

r e s u l t  of t h i s  pos tu l a t ed  behavior  would be  a  s t e e p e r ,  narrower impur i ty  



p r o f i l e  for.Mo than f o r  T i  dur ing  . ge t t e r ing .  I f  t h i s  were so ,  i t  would 

expla in  why no s i g n i f i c a n t  performance improvement was de t ec t ed  even 

though t h e  a c t i v e  Mo concent ra t ion  nea r  t h e  junc t ion  was reduced four -  

f o l d .  A s e r i e s  o f  experiments a r e  being c a r r i e d  ou t  t o  t e s t  t h i s  con- 

j  e c tu re .  

3 .2.3 Deta i led  Analysis  o f  HCR Impuri ty  Ge t t e r ing  

A s  i n  t h e  case  of t h e  P0Ck.j experiments,  Sec t ion  3 .2 .2 ,  we have 

c a r r i e d  out a  d e t a i l e d  a n a l y s i s  of HCR g e t t e r e d  specimens by DLTS. A 

pre l iminary  ana lys i ' s  o f  t h e  d a t a ,  Table 13, shows t h a t  HCR g e t t e r i n g  i n -  

duced no sys temat ic  o r  s i g n i f i c a n t  improvements i n  t h e  performance of . 

Mo-doped s o l a r  c e l l s ,  a  r e s u l t  somewhat s i m i l a r  t o  our  experience with t h e  

POCR t r ea tmen t .  The DLTS d a t a  do show t h a t  t h e  Mo concen t r a t ion  (nea r  3  
t h e  junct ion)  diminishes by about h a l f  a f t e r  a  1000°C/l hour t r ea tmen t .  

Fur ther  i nc reas ing  t h e  g e t t e r i n g  i n t e n s i t y  had no apprec i ab le  e f f e c t  i n  

t h e  t r ap .  dens i ty .  

An explana t ion  f o r  t h e  r a t h e r  poor response of Mo t o  g e t t e r i n g  

t rea tments  may l i e  i n  t h e  way it d i f f u s e s  i n  t h e  s i l i c o n  l a t t i c e .  If Mo 

d i f f u s e s  slowly i n  s i l i c o n  a s  we suspec t  then  a  very  narrow Mo d e p l e t i o n  

p r o f i l e  (<< 10 pm) may be  formed dur ing  g e t t e r i n g  i n  c o n t r a s t  t o  t h e  wider  

p r o f i l e  i n  t h e  Ti-doped m a t e r i a l ,  v i z .  Figure 5 .  This  being s o ,  t h e  

reduct ion  i n  Mo content  measured by DLTS would l i e  very  c l o s e  t o  t h e  

junc t ion  and a f f e c t  only a  very  small  p o r t i o n  of t h e  c a r r i e r s  i n  t h e  wafer .  

The c e l l  performance would show l i t t l e  improvement i n  t h i s  ca se .  

The main d i f f e r e n c e  between t h e  POCR3 (Table 12) and HCR (Table 13) 

d a t a  appears  t o  be t h e  a b i l i t y  of  t h e  HCR t rea tment  t o  reduce t h e  a c t i v e  

Mo concent ra t ion  even a f t e r  t h e  1000°C process ing  whi le  temperatures  of  

1 1 0 0 ° ~  a r e  r equ i r ed  be fo re  POCR3 produces a  measureable r educ t ion  i n  t h e  

c e n t c r  dcns i ty .  This  d i f f e r e n c e  may stem from t h e  f a c t  t h a t  t h e  FOCR3 

g e t t e r i n g  produces a junc t ion  which is subsequent ly e tched  o f f  be fo re  t h e  

s o l a r  c e l l  f a b r i c a t i o n  i s  c a r r i e d  o u t .  A s  much a s  12;s pm o f  s i l i c o n  

may be  removed a f t e r  POCR3 g e t t e r i n g  whi le  only about 0 . 1  pm o f  s i l i c o n  i s  

etched away t o  remove t h e  oxide formed by HCR g e t t e r i n g .  Following ou r  

p o s t u l a t i o n  of t h e  narrow Mo p r o f i l e ,  then  we might expect t h a t  v a r i a t i o n s  

i n  t h e  amount of g e t t e r e d  ma te r i a l  removed could indue some v a r i a b i l i t y  

i n t o  t h e  c e l l  performance d a t a .  

35 . . 



TABLE 13 

v a r i a t i o n  i n  Trap Center  Density and Re la t ive  C e l l  E f f i c i ency  
a s  a Function of  HCR Get te r ing  Treatment f o r  Mo-doped S i l i c o n  
( Ingot  W-139-Mo) and Ti-doped S i l i c o n  ( Ingot  W-137-Ti). 

INGOT W139 MO 

Ge t t e r ing  Condition 

None ( c c l l )  

1000°C/l h r .  

llOO°C/l h r .  

llOO°C/S h r .  

Ge L L e r i ~ ~ g  C ~ l i J i  Li.u~i 

None ( c e l l )  

1000°C/l h r .  

llOO°C/l h r .  

1100°C/4 h r .  

INGOT W137 TI 



For T i ,  HCR g e t t e r i n g  r a i s e s  t h e  r e l a t i v e  c e l l  e f f i c i e n c y  t o  

68.8% of b a s e l i n e  a f t e r  1 hour a t  1000°C compared with 42.8% f o r  t h e  

unget te red  c e l l ,  Table 13. We could d e t e c t  no e l e c t r i c a l l y  a c t i v e  T i  

near  t h e  junc t ions  i n  t h e s e  c e l . 1 ~ .  POCR3 g e t t e r i n g  f o r  t h e  same time 

and temperature r a i s e d  normalized c e l l  e f f i c i e n c y  t o  only 51%. An a c t i v e  
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Ti  concent ra t ion  of 3 . 9 4 ~ 1 0  cm was measured, Sec t ion  3 .2 .2 .  

The d i f f e r e n c e  i n  behavior  aga in  may be  a s c r i b e d . t o  t h e  e t ch ing  

subsequent t o  t h e  HCR and POCR3 t rea tments .  I f a  s i g n i f i c a n t  amount of 

t h e  s i l i c o n  i n  which t h e  T i  concent ra t ion  had been reduced was removed by 

e t ch ing  a f t e r  t h e  POCR3 t rea tment  we might expect t o  observe a  lower 

c e l l  e f f i c i e n c y  compared t o  t h e  HCR-gettered c e l l s  (again r e c a l l  t h a t  

about 70% of t h e  s o l a r  r a d i a t i o n  i s  absorbed i n  t h e  f i r s t  t e n  o r  s o  

microns of t h e  device)  . 
We plan  t o  eva lua t e  t h e s e  ideas  i n  some f u t u r e  experiments.  

3 .2 .4 .  Model Analyses of  Ge t t e r ing  Behavior i n  S i l i c o n  

The r e s u l t s  o f  t h e  g e t t e r i n g  experiments descr ibed  i n  t h e  

foregoing s e c t i o n s  i n d i c a t e  s i g n i f i c a n t  c e l l  performance . increases  f o r  

T i  o r  Fe-doped s i l i c o n  a f t e r  g e t t e r i n g  and considerably l e s s  change f o r  

Mo-doped m a t e r i a l .  Questions a r i s e  a s  t o  (1) how t h e s e  r e s u l t s  c o r r e l a t e  

with previous impur i ty -ce l l  performance d a t a l p 2  and (2) how r e a l i s t i c  i s  

our  p i c t u r e  of t h e  g e t t e r i n g  a s  a  d i f f u s i o n  dominated process .  These 

two t o p i c s  a r e  considered below. 

3 .2 .4 .1  Applicat ion of  C e l l  performance Model t o  Get te red  
Devi.ces 

We assume t h a t  g e t t e r e d  samples d i f f e r  from t h e  unge t t e r ed  ones 

only i n  terms o f t h e  degree of  e l e c t r i c a l  a c t i v i t y  of  t h e  impuri ty .  I t  

i s  then  p o s s i b l e  t o  u se  t h e  impuri ty  t o  obta in  a  r e l a t i o n s h i p  

between c e l l  performance and the  change i n  impur i ty  a c t i v i t y .  For t h e  

unget tc rcd  'device: 



where C and C Z x  a r e  cons t an t s  def ined  a s  descr ibed  i n  Reference 1 and 
1 

N i s  t h e  m e t a l l u r g i c a l  impur i ty  concent ra t ion  i n  t he  s i l i c o n .  And f o r  
X 

t h e  g e t t e r e d  device:  

where K is  the  relat ive change i n  acr ive i111pu~iLy ~ e l i t e ~ S .  Solving a 
(1) and (2) f o r  Ka: 

K can be  determined experimental ly  from t h e  DLTS t r a p  density measure- 
a  

ments o r  c a l c u l a t e d  d i r e c t l y  from Eq.  (3) u s ing  t h e  measured va lues  of  

Inl and I n 2 0 b t a i n e d  from t h e  s o l a r  c e l l s .  A comparison of cslculaLed 

and measured r e s u l t s  f o r  T i  and Mo-doped ingo t s  i s  shown i n  'Table 14.  

The d a t a  f o r  t h e  two t i t an ium doped ingo t s  a r e  we l l  behaved 

bu t  t h e  va lues  f o r  NT and Ka c a l c u l a t e d  from t h e  measured s h o r t  c i r c u i t  

c u r r e n t s  a r e  l a r g e r  than  those  measured by UL'TS. This  impl ies  t h a t  t h e  

t o t a l  e f f e c t i v e  t i t an ium t r a p  d e n s i t y  i n  t h e  s o l a r  c e l l s  i s  l a r g e r  than 

i s  p r e s e n t  i n  t h e  junc t ion  dep le t ion  reg ion  where t h e  deep l e v e l  measure- 

ment i s  made. This i s  c o n s i s t e n t  with t h e  i d e a  t h a t  t h e  g e t t e r i n g  of  

t i t a n i u m  i s  l imi t ed  by i t s  a b i l i t y  t o  d i f f u s e  t o t h e  phosphorus-rich su r f ace  

reg ion ,  and t h i s  r e s u l t s i n a t i t a n i u m  concen t r a t ion  which i s  sma l l e r  near  

t h e  s u r f a c e  and junc t ion  than i n  t h e  i n t e r i o r  o f  t h e  base  reg ion .  ' Fur ther  

experiments l i k e  those  descr ibed  i n  s e c t i o n  3 .2 .2  t o  examine t h i s  p r o f i l e  

w i l l  permit  accu ra t e  c a l c u l a t i o n  of  t h e  e f f e c t i v e  t r a p  d e n s i t y  and c e l l  

performance e f f e c t s  produced by t h e  g e t t e r i n g  processes .  



Hering Process Measured C a l c u l c a t e d  
Temp. ('C) Time (H) In ' n ~ ~ ( 1 0 ' 2 )  K ~ ~ ( 1 0 1 2 )  I( - ' 3  - - - . - - - -- -. - ..- - - - -  ==: = = . . z = ? L : =  , . . : ~ ~ ~ z  

None .565 .428 17.6  1  ' (17 .6 )  1 
9  50 3 .588 .467 6 . 3 5  .361 .. 14 .87  . 8 4  5 

1.00,O 1 .638 .5  10 3.94 . 2 2 4  10.26 .583 
1100 1 .653 .529 2.99 .170 9 .16  . 520  
! 100 2 .674 .554 2.50 .142 7 . 7 9  . ;I .1 3 
1109 - 

.-l .G92 .591 3 .39 -193  6 .76  . 3  34 
1100 I; . 7 i 3  . 6 6 2  1 .49 .os5 5 . 7 1  . :i 2 4 



The d a t a  f o r  molybdenum,. Table 14, a r e  l e s s  wel l  behaved and 

show cons iderable  s c a t t e r .  I t  i s  apparent  however, t h a t  molybdenum i s  

no t  a s  r e a d i l y  g e t t e r e d  a s  i s  t i t an ium,  a  po in t  a l ready  noted i n  e a r l i e r  

d i scuss ions .  The d a t a  a l s o  show t h e  same general .  r e l a t i o n s h i p  between 

the  c a l c u l a t e d  and measured numbers, i . e  t h e  e f f e c t i v e  t r a p  d e n s i t y  i n  

t h e  c e l l  i s  l a r g e r  than  implied by t h e  deep l e v e l  concen t r a t ion  

measurements. We conc lude , the re fo re , t ha t  t h e  g e t t e r i n g  o f  molybdenum 

is  a l s o  d i f f u s i o n - l i m i t e d  and fur thermore,  a~ulybdenurn e i t h e r  has  a  much 

sma l l e r  d i f f i i s ion  cons tan t  than  t i t an ium,o r  phosphorus is unable r o  

complex and d e a c t i v a t e  molybdenum a s  r e a d i l y  a s  t i t an ium.  

  iff us ion o f  Ti  duririg POC13 Ge t t e r ing  

The g e t t e r i n g  process  can be examined mathematically a s  a  

d i f f u s i o n  process  by assuming t h a t  a t  t h e  phosphorus-rich s u r f a c e  reg ion  

of t h e  wafer  t he  m e t a l l i c  impur i ty  i s  forced  t o  a  f i x e d  concen t r a t ion .  

Before t h e  g e t t e r i n g  process  t h e  wafer i s  assumed t o  have a  uniform 

i n i t i a l  impuri ty  concen t r a t ion  throughout i t s  t h i ckness .  'Ihe one- 

dimensional d i f f u s i o n  equat ion i s  given by: 

where N(x , t )  i s  t h e  impur i ty  concen t r a t ion  a s  a  func t ion  of d i s t a n c e  

from t h e  c e n t e r  o f  t h e  wafer  and t h e  t ime of t h e  g e t t e r i n g  process .  D 

is  t h e  d i f f u s i o n  cons tan t  f o r  t h e  impur i ty  i n  s i l i c o n .  The genera l  

s o l u t i o n  of (4) can be  expressed a s :  

2 
N(x, t )  = (A s i n a  x  + B cos ax)  exp(-a Dt) 

The boundary cond i t i ons ,  

W. W 
N (- ,,0) 2 = N (-,0) 2 = N s 

and N (x,  0) = N o ,  



provide  a  s o l u t i o n  i n  s e r i e s  form: 

where W i s  t h e  sample th i ckness ,  and N and Ns a r e  t h e  i n i t i a l  and 
0 

s u r f a c e  impuri ty  concent ra t ions .  

While t h i s  s o l u t i o n  is s u i t a b l e  f o r  f a s t  d i f f u s i n g  i m p u r i t i e s ,  

t h e  s e r i e s  converges very  s lowly f o r  s l o w l y d i f f u s i n g  s p e c i e s  o r  s h o r t  

t imes.  In  t h i s  . l a t t e r  case  a  mathematical ly  equ iva l en t  s o l u t i o n  may b e  

obtained which converges more r a p i d l y .  

Phosphorus g e t t e r i n g  o f  t i t an ium was examined exper imenta l ly  

u s ing  DLTS measurement on s tep-e tched  s u r f a c e s  t o  ob ta in  t h e  concen t r a t ion  
13  3  p r o f i l e .  These d a t a  shown i n  Figure 5  suggest  va lues  f o r  No 8x10 /cm 

1 2  3  and N 2 8x10 /cm . I t  i s  assumed t h e  g e t t e r i n g  s u r f a c e ,  where N i s  
S S 

a p p l i c a b l e ,  i s  loca t ed  a t  t h e  n-p junc t ion .  The g e t t e r i n g  process  f o r  

t h i s  sample cons i s t ed  of an 850°C, 1 hour phosphorus d i f f u s i o n .  

F i t t i n g  t h e  s e r i e s  s o l u t i o n  given i n  (9) t o  t h e s e  d a t a ,  Figure 
0 6 ,  impl ies  a  d i f f u s i v i t y  f o r  t i t an ium,  D = 1 . 2 7 ~ 1 0 - l 1  cm2'sec ( a t  850°C). 

This  r e s u l t  i s  about 3  t imes l a r g e r  than  t h e  va lue  ex t r apo la t ed  from t h e  

d a t a  of r e f e rence  5  which was vbta ined  by T i  i n - d i f f u s i o n  a t  temperatures  

between 1 0 0 0 " ~  t o  1250°C. Although based on a  s i n g l e  e x p e r i m e ~ ~ t  t h e  

agreement i s  c l o s e  enough t o  g ive  t h e  model c r e d i b i l i t y .  Moreover, 

l i m i t e d  d a t a  from more i n t e n s i v e l y  g e t t e r e d  samples a r e  a l s o  i n  nominal 

agreement w i t h .  t h i s  r e s u l t .  
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Besides providing a  c r e d i b l e  mechanism f o r  t h e  g e t t e r i n g  

r e s u l t s ,  t h e  model' coupled with t h e  impuri ty  p r o f i l e  d a t a  provides  an 

i n t e r e s t i n g  method f o r  ob ta in ing  d i f f u s i o n  cons t an t s .  

Some a d d i t i o n a l  comm'ents a r e  warranted with regard t o  t h e  

model. The t i t an ium concen t r a t ion  d a t a  used f o r  t h e  a n a l y s i s  were t h e  

e l e c t r i c a l l y  a c t i v e  concent ra t ions  observed by t h e  DLTS measurements, 

and we have assumed a  cons t an t  r a t i o  of  e l e c t r i c a l l y - a c t i v e  c e n t e r  

d e n s i t y  t o  t h e  me ta l lu rg i ca l  dens i ty ;  ( t h i s  assumption i s  supported by 

DLTS d a t a  obta ined  from samples doped wi th  va r ious  m e t a l l u r g i c a l  T i  

concen t r a t ions ) .  Given a  cons t an t  r a t i o  o f  e l e c t r i c a l l y  a c t i v e  c e n t e r s  

t h e  l i n e a r i t y  of t h e  d i f f u s i o n  equat ion al lows u s  t o  use e i t h e r  DLTS . 

concent ra t ions  o r  me ta l lu rg i ca l  va lues  and o b t a i n  t h e  same r e s u l t .  

Impur i t i e s  i n  a  c r y s t a l  l a t t i c e  may occupy a  number o f  non- 

equ iva l en t  p o s i t i o n s ,  f o r  example s u b s t i t u t i o n a l  o r  i n t e r s t i t i a l .  Such 

nonequivalent s i t e s s h o u l d  be expected t o  have d i s t i n c t l y  d i f f e r e n t  bond 

r e l a t i o n s h i p s  with t h e  h o s t  l a t t i c e  and thus  correspondingly d i f f e r e n t  

e l e c t r i c a l  a c t i v i t i e s .  This  mechanism i n  a d d i t i o n  t o  p r e c i p i t a t i o n  o r  

aggregat ion provides a  b a s i s  f o r  t h e  observed d i f f e r e n c e  .between 

e l e c t r i c a l  a c t i v i t y  and impur i ty  concent ra t ions .  

In  a  s i m i l a r  way,the d i f f u s i o n  of i m p u r i t i e s  i n  a  c r y s t a l  i s  

sub jec t  t o  s i t e  dependencies a n d , t h e r e f o r e , w i l l  d i s p l a y  v a r i a t i o n  a s  a  

func t ion  of  which mechanism i s  dominant. These cons ide ra t ions  sugges t  

t h a t  f o r  some i m p u r i t i e s  we may expect  non- l inea r  i n f luences  on t h e  

g e t t e r i n g  process  due t o  temperature and complexing behavior .  Experiments 

a r e  i n  progress  t o  examine t h e s e  phenomena which may provide  a  b a s i s  f o r  

describing an optimum g e t t e r i n g  procedure. 

3 . 3  The Synergic  I n t e r a c t i o n  of  Cu wi th  Other  T r a n s i t i o n  Elements 

' I n  Reference 1 we showed t h a t  t h e  ce1.l performance of  s i l i c o n  

devices  contaminated with Ti  o r  V could be  improved somewhat by t h e  a d d i t i o n  

of g r e a t e r  than  lo1' Cu a s  a  co-dopant. S ince  t h a t  t ime we have 

u t i l i z e d  DLTS measurements t o  i n v e s t i g a t e  t h i s  syne rg ic  behavior  i n  more 

d e t a i l .  The i n i t i a l  r e s u l t s  can be  understood wi th  t h e  a i d  of t h e  d a t a  



i n  Table 15. In  t h e  Table a r e  l i s t e d  t h e  me ta l lu rg i ca l  impuri ty  concent ra t ion  

(N ) ,  t h e  e l e c t r i c a l l y  a c t i v e  impur i ty  concent ra t ions  i n  t h e  as-grown 
M 

i n g o t  (Ns) and c e l l s  made therefrom (N ) ,  t h e  r a t i o s  Ns/NM and Nc/NM, and 
C 

f i n a l l y  t h e  normalized c e l l  e f f i c i e n c y  f o r  i ngo t s  conta in ing  T i ,  V ,  o r  

Mo and t h e  same impur i t i e s  p l u s  a  Cu add i t i on .  

From the  d a t a  it i s  ev ident  t h a t  only about one t h i r d  of  t h e  

t o t a l  me ta l lu rg i ca l  t i t an ium added t o  t h e  ingo t  i s  a c t i v e .  The a d d i t i o n  
15 - 3  

of 2x10 cm of Cu reduces t h i s  a c t i v e  f r a c t i o n  i n  t h e  as-grown ma te r i a l  

t o  0.26. .(based on t h e  EV+0.3eV t r a p ) .  A s i m i l a r  decrease  i n  t h e  a c t i v e  

Ti  r a t i o  (Nc/NM) i n  t h e  c e l l  t o  0.04 from 0.08 when Cu i s  added accounts  

f o r  t h e  improvement i n  r e l a t i v e  c e l l  e f f i c i e n c y  t o  48% b a s e l i n e  

compared t o  42% when Cu i s  absen t .  (The abso lu t e  va lues  of  impuri ty  

concen t r a t ions  may n o t  .apply t o  t h e  bulk wafer due t o  t h e  concent ra t ion  

p r o f i l e  formed during c e l l  d i f f u s i o n ,  Sec t ion  3.2.2) 

In t h e  case  of vanadium only  about 0.087 of t h e  m e t a l l u r g i c a l l y -  

added element remains e l e c t r i c a l l y  a c t i v e  i n  t h e  as-grown i n g o t .  When 
15 -3 Cu i s  added a t  a  concen t r a t ion  of about 2x10 cm , t h e  a c t i v e  vanadium 

f r a c t i o n  diminishes t o  0.073, aga in  i l l u s t r a t i n g  a  small  bu t  observable 

syne rg ic  e f f e c t  (here  t h e  a c t i v i t y  r e f e r s  t o  t h e  concent ra t ion  of 

EV+0.42eV t r a p s ) .  A s  y e t  we have no d a t a  f o r  t h e  a c t i v i t y  r a t i o  of  

vanadium i n  t h e  c e l l s ,  information which i s  necessary  t o  exp la in  t h e  

r a t h e r  l a r g e  improvement i n  c e l l  e f f ic iency-38  t o  57% of b a s e l i n e -  

accompanying t h e  Cu add i t i ons .  

Nearly a l l  of t h e  Mo added t o  t h e  ingo t  is  e l e c t r i c a l l y  a c t i v e  

i n  t h e  as-grown wafers (and i n  t h e  s o l a r  c e l l s  a s  w e l l ) .  Adding Cu t o  

t h e  Mo-doped ma te r i a l  produces no s i g n i f i c a n t  change i n  t h e  concenerat ion 

of e l e c t r i c a l l y  a c t i v e  Mo spec i e s  o r  i n  t h e  c e l l  performance. We conclude 

t h a t  u n l i k e  T i  o r  V no syne rg ic  r e a c t i o n  between Mo and Cu occurs .  



TABLE 15 

The Effect  of  Copper on t h e  Re la t ionsh ips  Between S o l a r  
C e l l  Performance and t h e  E l e c t r i c a l l y  Active Impurity 
Conzentra t ion i n  S i l i c o n  

Meta l lu rg ica l  Active Concentrat ion Active Concentrat ion 
Concentrat ion i n  t h e  a s  -grown r:at 1. i n  t h e  c e l l  - N~ N c 

Ingot  I D  - n/nB(%) 
NM cm-3 N~ an-S N~ ~ r n - ~  N M N~ 



3 .4  1nves t . iga t ions  of Aniso t ropic  Impuri ty  D i s t r i b u t i o n s  i n  S i l i c o n  

Recent e f f o r t  on t h i s  t a s k  has  p r imar i ly  been t o  prepare  

impurity-doped ma te r i a l  f o r  subsequent assessment of any d e l e t e r i o u s  

e f f e c t s  on c e l l  performance due t o  non-uniform impuri.ty d i s t r i b u t i o n .  

Two types  o f . c r y s t a l s h a v e  been produced, 7.6cm diameter Czochralski  

i n g o t s ,  t o  s tudy  impur i ty  behavior  i n  s i l i c o n  produced by convent ional  
6  

growth processes3 and 3 t o  4  cm wide s i l i c o n  webs on which we p l an  t o  

e v a l u a t e  impurity e f f e c t s  i n  r ibbon-type s i l i c o n .  

Previously we showed t h a t  T i  and Mn, i m p u r i t i e s  which diminish 

c e l l  performance by reducing b u l k ' l i f e t i m e , l  produced no excess  

performance degradat ion on l a r g e  diameter  wafers th 'at  could be a sc r ibed  
3  

t o  non-uniform impurity d i s t r i b u t i o n .  We have now grown two more 
16 

l a r g e  d iameter  Czochralski  i ngo t s  doped, r e s p e c t i v e l y ,  wi th  2 . 4 ~ 1 0  Cu 
14 and 5 . 1 ~ 1 0  Fe. Cu degrades c e l l  performance p r imar i ly  by junc t ion  

mechanismswhile Fe a f f e c t s  t h e  junct ion a s  wel l  a s  bulk l i f e t i m e .  

Wafers from these  two i n g o t s ,  W-172 and W-173 a r e  now under eva lua t ion ,  

and should provide us  with d a t a  on any c o n t r a s t s  I n  behavior  due t o  t h e  

d i f f e r e n t  degradat ion mechanisms involved.  

We have a l s o  prepared s i l i c o n  neb c r y s t a l s  doped with T i  and V 
13 -3 

a t  t a r g e t  l e v e l s  o f  about 1 . 2  and 1 . 5 ~ 1 0  cm , r e s p e c t i v e l y .  The 

v a r i a t i o n  i n  c e l l  performance and e l e c t r i c a l  p r o p e r t i e s  a c r o s s  t h e  

ribbons (which a r e  3 t o  4 cm wide) w i l l  be examined v i a  min ia tu re  

s o l a r  c e l l s  and deep l e v e l  t r a n s i e n t  spectroscopy.  Any v a r i a t i o n  i n  t h e  

p r o p e r t i e s  of  t he  r ibbons a s s o c i a t e d  with t r a n s v e r s e  v a r i a t i o n s  i n  

impur i ty  concent ra t ion  should be ev iden t .  

3.5 The .- -. Permanence -.. . -... -. ... .. 02 ... 

To determine t h e  s t a b . i l i t y  of c e l l  c h a r a c t e r i s t i c s  under 

long term ope ra t ing  cond i t i ons ,  we a r e  ca r ry ing  out  a  s e r i e s  of  high 

temperature hea t  t rea tments  on both contac ted  and uncontacted wafers .  

Following thermal s t r e s s i n g  t h e  wafers a r e  contac ted  where r equ i r ed  and 

t h e  s o l a r  c e l l  parameters a r e  determined. By proper  modeling of t h e s e  

h igh  temperature e f f e c t s  it should be p o s s i b l e  t o  approximate t h e  t ime 

t o  f a i l u r e  f o r  t h e  impurity-doped s o l a r  c e l l  ope ra t ing  under r e a l i s t i c  

cond i t i ons .  
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The experimental procedure has been descr ibed  e a r l i e r 3 ,  bu t  

b r i e f l y ,  s e l e c t e d  wafers a r e  annealed under d i f f e r i n g  thermal s t r e s s e s  

and t h e  c e l l  r e s u l t s  compared t o  b a s e l i n e  wafers t r e a t e d  i n  t h e  same 

way. 

Most of t h e  d a t a  gathered thus  f a r  have been measured on ingo t s  

doped with T i  and Mo: 

14 3  W123Ti-008 (1x10 Ti/cm ) 

14 3  In  add i t i on ,  i n i t i a l  d a t a  on ingot  W072Cr005 ( 2 . 8 ~ 1 0  Cr/cm ) is  given 

i n  t h i s  r e p o r t .  The b a s e l i n e  ingot  W097-00-000 has been processed 

concurren t ly  with t h e  impurity-doped ma te r i a l  i n  a l l  t e s t s .  

Our i n i t i a l  s t u d i e s  i nd ica t ed  t h a t  t h e  contac ted  s o l a r  c e l l s  

f a i l e d  a f t e r  a  s h o r t  per iod of t ime a t  500°C. Dark I-V d a t a  i nd ica t ed  

junc t ion  degradat ion which we assume i s  due t o  t h e  d i f f u s i o n  of t h e  

con tac t  metals  (Ti-Pd-Ag) i n t o  t h e  junc t ion .  Since t h e  main t h r u s t  o f  

" t h e  inves t . iga t ion  now i s  t o  eva lua t e  long term e f f e c t s  due t o  t h e  

e l e c t r i c a l l y - a c t i v e  dopant o r  metal contaminant i n  t h e  bulk m a t e r i a l ,  

a l l  high temperature experiments have been c a r r i e d  out on d i f f u s e d  bu t  

uncontacted wafers.  

We r epor t ed  d a t a  f o r  aging experiments on Mo and T i  i ngo t s  up 

t o  80O0C i n  t h e  l a s t  r e p o r t  . 3  The Ti  i ngo t  e x h i b i t e d . ' e s s e n t i a l l y  no 

change i n  p r o p e r t i e s  a f t e r  100 h r s  a t  800°C, whi le  t h e  c e l l  performance 

of  t he  Mo ingo t  dropped t o  about 0.95 of i t s  unannealed v a l u e ; ( t h e  base-  

l i n e  ingot  degraded t o  0.8 of  i t s  unannealed va lue  a f t e r  t h i s  same 

t r ea tmen t ) .  

Fur ther  aging t e s t s  have now been c a r r i e d  out  on t h e  Mo and 'l ' i  

i ngo t s .  In  t h e s e  t e s t s , t h e  wafers were annealed a t  900°C f o r  1, 10, 

and 100 hours ,  Tzble 16. As i n  . the 800°C cases ,  t h e  Ti-doped ingo t  

shows l i t t l e  change i n  e f f i c i e n c y  a f t e r  100 h r s  a t  900°C (4.94%-4.65%). 

The e f f i c i e n c y  of  both t h e  Mo and b a s e l i n e  c e l l s  decreased by more than  



TABLE 16 

AGING OF TI AND MO-DOPED SILICON AT 900°C 

W097 Baseline 
W077 Mcr 
W123 Ti 

As Fabricated 

In HRS 900°C 

W097 15.40 .SO2 .677 5.53 .7 .60 

100 HRS 900°C 



one h a l f  o f  t h e i r  unannealed va lue .  The l a s t  column (q/oo) i n  Table 16 

is  t h e  r a t i o  of t h e  e f f i c i e n c y  a f t e r  anneal ing t o  t h e  unannealed va lue .  

I f  we de f ine  time t o  f a i l u r e  a s  t h e  t ime,  a t  a  given tempera- 

t u r e , f o r  which t h e  e f f i c i e n c y  decreases  t o  90% o f  t h e  unannealed va lue ,  

it i s  poss ib l e  t o  e x t r a p o l a t e  t h e  800°C and t h e  900°C d a t a  t o  determine 

the  t ime dependence a t  any lower temperature.  The da t a  f o r  t h i s  

c a l c u l a t i o n  a r e  given i n  Table 17. We es t ima te  t h a t  t h e  numbers i n  

Table 17 a r e  accu ra t e  t o  + 50%. - 

P l o t t i n g  t h e  da t a  i n  Table 17 i n  an Arrhenius form al lows u s  

t o  e s t ima te  t h e  time t o  f a i l u r e  near  t h e  t y p i c a l  maximum ope ra t ing  

temperature of a  deployed s o l a r  a r r a y .  This  e x t r a p o l a t i o n  i s  i l l u s t r a t e d  

i n  Figure 7 f o r  both t h e  b a s e l i n e  and Mo-doped specimens. C lea r ly ,  

ex t r apo la t ion  from such l imi t ed  d a t a  over  s e v e r a l  o rde r s  of  magnitude 

can g ive  misleading r e s u l t s .  However, assuming t h e  worst p o s s i b l e  

e r r o r  a s  a  f i r s t  o rder  approximat ion , th i s  e x t r a p o l a t i o n  g ives  a  t ime t o  
5 5 

f a i l u r e  a t  2 0 0 " ~  a s  > 10 h r s  (20 years :  1 . 7 5 ~ 1 0  hour s ) .  The p r e c i s i o n  

of t h e  ex t r apo la t ion  w i l l  be improved a s  more d a t a  a r e  c o l l e c t e d .  

14  3 
A Cr-doped ingot  (W072Cr005-2.8~10 Cr/cm ) has r e c e n t l y  been 

added t o  t h e  s tudy.  In  view o f  t h e  r e l a t i v e l y  small  e f f e c t s  exh ib i t ed  

by T i  and Mo a t  lower anneal ing temperatures  t h e  t e s t s  on t h e  Cr-doped 

ma te r i a l  were begun a t  800°C. Since C r  i s  a  f a s t  d i f f u s e r  i n  S i ,  d a t a  

f o r  800°C, 600°C, and 500°C should s u f f i c e  t o  d e r i v e  a  t ime t o  f a i l u r e .  

I n  Table 18 a r e  l i s t e d  t h e  800°C annea l ing  d a t a  f o r  t h e  C r -  

doped ingot ;  b a s e l i n e  d a t a  a r e  included f o r  comparison.With t h e  same 

d e f i n i t i o n  f o r  t ime t o  f a i l u r e  noted above t h e  C r  i ngo t  f a l l s  t o  90% o f  

i t s  i n i t i a l  va lue  i n  2 hours a t  800°C. These experiments w i l l  cont inue  

i n  succeeding-months.  

3 .6 The Ef fec t  of Construct ion Mater ia l  Contaminants on p-base S o l a r  C e l l  

We showed i n  Re.ference 1 t h a t ,  f o r  t h e  ma jo r i t y  o f  impur i t i e s ,  

t h e  mechanism of performance reduct ion  i n  s i l i c o n  s o l a r  c e l l s  was t h e  

impairment of bulk l i f e t i m e  by t h e  formation of c a r r i e r  recombination 



TABLE 17 

80O0c 

IN I;OT 

W097 BASE 

W077 Mo 

W123 Ti 

WO97 BASE 

W077 Mo 

W123 Ti. 

TIME TO FAILURE (90% OF UNANNEALED PERFORMANCE) 

FOR BASELINE AND METAL-DOPED INGOTS 

HRS TO FAILURE = Time at given temperature at 

' which ccll efficiency decreases 

to 90% of unannealed value 
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Heat Treatment Temperature ( OC 1 

Figure 7 Time to Failure (90% of unnnealed cell performance) 
for Baseline and Mo-doped Silicon 



TABLE 18 

A G I N G  OF Cr-DOPED SILICON AT 800°C 

sc 
V FF 11 T 

OCD ll/llo 0 c. 
As F a b r i c a t e d  

1 I-IR @ 8UU°C 

W09 7 22.00  . 5 5 1  .739 9 . 4 0  5 . 0  .95 

W072 C r  20.04 .534 .731 8 . 2 3  1 . 6  - 9 4  

1.00 HRS O 800°C 

W097 18.80 .553 .743 7 .85 3 . 0  .82 



centers. This result led us to formulate an impurity-performance model 

relating cell efficiency to the amounts of single, or multiple metal 

species present in the silicon. The original data, based primarily on 

impurities present in the raw materials from which poly-crystalline 

silicon is made, has now been augmented with information on contaminants 

likely to be introduced during subsequent processing of the silicon. 

These impurities include W, Ta, Mo, Nb and Co, commonly employed as 

refractory components in high temperature process equipment such as 

crystal growth furnaces. 

Figure 8 depicts the variation in cell performance with 

impurity concentration for the refractory metals as well as for im- 

purities previously studied. l'' The curves are derived fitting the 

impurity effects model to the cell performance and impurity concen- 

tration data. For Mo and Ta, thecurveshave been revised from earlier 

results to reflect an increase in the number of ingots studied and 

improvements in the segregation coefficient data (see section 3.1.1). 

The projected curves for W, Nb, and Co are based on at most three 

data points and must be considered preliminary at this time. 

One remarkable aspect of the relationships plotted in Figure 

8 is the general regularity of impurity behavior with position in the 

Periodic Table. Elements located to the right in the transition metal 

row, Cu and Ni, have the least impact on performance. As one moves to 

the left the severity of performance degradation increases being modest 

for Co, Fe, Mn and Cr and severe for Ti and V. Within a column of the 

Table performance degradation increases with atomic number; for example, 

Tais worse than Nb which is in turn worse than V . Since the impurity 

segregation coefficients for crystal growth (Table 1) generally are 

smallcst for the mast harii~ful in~purities, nature has, in a sense, 

mitigated the situation. 

3.7 Denranation of N-base Solar Cells bv Imuurities 

Single Impurity Behavior 



Metal Impurity Concentration (ppma) 

Metal Impurity Concentration (atorns/crnJ) 

Figure S Modal-derived Irnpu~iry-Performance curves f o r  Single  Metal Contaminants 
i n  p-type S i l i con .  The Curves f o r  Mo, T a ,  W ,  and Co a r e  Calculated From 
Recsnt Cel l  Eff ic iexcy an3 Impurity concentrat ion Data; Relat ionships 
for. t he  Other Impur.i-;ies a r e  from Reference 1. 



We have augmented t h e  previous r e s u l t s  on n- type s i l i c o n  wi th  

information from second and t h i r d  genera t ion  ingo t s  (W147 t o  150 and 

W153 t o  156) doped with N i ,  MI, Fe, V,  T i ,  C r  and Mo a s  wel l  a s  t h e  

f i r s t  multiply-doped n - t y p e ' i n g o t s  (W157 t o  159 and W177 and 178) .  The 

r ev i sed  impurity-performance curves,  Figure 9,  f o r  s i n g l e  i m p u r i t i e s  

confirm t h e  genera l  conclusions developed e a r l i e r .  
1 

A s  f o r  p-base dev ices , t he  observed c e l l  performance degrada- 

t i o n  can be modeled on t h e  b a s i s  o f  a  r educ t ion  i n  bulk l i f e t i m e  due t o  

t h e  formation of recombination c e n t e r s  by t h e  contaminants.  The d a t a  

f o r  Ni-connected by a  dashed l i n e  i n  t h e  f i g u r e - - a r e  t h e  most no tab le  

except ion.  These po in t s  cannot be  f i t t e d  t o  our  model s i n c e  junc t ion  de- 

g rada t ion  mechanisms, r a t h e r  than l i f e t i m e  r educ t ion ,  a r e  t h e  dominant 

mode f o r  t h e  decrease  i n  c e l l  e f f i c i e n c y .  

We poin ted  out  be fo re  t h a t  f o r  many impur i t i e s  device  per -  

formance seemed t o  be l e s s  e f f e c t e d  i n  t h e  n-base c e l l s  than  i n  compar- 

a b l e  p-base c e l l s . '  This  behavior  can be  v i s u a l i z e d  with t h e  a i d  o f  

Figure 10. In  t h e  f i g u r e  we p l o t  t h e  threshold  impur i ty  concen t r a t ions  

(Nox) f o r  which c e l l  performance reduct ion  i n i t i a t e s  i n  each o f  t h e  two 

types o f  devices .  Po in t s  f a l l i n g  on t h e  45' l i n e  i n  t h e  graph a r e  f o r  

impur i t i e s  behaving i d e n t i c a l l y  i n  n and p-base c e l l s ,  p o i n t s  above t h e  

l i n e  i n d i c a t e  impur i t i e s  which produce l e s s  degrada t ion  i n  n than  i n  

p-base c e l l s .  The ma jo r i t y  f a l l  i n  t h e  l a t t e r  ca tagory ,  C r  and Fe be ing  

i n  t h e  former.  Only Cu and Nf (nor i l l u s t r a t e d ]  degrade t h e  n-devices 

more severe ly ,  apparent ly  by junc t ion  mechanisms. 

3.7.2 E f fec t s  Due t o  Mul t ip le  Contaminants 

By means o f  t h e  model c o e f f i c i e n t s  used t o  d e r i v e  t h e  curves 

i n  Figure 9 ,  we can a l s o  p r o j e c t  t h e  expected performance of  s o l a r  c e l l s  

doped with mul t ip l e  contaminants. '  Table 19 l i s t s  t h e  impuri ty  concen- 

t r a t i o n s  i n  t h e  multiply-doped n-base ingo t s  we have s tud ied  s o  f a r .  A 

comparison o f  t h e  p ro j ec t ed  and. measured c e l l  performance d a t a  f o r  t h e  

ingo t s  i s  given i n  Table 20. Genera l ly , the  d a t a  show f a i r  agreement 

between t h e  expected and observed va lues .  



Figure 9 Model-Derived Impurity-Cell Performance Curves for Single 
Impurities in N-type Silicon. 
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Figure 10 Comparison of Impurity Behavior in N and P-Base Solar Cells 



TABLE 19 

IMPURITY CONCENTRATION OF MULTIPLY-DOPED N-BASE INGOTS 

Impuri ty  concen t r a t i on  ( ~ m - ~ )  

Ingot  T i  V C r Mn 

W157 gX10l3 1 . 2 ~ 1 0  - - .  
14 

13 5x10 
13  

5 . 5 ~ 1 0  
14 

W158 5x10 - 

zX1ol3 2 ~ 1 0  
13 3 . 5 ~ 1 0  

14 
W159 3 . 2 ~ 1 0 ~ ~  

W176 - - 1 . 2 ~ 1 0  
15 1 . 2 6 ~ 1 0  15 

13  8x10 - - 8 . 6 ~ 1 0  1 4  W178 



TABLE 20 

COMPARISON OF MEASURED AND CALC.UL;ATED CELL PERFORMANCE 
FOR MULTIPLY-DOPED N-BASE INGOTS 

I s c / I s c o x l ~ o  ll/ll,xlOO * 
Ingot  Measured Calcu la ted  Measured Ca lcu l a t ed  

157-Ti/V 82.5+ - 1 .9  86.0+8.4 - 77.1+5.0 - 81.0+11.0 - 

178-Mn/Ti No c e l l  d a t a  a v a i l a b l e  

.. 
See s e c t i o n  4 .3  and 4.4 o f  Reference 1. 



4 .  CONCLUSIONS 

The seg rega t ion  c o e f f i c i e n t s  of  W ,  Ta, and Co determined from 

neut ron  a c t i v a t i o n  a n a l y s i s  d a t a  a r e  very  small  f o r  Czochralski  s i l i c o n  
- 8 c r y s t a l  growth: kw = 1 . 7 x 1 0 - ~ ,  kTa = 2 . 1 ~ 1 0  and kCo = 1 . 0 x 1 0 - ~ . ,  The 

va lues  a r e  c o n s i s t e n t  with those  f o r  o t h e r  nearby elements i n  t h e  

Pe r iod ic  Table,  e.g. kMo = 4 . 5 ~ 1 0 - ~  i s  ve ry  c l o s e  t o  t he  values f o r  Ta 
- 5 and W while  kNi = 3 . 2 ~ 1 0  i s  s i m i l a r  t o  t h e  Co va lue .  

The ge t t e r i r l g  uf T i ,  Mo and Fe by high temperature POCR and 
3 

HGR t rea tments  is a  d i f fus ion -con t ro l l ed  process  i n  which t h e  impur i t i e s  

move outward from t h e  bulk wafer t o  t h e  phosphorus-(or ch lo r ide )  r i c h  

s u r f a c e  .of t h e  m a t e r i a l .  Deep . level  spectroscopic measurements of t h e  

T i  recombination c e n t e r  d e n s i t y  i n  POCL - g e t t e r e d  wafers  show a  concen- 
3  

t r a t i o n  g rad ien t  i n  which t h e  t r a p  d e n s i t y  i s  lowest near  t h e  s u r f a c e  

then  recovers  t o  t h e  @re -d f f fus ion )  bulk va lue  wi th in  10 t o  12p111 i11Lu 

t h e  wafer.  The concen t r a t ion  p r o f i l e  can be f i t  by a  mathematical 

func t ion  assuming T i  ou t -d i f fus ion ;  t h e  va lue  of  t h e  T i  d i f f u s i o n  cons tan t  
-1.1 2 

c a l c u l a t e d  t h i s  way i s  about 1 . 2 7 ~ 1 0  cm /sec ,  a  magnitude c o n s i s t e n t  

wi th  publ ished d i f f u s i o n  d a t a .  Mo, i n  c o n t r a s t  t o  T i ,  appears  t o  dTffuse 

much more s lowly i n  s i l i c o n  so  t h a t  g e t t e r i n g  t r e a t m e n t s ' a r e  l e s s  

e f f e c t i v e  f o r  improving c e l l  e f f i c i e n c y  i n  t h i s  c a s e .  

We have der ived  impurity-performance curves f o r  Mo, Ta, W ,  

Nb, and Co on t h e  b a s i s  of  t h e  most r ecen t  impur i ty  and c e l l  d a t a ,  while  

the computations a r e  somewhat pre l iminary ,  t h e  d a t a  confirm t r ends  

observed e a r l i e r  f o r  o t h e r  i m p u r i t i e s :  (1) elements f a r t h e s t  t o  t h e  r i g h t  

i n  a row o f  t he  pe r iod ic  t a b l e  have l e s s  impact on c e l l  performance than 

those  t o  t h e  l e f t ,  e .g .  Cu is  r e l a t i v e l y  benign while  T i  s eve re ly  degrades 

performance; (2 )  wi th in  a  column of t h e  pe r iod ic  t a b l e  performance de- 

g rada t ion  inc reases  from upper t o  lower p o s i t i o n ,  e . g .  V i s  less-harmful  

than  Nb wh ich . i s  i n  t u r n  l e s s  harmful than Ta; (3) elements which degrade 



c e l l  performance more have smaller .  segrega t ion  c o e f f i c i e n t s  f o r  c r y s t a l  

growth. Of t h e  elements we have s tud ied  Ta has  t h e  lowest t h re sho ld  f o r  

t h e  onset  of c e l l  performance degradat ion,and one of t h e  sma l l e s t  keff 

va lues .  

Impurity-performance curves f o r  n-base c e l l s ,  updated with 

second and t h i r d  genera t ion  ingot  d a t a ,  i l l u s t r a t e  t h a t  most i m p u r i t i e s  

a r e  l e s s  harmful t o  n than p-base c e l l s .  For example, Mo, h, A l ,  T i ,  

and V f a l l  i n  t h i s  catagory.  Fe and C r  behave about t h e  same i n  both 

kinds of c e l l s  while  Cu and N i  prcdllce s l i g h t l y  g r e a t e r  degrada t ion  (by 

junc t ion  mechanisms) i n  t he  n than i n  t h e  p-base devices .  



5. PROGRAM STATUS 

The program is on schedule as indicated by the current mile- 

stone chart, Figure 11. 

5.1 Present Status 

During thepast report period we: 

@ prepared sixteen Czochralski ingots doped with various 

metal contaminants for subsequent chemical, microstructural, 

electrical and solar cell evaluation. 

8 completed the mass spectroscopic analysis of all ingots 

grown as well as sensitive neutron activation analysis 

of selected ingots. 

8 made the first reported measurements of the segregalion 

coefficients of tungsten and tantalum in silicon. 

8 completed HCR gettering experiments on Fe, Mo, arid Ti-doped 
silicon. 

8 extended PockJ gettering temperature range to 1200°C. 

@ performed a detailed assessment by deep level spectroscopy 

o f  Ti and Mn g e t t e r i n g  by POCRg and HCR. 

0 mapped the profile of Ti impurity distribution following 

FOCP gat.t.cri ng. -.'.s 
@ extended aging studies of impurity effects in silicon to 

900°C. 

8 prepared silicon webs doped with Ti and V for anisotropy 

investigations. 

0 modeled the behavior of constwction material impurities 

and metal impurities in n-base silicon. 
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5.2 Future Activity 

During the next quarter the majority of the experimental work 

on construction materials, anisotropy effects, n-base impurity effects 

and gettering of Ti, Mo, and Fe will be completed. 
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Appendix 1. Ingot Impurity concentration 

Hass Spec. Target Calculated 

Ingot 
Identification 

Concentration Concentration 
3 X ~ O "  atomslcm 3 

X ~ O "  atorns/cm 

W-129-00-000 (7.6 cm.) 

U 131-Mn-008 (7.6 cm.) 



Ingot 
Identification 

Appendjx 1. Ingot Impurity Concentration (cont .) 

W-171-\ '~'-002 
W-172- Cu-006 (7.6 cm) 

Target 
Concentration 

X ~ O '  'a toms/c.m 

Ti: 0.10 

v: 0.10 

Ti: 0.05 

V: 0.05 

Cr: 0.60 

Cr: 0.4 

Mn: 0.4 

Ti: 0.02 

v: 0.02 

0.2 

0.02 

Ni: 1.0 

Ti: 0.2 

Ni: 1.0 

v: 0.4 

Ni: 1.0 

Mo: 0.004 

Co: 0.11 

Pe: 0.9 

Nb: Max 

Calculated 
Concentration 

5atoms/cm3 

Processing 

Incomplete 

3 2 

Mass Spec. 



Appendixl. Ingot Impurity Concentration (Cont.) 

Target Calculated Mass Spec. 

Ingot Concentration Concentration Analysis 

Identification 
3 

x 1015 atoms/cm x 1015 atcms/cm 
3 1015 atoms/m 3 

- 

20% Max. Processing 

Processing Processing 

Processing 
Processing 
P~ucr~~.sing 

Processing 
Pro~essjng 
Processing 

Processing 

* Low resistivity p-type ingot (< - 1 R-cm). 

** 30 R-cm p-type ingot. 

+ Value based on resistivity measurement. 
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