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SUMMARY 

It i s  demonstrated t h a t  d i f f u s i o n  induced st resses i n  low r e s i s t i v i t y  
s i l i c o n  s o l a r  c e l l s  can s i g n i f i c a n t l y  reduce both  t h e  open-c i r cu i t  vo l tage and 
t h e  c o l l e c t i o n  e f f i c i e n c y .  The degradat ion mechanism invo lves  s t ress  induced 
changes i n  bo th  t h e  m i n o r i t y  c a r r i e r  m o b i l i t y  and the  d i f f u s i o n  length .  Ther- 
mal recovery c h a r a c t e r i s t i c s  i n d i c a t e  t h a t  t h e  st resses a r e  r e l i e v e d  a t  h igher  
temperatures by divacancy f l o w  ( s i l i c o n  s e l f  d i f f u s i o n ) .  The l e v e l  o f  r e s i d -  
u a l  s t ress  i n  as- fabr ica ted  c e l l s  was found t o  be n e g l i g i b l e  i n  t h e  c e l l s  
tes ted .  

INTRODUCTION . 

When a  p i e z o r e s i s t i v e  m a t e r i a l  such as s i l i c o n  i s  mechanical ly stressed, 
i t s  res is tance changes. Mechanical s t ress  app l i ed  t o  a  s i l i c o n  PN j u n c t i o n  
has been shown t o  have a  d r a s t i c  e f f e c t  on t h e  device s a t u r a t i o n  c u r r e n t  
through changes e f f e c t e d  i n  t h e  m i n o r i t y  c a r r i e r  m o b i l i t y  and the  band gap 
( r e f .  I ) .  D i f f u s i o n  of phosphorus i n t o  t h e  s i l i c o n  l a t t i c e  du r ing  s o l a r  c e l l  
f a b r i c a t i o n  has been shown t o  produce s t ress  l e v e l s  i n  t h e  s i l i c o n  t h a t  exceed 
i t s  y i e l d  p o i n t  ( r e f .  2) .  Whi le i t  i s  reasonable t o  expect t h a t  d i f f u s i o n  
induced st resses should have an e f f e c t  on c e l l  output ,  t h e r e  i s  no evidence i n  
t h e  l i t e r a t u r e  showing t h i s  t o  be the  case. The purpose o f  t h i s  paper i s  t o :  
(1 )  Demonstrate t h a t  d i f f u s i o n  induced st resses can indeed a f f e c t  device per- 
formance, and (2 )  Determine t h e  degree o f  r e s i d u a l  s t ress  i n  f i n i s h e d  low 
r e s i s t i v i t y  c e l l s  where evidence has been repor ted  suggest ing t h a t  s t ress  
induced m o b i l i t y  changes may suppress t h e  open-c i r cu i t  vo l tage below t h a t  
which i s  t h e o r e t i c a l l y  poss ib le  ( r e f .  3).  

EMITTER ETCHING EXPERIMENTS 

That d i f f u s i o n  induced l a t t i c e  st resses can have a  s i g n i f i c a n t  e f f e c t  on 
s o l a r  c e l l  ou tpu t  can be demonstrated through an ana lys i s  o f  t he  r e s u l t s  o f  an 
experiment i n  which the  f r o n t  face o f  a  c e l l  i s  chemical ly  etched so as t o  
remove t h i n  l aye rs  o f  s i l i c o n  f rom t h e  e m i t t e r  surface. The r e s u l t s  o f  etch- 
i n g  successive l a y e r s  f rom t h e  f r o n t  face  o f  a  deep j unc t i on ,  0.1 ohm cm 
s i l i c o n  c e l l  a r e  shown i n  f i g u r e  1. As t h e  th ickness o f  t he  removed l a y e r  
increases, t h e  red (0.9 pm) response can be seen t o  pass through a  maximum and 
then decrease r a p i d l y .  A t  t h e  same time, t h e  open c i r c u i t  vo l tage i s  seen t o  
decrease monotonical ly  f rom i t s  i n i t i a l  value. It i s  i n t e r e s t i n g  t o  no te  
t h a t ,  even though we have n o t  p h y s i c a l l y  done any th ing  t o  t h e  base o f  t h i s  
c e l l ,  t h e  c o l l e c t i o n  e f f i c i e n c y  i n  t h a t  reg ion  has been d r a s t i c a l l y  changed. 



It a l s o  should be mentioned t h a t  throughout t he  e tch ing  process, t h e  c e l l  i n  
f i g u r e  1 re ta ined  i t s  i d e a l  ( Q  = 1)  d iode c h a r a c t e r i s t i c .  

As severe as the  degradat ion i s ,  however, we have found t h a t  i t  i s  usual-  
l y  poss ib le  t o  r e s t o r e  the  c e l l  t o ,  o r  c lose  to ,  i t s  o r i g i n a l  s t a t e  by sub- 
j e c t i n g  i t  t o  a thermal anneal ing cyc le .  F igure  2, f o r  example, shows the  
spec t ra l  response o f  a 0.1 ohm cm c e l l  be fore  and a f t e r  e m i t t e r  etching.  The 
i n i t i a l  j u n c t i o n  depth was 1.2 pm and t h a t  a f t e r  e t ch ing  was a few ten ths  o f  a 
micrometer l ess .  Also g iven i n  t h e  f i g u r e  i s  t he  response a f t e r  t h e  etched 
c e l l  was annealed i n  a i r  f o r  an hour a t  200' C. As can be seen, recovery i s  
almost complete. The vo l tage  i s  observed t o  recover i n  a s i m i l a r  manner. 

I n  an at tempt t o  i d e n t i f y  t he  processes occu r r i ng  d u r i n g  t h e  e tch  and 
anneal cyc les,  we determined the  a c t i v a t i o n  energy f o r  recovery by means o f  a 
se r ies  o f  isothermal  heat treatments. The r e s u l t s  a re  shown i n  f i g u r e  3. The 
measured value o f  1.37 eV i s  very c lose  t o  t h e  1.30 eV value repor ted f o r  t h e  
a c t i v a t i o n  energy f o r  divacancy m i g r a t i o n  i n  s i l i c o n  ( r e f .  4 ) .  Divacancy 
f low,  i t  should be mentioned, has been shown t o  be respons ib le  f o r  t h e  process 
o f  s e l f  d i f f u s i o n  i n  s i l i c o n  ( r e f .  5 ) .  

ETCHING AND LATTICE STRESS 

The f a c t  t h a t  an e tch ing  opera t ion  performed on t h e  e m i t t e r  reg ion  can 
e f f e c t  c a r r i e r  c o l l e c t i o n  i n  t h e  untouched base region, and the  f a c t  t h a t  t h e  
r e s u l t i n g  deg rad ia t i on  can be removed by thermal anneal ing both suggest t h e  
involvement o f  l a t t i c e  s t ress  i n  t h e  e tch  induced output  changes. That t h e  
anneal ing process takes p lace v i a  atomic movement conf irms these suspicions. 
I t  i s  no t  unreasonable, there fore ,  t o  conclude t h a t  l a t t i c e  st resses a re  some- 
how created i n  bo th  the  e m i t t e r  and the  base by the  e tch ing  process. However, 
w h i l e  i t  i s  f a i r l y  c l e a r  t h a t  l a t t i c e  st resses a re  a c t i v e  here, t h e  exact  
mechanisms invo lved a re  apparent ly  no t  very s t ra igh t - fo rward .  This  i s  ev ident  
I n  t he  f o l l o w i n g  attempt t o  p rov ide  a p l a u s i b l e ,  i f  somewhat involved,  
exp lanat ion  f o r  the  observed f a c t s .  

The mechanism o f  e t ch  induced s t ress  generat ion i s  somewhat hard t o  
envis ion.  Whi le the  ac tua l  processes occu r r i ng  a re  no doubt much more compli-  
cated, we w i l l  at tempt t o  show i n  t h e  f o l l o w i n g  t h a t  t h e  concept i s  f eas ib le .  
Le t  us s t a r t  by cons ider ing  the  schematic diagrams I n  f i g u r e  4. 

Because the  e m i t t e r  has been enfused w i t h  a h igh  concent ra t ion  o f  mis- 
f i t t i n g  phosphorus atoms, i t  w i l l  tend t o  con t rac t .  To t h e  ex ten t  t h a t  t h i s  
reg ion  i s  prevented from c o n t r a c t i n g  because i t  i s  p h y s i c a l l y  at tached t o  
l esse r  doped o r  undoped regions, i t  i s  p u t  i n t o  a s t a t e  o f  two dimensional 
tension.  Accordingly,  t h e  regions adjacent  t o  t h e  e m i t t e r  a re  p u t  i n t o  com- 
presslon. I n  order  t o  e x p l a i n  t h e  product ion  o f  s t ress  by t h e  e tch ing  pro- 
cess, i t  appears necessary t o  pos tu la te  t h a t ,  somewhere i n  t h e  reg ion  o f  com- 
press iona l  s t ress ,  p l a s t i c  deformat ion takes glace, re1  i e v i n g  some, i f  n o t  
a l l ,  o f  t h e  s t ress  between t h i s  reg ion  and t h e  r e s t  o f  t h e  c e l l .  It w i l l  be 
assumed hencefor th t h a t  i t  i s  t h i s  s t ress  between t h e  e m i t t e r  and t h e  r e s t  o f  
t h e  c e l l ,  n o t  t h e  st resses i n t e r n a l  t o  t h e  e q i t t e r ,  t h a t  cause vo l tage and 
c u r r e n t  degradat ion. We can thus env i s ion  t h e  c e l l  ( p r i o r  t o  e tch ing)  as con- 
s i s t i n g  o f  a reg ion  near t h e  surface, i n c l u d i n g  t h e  emi t te r ,  where tens iona l  
and compressional s t resses a re  present  and balanced by one another, and a 



r e l a t i v e l y  s t ress  f r e e  bu t  p l a s t i c a l l y  deformed reg ion  t h a t  connects t h \ s  
s t ress  couple t o  t h e  r e s t  o f  t he  c r y s t a l .  

I f  now t h e  surface reg ion  t h a t  i s  i n  a  s t a t e  o f  tens ion  i s  p a r t i a l l y  
removed v i a  the  e tch ing  process, the  adjacent  compressively s t ressed regions 
w i l l  expand. This  expansion places a  tens iona l  s t ress  on the  p rev ious l y  
s t ress  f r e e  connect ing reg ion  and the  regions beyond i t .  The unbalancing o f  
t he  s t ress  couple near t h e  sur face by t h e  e tch ing  process can thus be seen t o  
r e s u l t  i n  t he  generat ion o f  s t resses i n  adjacent  areas o f  t he  c e l l .  

THEORETICAL CONSIDERATIONS 

One o f  t he  e f f e c t s  o f  s t r e s s i n g  a  p i e z o r e s i s t i v e  m a t e r i a l  such as s i l i c o n  
i s  a  change i n  c a r r i e r  m o b i l i t y .  I n  t he  case o f  d l f f u s i o n  induced stresses, 
one would expect t he  st resses and the  r e s u l t i n g  m o b i l i t y  changes t o  be l o c a l -  
i zed  i n  t he  v i c i n i t y  o f  the  e m i t t e r  and t h e  base reg ion  near t he  j unc t i on .  I f  
we c a l c u l a t e  the  e f f e c t  o f  p u t t i n g  a  reg ion  o f  increased m o b i l i t y  ( l o x  t h a t  i n  
r e s t  o f  base) i n  t he  base adjacent  t o  t he  j unc t i on ,  we ob ta in  the  curves shown 
i n  f i g u r e  5 ( r e f .  6 ) .  As t h e  width,  W, o f  t h e  h igh  p reg ion  increases ( co r -  
responding t o  increased s t ress  l e v e l s ) ,  t h e  0.9 pm response i s  seen t o  r i s e  
from i t s  W = 0 value, t o  go through a  maximum, and t o  r e t u r n  t o  i t s  i n i t i a l  
( W  = 0) value when W i s  equal t o  the  c e l l  th ickness,  d. The open c i r c u i t  
vo l tage i s  seen t o  drop monotonical ly  as W increases. These v a r i a t i o n s  a r e  
s i m i l a r  t o  t h e  measured changes i n  cu r ren t  and vo l tage as successive l aye rs  
a re  etched f rom t h e  e m i t t e r  ( f i g .  1 ) .  There i s ,  however, one s i g n i f i c a n t  d i f -  
ference between the  measured 0.9 pm response curve and t h e  ca l cu la ted  p l o t .  
While t h e  W = 0 (zero  s t ress )  and the  W = d  (maximum s t ress)  responses i n  
t he  ca l cu la ted  p l o t  a re  seen t o  be i d e n t i c a l ,  measured i n i t i a l  and f i n a l  
responses a re  no t .  The measured response a f t e r  considerable e t ch ing  i s  much 
lower than the  i n i t i a l ,  pre-etch value. This  would seem t o  i n d i c a t e  t h a t  t he  
i n i t i a l  s t a t e  o f  t he  c e l l  i n  f i g u r e  1 i s  one o f  considerable l a t t i c e  s t ress .  
The data suggest f u r t h e r  t h a t  t he  removal o f  these res idua l  d i f f u s i o n  induced 
st resses f rom the  as- fabr ica ted  c e l l  should r e s u l t  i n  a  s i g n i f i c a n t  r i s e  i n  
t he  open c i r c u i t  vol tage. The f o l l o w i n g  sec t i on  deals w i t h  our attempts t o  
con f i rm  t h e  presence o f  d i f f u s i o n  induced st resses i n  as- fabr ica ted  devices 
and our attempts t o  remove them. 

I n  summary, thus f a r ,  we have presented evidence t h a t  d i f f u s i o n  induced 
l a t t i c e  st resses can indeed have a  d r a s t i c  e f f e a t  on bo th  c e l l  vo l tage and 
base c o l l e c t i o n  e f f i c i e n c y .  We have found reason t o  b e l i e v e  t h a t  s i g n i f i c a n t  
res idua l  s t resses e x i s t  I n  t h e  as- fabr ica ted  c e l l  which, i f  removed, should 
r e s u l t  i n  l a r g e  increases i n  c e l l  vo l tage.  

RESIDUAL STRESSES 

As p rev ious l y  mentioned, t h e o r e t i c a l  modeling o f  t h e  e tch  induced red  
response v a r i a t i o n  suggests t h a t  s i g n i f i c a n t  vo l tage depressing st resses e x i s t  
i n  t he  as- fabr ica ted  low r e s i s t i v i t y  c e l l .  Fur ther  evidence f o r  t h e  ex is tence 
o f  harmful res idua l  s t resses can be i n f e r r e d  from t h e  f a c t  t h a t  t he  two 
devices e x h i b i t i n g  the  h ighes t  vo l tages t o  da te  f o r  low r e s i s t i v i t y  s i l i c o n  
( t h e  MINMIS and t h e  MINP c e l l s )  a re  f a b r i c a t e d  w i t h  very low doped emi t te rs .  
The MINMIS c e l l  ( r e f .  7)  has, o f  course, an induced e m i t t e r  and t h e o r e t i c a l l y  



should be completely s t ress  f ree .  MINP c e l l  f a b r i c a t i o n  requ i res  a  very l i g h t  
d i f f u s i o n  t h a t  r e s u l t s  i n  a  t o t a l  phosphorus depos i t ion ,  S, o f  t he  order  o f  
2-5x1014 atoms/cm2 ( r e f .  8) .  Ion- implanted MINP c e l l  s  have a1 so been made 
w i t h  depos i t ions  ranging f rom 1013 t o  1014 atomq/cm2 ( r e f .  9 ) .  Normal 
d i f f u s i o n s  o r  i o n  imp lan ta t ions  u s u a l l y  i n v o l v e  depos i t ions  t h a t  a r e  several  
orders o f  magnltude h igher  than these l e v e l s .  

Evidence has a l s o  been publ ished ( r e f .  10) i n d i c a t i n g  t h a t  s t ress  app l i ed  
t o  a  c e l l  d u r i n g  d i f f u s i o n  i n  such a  way as t o  reduce post  d i f f u s i o n  stresses, 

I can r e s u l t  i n  increased output .  There appears t o  be s u f f i c i e n t  evidence, 
there fore ,  t o  warrant  an i n v e s t i g a t i o n  o f  t he  e f f e c t s  o f  reduced phosphorus 
l e v e l s  on t h e  opera t ing  c h a r a c t e r i s t i c s  o f  0.1 ohm-cm c e l l s .  

EFFECT OF LOW EMITTER DOPING LEVELS 

I n  an attempt t o  reduce s t ress  by reducing the  amount o f  phosphorus 
deposited i n  the  emi t te r ,  we performed a  se r ies  o f  pH3 d i f f u s i o n s  a t  temper- 
a tu res  ranging f rom 850 t o  950°, f o r  t imes ranging from 15 t o  30 min, and f o r  
phosphine concentrat ions ranging f rom 1  t o  1000 ppm. To avoid any complica- 
t i o n s  due t o  p r e c i p i t a t i o n ,  t he  d i f f u s e d  c e l l s  were a l l  subjected t o  ra the r  
long (16 t o  65 h r )  d r i v e  i n  cyc les i n  t he  absence o f  a  phosphorus source. 
Dr ive  i n  temperatures ranged from 850 t o  950" C. 

A f t e r  f a b r i c a t i o n ,  t h e  sur face concentrat ion.  No, was determined f rom 
I r v i n ' s  curves us ing  measured values o f  sheet res is tance and j u n c t i o n  depth. 
The values so obtained were v e r i f i e d  by SIMS measurement on se lec ted  samples. 
The t o t a l  phosphorus depos i t ion ,  S, i n  t he  r e s u l t i n  gaussian d i s t r i b u t i o n  was 
then determined f rom the  expression S = No [ r D t ]  where D and t 
are  the  d r i v e - i n  d i f f u s i o n  c o e f f i c i e n t  and time, respec t i ve l y .  The product  
D t  was determined from a  knowledge o f  t h e  j u n c t i o n  depth and the  base doping 

The open c i r c u i t  vo l tage and the  red responge as a  f u n c t i o n  o f  phosphorus 
depos i t i on  a re  g iven i n  f i g u r e s  6 and 7, r espec t i ve l y .  Although a  reduct ion  
i n  res idua l  s t ress  l e v e l s  a t  lower depos i t ions  should mani fest  i t s e l f  as a  
drop i n  the  0.9 pm response and a  r i s e  i n  vo l tage,  n e i t h e r  a re  seen i n  t h e  
f i gu res .  We a re  l e d  t o  conclude, there fore ,  t h a t  con t ra ry  t o  e a r l i e r  expecta- 
t i ons ,  res idua l  s t ress  l e v e l s  i n  these c e l l s  a r e  e i t h e r  very small o r  a r e  
i n e f f e c t i v e  i n  degrading c e l l  ou tpu t .  

This conclus ion makes i t  d i f f u c u l t  t o  e x p l a i n  the  exper imenta l l y  observed 
e tch  induced degradat ion on the  bas is  o f  m o b i l i t y  changes alone. To exp la in  
the  l a r g e  f a l l  o f f  i n  red response as e tch ing  proceeds, i t  appears t h a t  we 
must invoke the  involvement o f  another c u r r e n t - a f f e c t i n g  parameter such as the 
d i f f u s i o n  length,  t he  v a r i a t i o n  o f  which w i t h  s t ress  has been proposed by 
Rlndner and Braun ( r e f .  11). Although we have no d i r e c t  evidence t h a t  L 
changes a r e  a c t i v e  i n  t he  measurements described here, such a  v a r i a t i o n  would 
c e r t a i n l y  be cons i s ten t  w i t h  the  observed f a c t s .  



SUMMARY OF RESULTS 

The r e s u l t s  o f  the  preceding ana lys i s  can be summarized as fo l l ows :  

(1) D i f f u s i o n  induced st resses i n  low r e s i s t i v i t y  s i l i c o n  s o l a r  c e l l s  
can s i g n i f i c a n t l y  reduce both the  open c i r c u i t  vo l tage and the  base c o l l e c t i o n  
e f f i c i e n c y .  

(2 )  The degradat ion mechanism invo lves  s t ress  induced changes i n  t h e  
base m i n o r i t y  c a r r i e r  m o b i l i t y  and d i f f u s i o n  length .  

(3)  Stress induced degradat ion can be removed by thermal anneal ing. 
Recovery c h a r a c t e r i s t i c s  i n d i c a t e  t h a t  t h e  stresses a re  r e l i e v e d  a t  e levated 
temperatures by p l a s t i c  deformation v i a  divacancy f l o w  ( s i l i c o n  s e l f  
d i f f u s i o n ) .  

(4 )  The l e v e l  o f  res idua l  s t ress  i n  as- fabr ica ted  low r e s i s t i v i t y  c e l l s  
was found t o  be n e g l i g i b l y  smal l .  
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Figure 1. - Measured variation of 0.9 ym spectral 
response and open c i r cu i t  voltage wi th emitter 
each time. 
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Figure 2. - Effect of emitter etching and annealing 
on spectral response. 
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Figure 3. - Determination of activation energy for recovery 

from isothermal annealing data. Activation energy, 1.37 eV. 
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(a) Before emitter etch. (b) After emitter etch. 

Figure 4. - Schematic description of etch induced stress generation. 
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Figure 5. - Theoretical variation of red response 
and open c i rcui t  voltage with width of low 
mobiiity region i n  base adjacent to junction. 
Base width, 165 pm. 
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Figure 6. - Variation of open c i rcu i t  voltage w i th  total phos- 

phorus deposition, S. 
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Figure 7. - Variation of red response w i th  total phos- 
phorus deposition, S. 
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