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R e s i d u a l  l a t t i c e  damage by 5 k e V  i o n  i m p l a n t a t i o n  as w e l l  a s  
s u r f a c e  flaws i n d u c e d  by wafer c l e a n i n g  have  been  p roven  t o  
a f f e c t  t h e  V o c  more a d v e r s e l y  f o r  l a s e r - a n n e a l e d  c e l l s  t h a n  
c o n v e n t i o n a l  t h e r m a l - d i f f  u s i o n .  However ,  a n  a l t e r n a t i v e ,  
molecular  imp lan ta t ion  of molecular species ho lds  p o t e n t i a l .  The 
f i r s t  e x p e r i m e n t a l  resu l t s  a re  e n c o u r a g i n g ,  a l t h o u g h  f u r t h e r  
i n v e s t i g a t i o n  a n d  t e s t s  w o u l d  b e  r e q u i r e d .  The lack  o f  a 
commerc ia l ly  a v a i l a b l e  m a s s - a n a l y z e d  i m p l a n t a t i o n  w i t h  l o w  
energy, high f l u e n c e  i o n s  is cons t r a in ing .  
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I t  h a s  been  shown t h a t  mos t  s t a n d a r d  5 k e V  i o n  i m p l a n t a t i o n  
p r o c e s s e s  c r e a t e  s i g n i f i c a n t  d e t r i m e n t a l  impac t  on t h e  open  
c i r c u i t  v o l t a g e  (Voc.) o f  l a se r  a n n e a l e d  cells. A d e t a i l e d  and 
sys t ema t i c  i n v e s t i g a t i o n  of a l l  p r e v i o u s  d a t a  on 3" diameter FZ 
w a f e r s  n a s  l e d  t o  t h e  h y p o t h e s i s  t h a t  one cause of v o l t a g e  l o s s  
i s  l a t t i c e  damage due t o  r e s idua l  h i g h  e n e r g y  n e u t r a l  d o p a n t  
a toms i n  t h e  i o n  beam. I n  a 5 k e V  ion  implan ta t ion  process ,  t h e  
dopant i o n s  are  accelerated t o  35 keV. Some i o n s  are n e u t r a l i z e d  
a t  t h e  wal l  w h i l e  s t i l l  t r a v e l i n g  a t  h i g h  k i n e t i c  e n e r g y  and  
these atoms are  una f fec t ed  by t h e  30 keV r e v e r s a l  f i e l d .  Latt ice 
damzse  by s u c h  h i g h  e n e r g y  p a r t i c l e s  i n  a " l o w  e n e r g y "  
implanta t ion  would be a t  a d e p t h  beyond t h e  a n n e a l i n g  r a n g e  of 
1.5 J/cm2 l a s e r  energy dens i ty .  

Voc was a l s o  shown t o  be impai red  by t h e  e f f e c t s  of  s t a n d a r d  
s u r f a c e  c l e a n i n g  p r o c e s s e s  used t o  min imize  t h e  o p t i c a l  a n d  
r e c r y s t a l l i z a t i o n  impac t  o f  surface f laws.  The r e s u l t s  o f  
v a r i o u s  experiments sugges t  t h a t  t he  surface should be cleaned by 
a h i g h  p r e s s u r e  water j e t  t o  remove surface c o n t a m i n a n t s  and  
sp in-dr ied  i n  a c o n t r o l l e d  atmosphere t o  a v o i d  t h e  f o r m a t i o n  of 
water spots. 

p+nn+ c e l l s  were processed du r ing  t h i s  per iod .  Ion implan ta t ion  
was performed a t  5 k e V  w i t h  a non-mass a n a l y z e d  m o l e c u l a r  i o n  
beam f o r  t h e  f r o n t  and  15  k e V  f o r  a back surface f i e l d  ( B S F ) .  
Data a n a l y s i s  shows t h e  p o t e n t i a l  of such  c e l l s  t o  reach t h e  g o a l  
of o v e r  16% e f f i c i e n c y  by improv ing  i o n  implant  c o n d i t i o n s  and 
c o n t a c t  r e s i s t a n c e .  S u c h  m o l e c u l a r  beam i o n  i m p l a n t a t i o :  -' 

c o n s i d e r e d  p r o m i s i n g  f o r  p h o s p h o r u s  i m p l a n t s  i n t o  p - t y p e  
s u b s t r a t e s .  The k i n e t i c  energy of t h e  a tomic phosphorus u n i t  may 
b e  decreased  t o  a s  l o w  a s  3 k e V ,  a t  l e a s t  by t h e o r e t i c a l  
cal  c u l  a t ion. 
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SBclIOlo 2 .O 
EXPERIH8RTAL PROGRESS 

The s i x  1"x l "  samples of Cz s i l i c o n  wafers  s e n t  t o  t h e  Un ive r s i ty  
of I l l i n o i s  Coordinated Sc ience  Laboratory f o r  i m p l a n t a t i o n  w i t h  
As a t  5 0 0  e V  u s i n g  a l o w  e n e r g y  i o n  gun  h a v e  n o t  y e t  been  
r e t u r n e d .  Arsenic has  been  chosen  i n  t h i s  t r i a l  b e c a u s e  no  
changes i n  t h e  s e t u p  are required. 

The glow d i scha rge  i o n  implan ta t ion  concept has been put aside. 

T h e  g a s  d i s t r i b u t i o n  s y s t e m  a n d  d e p o s i t i o n  chamber  f o r  
laser-assisted chemical v a p o r  d e p o s i t i o n  of lnetal g r i d s  a n d  
p a s s i v a t i n g  l a y e r s  h a s  been  assembled and  checked  ou t .  The 
system i n c l u d e s  a Matheson Gas P r o d u c t s  t h ree  gas  cabine t ,  g a s  
f l o w  m e t e r i n g  ha rdware ,  mixing manifold,  pump/purge system, gas  
r e a c t i o n  chamber, sample heater,  c o n t r o l  panel  and gas  s c r u b b e r .  
The s y s t e m  w i l l  be s h i p p e d  i n  March t o  S p e c t r a  Tecnology where 
t h e  e x p e r i m e n t a l  work w i l l  t ake  p l ace .  S p e c t r a  T e c h n o l o g y  
p e r s o n n e l  who w i l l  use t h e  system assisted i n  f i n a l  checkout and 
have been t r a i n e d  i n  t h e  s a fe  o p e r a t i n g  p r o c e d a r e s  and  s a f e t y  
f e a t u r e s  of t h e  system. 

2.3 

V a r i a t i o n s  i n  l a s e r  p u l s e  d u r a t i o n  and e n e r g y  d e n s i t y  were 
i n v e s t i g a t e d  d u r i n g  t h i s  q u a r t e r  t o  o b t a i n  t h e  bes t  j u n c t i o n  
dopant  p r o f i l e s  p o s s i b l e  us ing  commercially a v a i l a b l e  i o n  implant  
s o u r c e s .  The b e s t  p u l s e  d u r a t i o n  found  was 2 5  n s e c  a n d  t h e  
optimum l a se r  e n e r g y  d e n s i t y  was 1.5 J/cm2. The 25 nsec  pulse 
d u r a t i o n  i s  t h e  same as t h a t  used i n  Batch 26, which h a s  y i e l d e d  
t h e  h i g h e s t  e f f i c i e n c y  s o l a r  c e l l s  (15.8% w i t h  AR c o a t i n g ) .  A 
long  laser pulse d u r a t i o n  ( 4 0  nsec)  r e s u l t s  i n  a j u n c t i o n  d e p t h  
t h a t  i s  t o o  deep t o  o b t a i n  h i g h  s o l a r  c e l l  e f f i c i e n c y .  Laser 
ene rgy  d e n s i t y  was v a r i e d  between 1.35 J/cm2 and 1.6 J/em2; t h e  
higher  va lues  caused s u r f a c e  damage and t h e  lower v a l u e s  d i d  n o t  
f u l l y  anneal t h e  junc t ion .  

The  method of  f o c u s i n g  t h e  o u t p u t  of t h e  beam homogenizer on to  
t h e  w a f e r  was m o d i f i e d  by u s i n g  two l e n s e s  i n s t e a d  of o n e ,  
t h e r e b y  p r o v i d i n g  sharper  f o c u s  a n 6  a i(tc\re u n i f o r m  laset  beam 
spa t ia l  i n t e n s i t y  p r o f i l e  (see Q u a r k r l y  Report  No. 2 f o r  d e t a i l s  
of a n a l y s i s ) .  

Laser d i a g n o s t i c s  were i n s t a l l e d  a n d  u s e d  t o  r e c o r d  t h e  l a s e r  
ou tpu t  energy dur ing  t h e  e q u i v a l e n t  of a c o m p l e t e  s c a n  of a 4 "  
d i a m e t e r  w a f e r  (27 ,000 pulses) .  No dropouts  occurred ;  t h e  l a s e r  

2-1 



energy was found t o  be w i t h i n  a band t h a t  i s  2 5 %  of t h e  sverage.  

T h e  l a b o r a t o r y  l a y o u t  f o r  t h e  m e t a l l i z a t i o n  p r o c e s s  s t e p  was 
e s t a b l i s h e d  and  t h e  d e s i g n  f o r  t h e  o p t i c a l  assembly completed. 
Mechanical components are being fabr icated.  O p t i c a l  components  
c o a t e d  f o r  1 9 3  nm were o r d e r e d ,  i n c l u d i n g  a c y l i n d r i c a l l y  
focus ing  l e n s ,  u n s t a b l e  resonator  c a v i t y  m i r r o r s  and  windows f o r  
t h e  l a s e r ,  and  t u r n i n g  m i r r o r s  f o r  t h e  o p t i c a l  beam p o s i t i o n i n g  
a s sembly .  Most o f  t h e  o p t i c a l  m o u n t s ,  a s  well a s  t h e  x-y 
m o t o r - d r i v e n  t r a n s l a t i o n  s t a g e s  a n d  c o n t r o l s ,  a r e  a l r e a d y  
ava i l a  b l  e . 
2.3.1 e 
Tho l a se r  pulse waveform used e a r l i e r  ( Q u a r t e r l y  Report No. 2 ,  
Figs.  2-lla and 2 - l lb )  showed two peaks w i t h  a s i g n i f i c a n t  d i p  i n  
i n t e n s i t y  b e t w e e n  t h e  p e a k s .  The e l e c t r i c a l  d r i v e  c i r c u i t  
produced forward c u r r e n t  ( f i r s t  laser peak) f o l l o w e d  by c u r r e n t  
r e v e r s a l  ( s e c o n d  l a s e r  p e a k ) .  The c i r c u i t  was m o d i f i e d  by 
reducing t h e  peaking capac i t ance  a t  t h e  laser head f rom 1 2  nF t o  
3 nF, and connec t ing  a 4 nF pulse forming l i n e  t o  t h e  l a s e r  head. 
T h i s  c i r c u i t  e l i m i n a t e d  cur ren t  r e v e r s a l  a n d  l e d  t o  t h e  p u l s e  
waveform shown i n  F i g .  2 - l l c  o f  Q u a r t e r l y  Report No. 2 .  The 
pulse d u r a t i o n  f o r  t h i s  case is 35 nsec. 

A f u r t h e r  change i n  t h e  laser  c i r cu i t  was made by in t roduc ing  a 
t ransformer  i n  t h e  p r e i o n i z e r  network. T h i s  produced a n  e a r l i e r  
p r e i o n i z a t i o n  discharge tha t .  could  be timed r e l a t i v e  t o  t h e  main 
discharge v o l t a g e  r i s e  to ach ieve  optimum d i s c h a r g e  s t a b i l i t y  and  
l a s e r  o u t p u t  s t a b i l i t y .  The r e s u l t i n g  p u l s e  waveform, used f o r  
B a t c h  35, i s  shown i n  Fig.  2-la. The e f f e c t i v e  pu l se  d u r a t i o n  i s  
4 0  nsec. Wafers a n n e a l e d  us ing  t h i s  longer  pulse d u r a t i o n  were 
found t o  y i e l d  low e f f i c i e n c y  s o l a r  c e l l s  d u e  t o  t h e  j u n c t i o n  
being too deep. 

The  e l e c t r i c a l  d r i v e  c i r c u i t  was modif ied f u r t h e r  t o  redoce t h e  
p u l s e  d u r a t i o n  t o  t h a t  p r e v i o u s l y  i n  B a t c h  26 .  T h e  4 nF 
c a p a c i t a n c e  was r e d u c e d  t o  3 . 5  n F ,  a n d  t h e  i n d u c t a n c e  was 
reduced, y i e l d i n g  t h e  waveform shown i n  F ig .  2-lb ( 2 5  n s e c  pu l se  
d u r a t i o n )  . 
2.3.2 7 
Previous  a n a l y s i s  of t h e  focus ing  o p t i c s  used t o  image tne ou tpu t  
of t h e  beam homogenizer on to  the  wafer had shown t h a t  t h e  e d g e s  
o f  t h e  beam were n o t  a s  s h a r p l y  d e f i n e d  a s  t h e y  c o u l d  b e  
( Q u a r t e r l y  Report  No. 2 ) .  Furthermore,  p rev ious  e x p e r i m e n t s  had 
shown t h a t  b e t t e r  s o l a r  c e l l  results were ob ta ined  i f  t h e  l a s e r  
s p o t  was charp ly  focused on t h e  wafer t h a n  i f  i t  was d e f o c u s e d .  
Fo r  t h e s e  r e a s o n s ,  t h e  s i n g l e  l e n s  f o c u s i n g  arrangement was 
m o d i f i e d  by a d d i n g  a second  l e n s .  T h e  s p a c i n g  be tween  t h e  
l e n s e s ,  t h e  distance from t h e  beam homogenizer, and t h e  d i s t a n c e  
t o  t h e  wafer a l l  can be v a r i e d  ind iv idua l l -y  by micrometer-driven 
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2.3.4 of rOafers 

S e v e r a l  t y p e s  of  ion-implanted wafers vere laser annealed du r ing  
t h i s  quarter. The c o n d i t i o n s  f o r  these  p r o c e s s i n g  e x p e r i m e n t s  
are  l i s t e d  i n  Table  2-1. However, no t  a l l  annealed wafe r s  were 
prat-essed i n t o  ce l l s  s i n c e  most of t h e  e x p e r i m e n t s  were f o r  t h e  
purpose of surface studieb.  

2.3.5 5 Pro- 
T h e  d e s i g n  o f  t h e  o p t i c a l  s y s t e m  was comple t ed  d u r i n g  t h i s  
quarter; laser mod i f i ca t ions  needed f o r  s t u d i e s  of p h o t o c h e m i c a l  
vapor  d e p o s i t i o n  f o r  t h e  p a s s i v a t i o n  and m e t a l l i z a t i o n  p rocess  
s t e p s  a l s o  were comple ted .  The o b j e c t i v e  c y l i n d e r  l e n s  t o  be 
used  t o  form a l i n e  f o c u s  for t h e  m e t a l l i z a t i o n  p r o c e s s  s tep was 
analyzed using the  three-dimensional,  extended s o u r c e ,  ray t race  
code. Two commercially a v a i l a b l e  l e n s e s  were studi3d.  The f i r s t  
was a plano-cyl inder  l e n s  w i t h  a nominal p a r a x i a l  f o c a l  l e n g t h  of  
1 0 0  mm. T h i s  l e n s  p r o d u c e s  a m’nimum b l u r  square 40 microns i n  
s i z e  a t  a working  d i s t a n c e  of 83.5 mm. The second  l e n s  was a 
best form l e n s  a l s o  w i t h  a nominal f o c a l  l e n g t h  of 1 0 0  mm. T h i s  
l ens  p r o d u c e s  a b l u r  square s i z e  of 4 0  m i c r o n s  a t  a w o r k i n g  
d i s t a n c e  of 72 mm. Both l e n s e s  were s t u d i e d  assuming an  i n p u t  
beam from an extended source  of  1 .2x1 .2  cm w i t h  a 0 . 1  mrad h a l f  
a n g l e  beam d i v e r g e n c e .  These  parameters a r e  e x p e c t e d  o f  t h e  
laser using uns t ab le  resonator  o p t i c s .  Thus  i t  a p p e a r s  t h a t  t h e  
i n h e r e n t  l a se r  and l e n s  performance w i l l  meet t h e  m e t a l l i z a t i o n  
l i n e  width requirements when used a t  t h i s  f number o f  s i x .  The 
s u p e r i o r  pe r fo rmance  of t h e  best  form l e n s  i n d i c a t e s  t h a t  t h i s  
lens should be purchased. 

A l s o  d u r i n g  t h i s  r e p o r t i n g  pe r iod ,  t h e  s p e c i f i c a t i o n  of u n s t a b l e  
r e s o n a t o r  o p t i c s  f o r  t h e  l aser  a t  1 9 3  nm was comple t ed  a n d  a 
s u i t a b l e  vendor  Zor t h e  o p t i c s  and  c o a t i n g s  was l o c a t e d .  The 
c a v i t y  w i l l  c o n s i s t  of a 230 cm radius of c u r v a t u r e  p lanc-convex 
h i g h  r e f l e c t o r  and  a 75  crn men i scus  o u t p u t  coupler w i t h  a do t  
high r e f l e c t i o n  coa t ing  of 3.75 mm diaQeter. The l a t t e r  w i l l  be 
AR-coated f o r  193 nm on t h e  s e c o n d  surface,  and t h e  two o p t i c s  
w i l l  b e  s e p a r a t e d  b y  6 2 . 5  cm, p r o v i d i n g  f o r  a c a v i t y  
m a g n i f i c a t i o n  of -2.7. Both subs t r a t e s  a r e  made of supras i l  
qua r t z  and a r e  s tock  items. 

The o p t i c a l  assembly f o r  t h e  m e t a l l i z a t i o n  p rocess  s tep  is shown 
i n  Figs .  2-5 and 2-6. The l a b o r a t o r y  l a y o u t  i s  s i m i l a r  t o  t h a t  
snown i n  Q u a r t e r l y  Report No. 1. The laser beam is r e f l e c t e d  o f f  
a 45-degree t u r n i n g  m i r r o r  and  d i rec ted  t o  t h e  m e t a l l i z a t i o n  
p r o c e s s i n g  o p t i c a l  assembly .  The beam e n t e r s  pa ra l l e l  t o  t h e  
a x i s  of n o t i o n  of t h e  upper motorized t r a n s l a t i o n  s t a g e ,  t h e n  i s  
deflected 90 degrees ,  making it  p a r a l l e l  t o  t h e  ax is  of motion of 
t h e  lower t r a n s l a t i o n  s tage .  The beam is  t h e n  r e f l e c t e d  downward 
through a c y l i E d r i c a l l y  focus ing  l e n s  and through t h e  W 
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Tab le  2-1. Laser a n n e a l i n g  parameters. 

Average 
Laser Spot Energy Table  Spot  

(Ha)  (muucmm) (J/cm2) (cm/sec) (mxmm) 
Batch Energy Size Density Speed Interval 

Pulse duration = 40 nsec; overlap = 50% 

Batcn 35: 3" 5 keV p-type F2 
1 wafer 1 3  0.9xo.9 1.6 0.9 0 . 4 5 ~ 0  -45 

Batch 35: 4"x4' thermal  d i f f u s i o n  p t y p e  Cz 
2 wafers 1 3  0.9xo.9 1.6 0.9 0.45x0.45 

Batch 36: 3" 5 keV p-type F2 
1 wafer 12  0.95x0.95 1.33 0.9 0.?5u0.45 

Pulse  durat ion = 25 nsec; overlap = 50% 

Batch 37: 3" 5 keV p-type FZ 
(modified PFN) 

2 wafers 14 1 .ox1 00 1.4 1.0 0.5x0.5 

Batch 38: 3" 5 k e V  p-type FZ 
(modified focus opt ics)  

2 wafers 14.5 1 .Ox1 -05  1.4 1.0 0.5x0.55 

Batch 38: 2"x2" 5 keV p-type C z  
2 wafers 13.5 1 . 0x1 . 05 1.3 1.0 0.5x0.55 

Batch 39: 3" 5 k e V  p-type FZ 
(no surface change due t o  laser)  

2 wafers 14 1. 0x1 00 1.4 1.0 - 0.5x0.5 
1 wafer 13 1.ox1.0 1.3 1.0 0.5x0.5 

Batch 40: 4'x4" n-type Cz 
1 wafer 

1 - 4  1.0 0.5x0.55 5 k e V  f r o n t  14.5 l.Oxl.0S 
35 kev back 14  0.75x0.75 2.5 0.8 0.4x0.4 

Batch 40:  3" n-type Cz 

spin-on source 
on back 14 0.75x0.75 2 . 5  0 .8 0.4x0.4 

1 wafer 
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Fable 2-1. Laser annea l ing  parameters  ( con t inued) .  

Average 
Laser Spot Energy Tab1 e Spot I n t e r v a l  Batch Bne r gy Size  Density Speed 
(mJ) (mxmm) (J/cm2) (cxdsec) hmxmm) 

Pulse d u r a t i o n  = 25 nsec; overlap = 50% 

Batch 41: 3" 5 keV n-type Cz 
2 wafers 

1 wafer 

2 wafers 

f r o n t  14 0.95x1.0 

spin-on back 14 0.75x0.8 

r epea t  back* 14 0.60x0.65 

2 quadrants  13.5 0.95x0.95 

5 wafers  1 4  0.9Oxl.O 

Batch 42: 2"x2' 5 keV p-type Cz 

Batch 43: 2 . ~ 2 "  5 k e V  p-type Cz 

Batch 44: 2'x2" 5 keV p-type Cz 

Batch 45: 2"x2" 5 keV p-type Cz 

2 wafers  1 4  0 . 92x1 . 0 

1 a a f e r  14.5 0.92x1.0 
1 wafer 14 .5  1.00x1.05 

Batch 46: 4"x4" 5 keV p-type Cz 
(Zymet i o n  implant: 

1 wafer 14 .5  1.00x1.05 

1.45 

2 .3  

3 05 

1 . 5  

1 . 5  

1 . 5  

1.5 
1.4 

1 . 4  

1 . 0  

0 .8  

0.6 

1 .2  

0 .9  

0 . 9  

0 .9  
1 . 0  

1.0 

0 .47x0.5 

0 .3  8x0.4 

0.25x0.25 

0 . 3  8x0.3 8 

0.36x0.40 

0.36x0.4 

0.36x0.4 
0.4x0.42 

0.4x0.42 

*Annealed twice w i t h  o v e r l a p  = 60%. 

t r a n s p a r e n t  window of t h e  m e t a l l i z a t i o n  p r o c e s s  chamber. The 
wafer is  l o c a t e d  i n  a f i x e d  p o s i t i o n  i n s i d e  t h e  chamber. The 
o p t i c s  a r e  a d j u s t e d  t o  p r o v i d e  bes t  f o c u s  of t h e  laser  beam a t  
t h e  p l ane  of t h e  wafer and proper  o r i e n t a t i o n  of t h e  l i n e  f o c u s  
r e l a t i v e  t o  t h e  d i r e c t i o n  of motion of t h e  motorized t r a n s l a t i o n  
s t ages .  

The  45-degree t u r n i n g  m i r r o r s  a re  2' i n  diameter, l a r g e  enough t o  
acconodate t h e  f u l l  laser beam. The c y l i n d e r  l e n s  i s  mounted o n  
a n  x-y-z t r a n s l a t i o n  s t a g e  t o  c e n t e r  t h e  l e n s  wi th  t h e  center of 
t h e  laser beam, and  t o  a d j u s t  t h e  f o c a l  p l a n e  r e l a t i v e  t o  t h e  
wafe r .  The  l e n s  i s  mounted i n  a r o t a r y  stage t o  a l i g n  t h e  l i n e  
focus  w i t h  t h e  d i r e c t i o n  of t r a v e l  of one  o r  t h e  o t h e r  of t h e  
motorized t r a n s l a t i o n  s t a g e s ,  I n  t h i s  way long  m e t a l l i z a t i o n  
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, - -  

P i g -  2-5- Scale drawing of optical assembly 
for metallization process step. 

P i g .  2-6. Isometric view of optical assembly 
showing motion of translation stages. 
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l i n e s  can be rcade of l i n e  segments  l e i d  down end  t o  end on t h e  
wafer. The l i n e  segments w i l l  be 1-2 c m  long  us ing  t h i s  o p t i c a l  
a r rangement .  The w i d t h s  of t h e  l i n e  w i l l  be  50-100 m j c r o n s ,  
u s ing  uns t ab le  resonator  o p t i c s  on t h e  laser. 

The whole o p t i c a l  a s sembly  w i l l  be  mounted on  r i g i d  r a i l s  and  
r o l l e d  aside t o  p e r m i t  access t o  t h e  g a s  chamber i n  o r d e r  t o  
change wafers. With the  o p t i c s  moved t o  one side, t h e  t o p  f l a n g e  
h o l d i n g  t h e  UV window w i l l  be u n b o l t e d  and removed, pe rmi t t i ng  
t h e  previous wafer t o  be removed and a new wafer i n s t a l l e d .  

Detailed d e s i g n  of t h e  o p t i c a l  assembly  has  been completed and 
t h e  mechanical p a r t s  are being fabricated. Assembly w i l l  b e g i n  
e a r l y  i n  March. 

Many of t h e  o p t i c  holders and motorized t r a n s l a t i o n  s t a g e s  t o  be 
used  a r e  a l r e a d y  a v a i l a b l e  f r o m  t h e  b u i l d - u p  o f  t h e  l a s e r  
a n n e a l i n g  assembly.  The common components of t h e  two processes  
w i l l  not  be dup l i ca t ed  because of cos t .  The changeover  from t h e  
m e t a l l i z a t i o n  process  t o  t h e  laser annea l ing  p rocess  w i l l  be made 
a s  r ap id ly  and as  convenient ly  as  poss ib l e ;  however, a p e r i o d  of 
s e v e r a l  h o u r s  w i l l  be required for rearrangement a3d realignment 
of t h e  o p t i c a l  assemblies each t i m e  there  i s  a change from one 
process  t o  thc! other. 

2.4 

2.4.1 

2.4 . 1 . 1 Cleaning Procedure 

As r e p o r t e d  i n  Q u a r t e r l y  R e p o r t s  No. 1 a n d  No. 2 ?  surface 
c o n d i t i o n s  a f f e c t  t h e  Voc and f i l l  f a c t o r  of laser annealed cel ls  
more s e r i o u s l y  than convent ional  thermal d i f fused  ce l l s .  I t  was 
a l s o  r e p o r t e d  t h a t  t h e  c h e m i c a l  e t c h i n g - c l e a n i n g  d i d  n o t  
thoroughly remove pa r t i cu la t e s .  Such p a r t i c u l a t e s  can become 
n u c l e a t i o n  centers  upon l a s e r  annea l ing  a t  m e l t i n g  temperature. 
Light  s c rubb ing  w i t h  c l o t h  and  d e t e r g e n t  was found  c a p a b l e  of 
r e d u c i n g ,  b u t  n o t  t o t a l l y  removing, t h e  s u r f a c e  contamination. 
However ,  s u c h  a c l e a n s i n g  p r o c e d u r e  h a s  b e e n  f o u n d  t o  b e  
de t r imen ta l  t o  the ion  implanted surface. 

Samples  o f  3 ”  d i a m e t e r  FZ p- type  wafers w i t h  5 k e V  31P+ i o n  
implan t  were d i v i d e d  i n t o  l o t s  t o  t e s t  f o r  t h e  e f f e c t s  o f  
different surface p repa ra t ion  techniques  (F ig .  2-7) . 
The in-house  chemical  c l ean ing  inc luded  H2SO4 + H202 a t  e l e v a t e d  
t e m p e r a t u r e  f o l l o w e d  by 1 0 %  HF + 15% H C l  e t c h i n g  and r i n s i n g  
b e f o r e  s c r u b b i n g  w i t h  d e t e r g e n t .  The l i g h t  and hard scrubbing 
were def ined r e s p e c t i v e l y  2s w i t h  and w i t h o u t  p r e s s u r e  d u r i n g  
sc rubb ing .  wafers were examined under  mic roscope  a f t e r  l a s e r  
anneal ing a t  1.3 J / c d  or 1.4 J/cm2 (Pig.  2-81. R e s u l t s  suggest 
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I Imp1 a n t  e d I 
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I 5 keV I 
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I 

I I I 
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IIn-House Cleaning,I  !In-House Cleaning,l  !Sent t o  Pol ishing1 
I Hard Scrubbing I ILight Scrubbing I I Vendor for  I 
I w i t h  Detergent  I I I I  Cleaning I - 
I I 

I 
I 

I 

- 
I I 

I 
I 

I 

I HC1 I 
I I 

I 
I 

I Laser Annealing I 
I a t  1.3 J/cm2 I 
I 3r 1 . 4  J/cm2 I 

P i g .  2-7. Comparison of surface p repa ra t ion  techniques.  

t h a t  h a r d  s c r u b b i n g  d a m a g e d  t h e  s u r f a c e  by i n t r o d u c i n g  
microscratches.  However, hard  s c r u b b i n g  on wafers w i t h o u t  i o n  
implant  d i d  n o t  show s c r a t c h e s  a f t e r  laser annea l ing ,  i n d i c a t i n g  
t h e  difference i n  hardness  be tween t h e  i o n  i m p l a n t e d  l a y e r  and 
t h e  c r y s t a l l i r e  s i l i c o n  surface. 

Surface damage on wafers c l e a n e d  by t h e  vendor  was even  more 
s e v e r e  ( P i g .  2 -91 .  S c r a t c h e s  w e r e  o f  t h e  l i n e a r  t y p e .  
M i c r o d e f e c t s  ( ' haze ' ) ,  on t h e  o t h e r  hand ,  were found t o  be of 
lower d e n s i t y  than  found w i t h  scrubbing. 

The results sugges t ,  i n  gene ra l ,  t h a t  mechanical scrubbing causes 
surface damage on ion  implanted wafers. However, surface damage 
defects were not  observable  p r i o r  t o  laser a n n e a l h g .  Apparently 
l a s e r  anneal ing of s i l i c o n  surfaces may be used t o  revea l  s u r f a c e  
defects,  as an a l t e r n a t i v e  t o  u s i n g  p r e f e r e n t i a l  e t c h a n t s  such as 
S i r t l  and Seecco. 

Hard s c r u b b i n g  on ion  implanted wafers  appa ren t ly  almost removes 
t h e  implant l a y e r .  The s h e e t  rho  o f  w a f e r s  c l e a n e d  w i t h  ha rd  
scrubbing o f t e n  exceeded 200 ohms/square. 
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Table  2-2. Wafers c l eaned  wi thou t  and w i t h  0.2 micron f i l t e r .  D I  
water res is tance -16-13 megohms. Wafers ion implanted  a t  5 keV,  
3x1015 atoms/cm2; laser energy 1.5 J/cm2, 50% overlap. 

a. Wafers c l eaned  wi thout  0.2 micron f i l t e r .  

voc FF E f f  
tV) ( 8 )  t%) 

Sample 
NO 

B44-1.5 
t l  20 .OS 0.580 61.66 7 .17 
12 20 . 43 0.580 70.75 8.40 
t 3  18.19 0.582 64.35 5.82 
t 4  17.20 0.575 58.57 5 079 

Contrc! R59I 
#I 21  . 92 0.595 77.54 10.11 
#2 22.15 0.596 77.65 10.25 

b. Wafers c l eaned  w i t h  0.2 micron f i l t e r .  

Sample Jsc voc FF Eff 
NO W c m 2  tV) ( % I  ( % I  

B45-1 . 5 
t1 19.39 0.583 77 . 54 8.76 
#2  20.26 0.583 76 -24 9.01 
t 3  20.20 0.583 76.84 9.05 
0 4  19.89 0.583 77.54 8.99 

Cont ro l  B45 R59II 
51 21.36 0.589 78.09 9.82 
112 21.89 0.591 77 . 83 10  07 

As t h e  d a t a  show, t h e  main d i f f e r e n c e  between t h e s e  two groups o f  
c e l l s  i s  i n  t h e  f i l l  f a c t o r ,  which i s  much p o o r e r  i n  c e l l s  
c leaned  wi thout  a 0.2 micron f i l t e r .  

2.4.2 fi Sup - 'a 

F o r  t h e  q u a r t e r ,  m a j o r  e f f o r t  wag d e v o t e d  t o  r e p e a t i n g  t h e  
experiment !B26) t h a t  y i e l d e d  t h e  15.9% (AR-coated) ce l l  r e p o r t e d  
i n  Q u a r t e r l y  R e p o r t  No. 2 .  However, none  of t h e  attempts h a s  
been success fu l .  Bes ides  t h e  s u r f a c e  c o n d i t i o n s  mentioned above,  
i t  i s  f e l t  t h a t  t h e  l a s e r  e n e r g y  d e n t i i t y  p r o b l e m s  a n d  i o n  
imp lan ta t ion  p rob lems  a re  two of t h e  h a n d i c a p s  t h a t  l i m i t e d  
r e p r o d u c i b i l i t y .  

2-14 



2.4.2.1 Laser Energy Density 

Two e x p e r i m e n t s  (B38 and  845)  were p e r f c r m e d  t o  t e s t  f o r  t h e  
d i f f e r e n c e  between h igher  and lower e n e r g y  d e n s i t y  a n n e a l i n g  on 
two d i f f e r e n t  k i n d s  of s u b s t r a t e s ,  FZ and Cz. C e l l  performance 
is mnmarized i n  Table 2-3. 

Table 2-3. Comparison o f  h i g h e r  a n d  lower e n e r g y  d e n s i t y  
annealing on Cz and FZ material. 

a. FZ material  i o n  i m p l a n t e d  a t  5 keV,  5x1015 atoms/cma. Base 
r e s i s t i v i t y  -0.3 ohm-cm. 

FF E f f  
($1 ($1 

Sample 
No 

838 -- energy d e n s i t y  = 1.3 J/cm2 
#1 21.03 0.585 61.35 7*55 
#2 20.42 0.591 77.22 9.32 

B38 -- energy d?ns i ty  = 1.4 J/cm2 
#I 20.18 0.590 73.52 8.75 
12  20.51 0.593 74.61 9.08 
#3 19.40 0.593 76.25 8.77 

b. Cx material i o n  i m p l a n t e d  a t  5 k e V ,  3x1015 atoms/cm2. Base 
r e s i s t i v i t y  -1 ohm-cm. 

Sample Jsc voc FP E f f  
NO mA/cm2 (VI ($1 ($1 

B45 -- energy d e n s i t y  = 1.4 J/cm2 
#1 18  . 82 0.576 76.8 8.33 
#2 20.46 0.568 69.1 8.03 
13  20.21 0.577 74 03 8 -66 
1)4 20.51 0.578 72.2 5.56 

B45 -- energy d e n s i t y  = 1.5 J / c d  
#1 19.39 0,583 77.54 8.76 
t 2  20.26 0.583 76.24 9.01 
#3 20.20 0.583 76.84 9.05 
#4 19.89 0.583 77.54 8.99 

The resul ts  i n d i c a t e  a t r e n d  of higher  fill factor  and Vo, when 
h ighe r  laser  energy ( v a r i e d  from 1.3 J/cm2 t o  1.5 Wcrn2) is used. 
A j u n c t i o n  d e p t h  p r o f i l e  o f  sample B45-1.4 Ucm2 shows a s l i g h t  
"kink" a t  0 . 1 8  mic ron ,  w h i c h  c l e a r l y  s u g g e s t s  i n c o n p l e t e  
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a n n e a l i n g ;  no s u c h  c u r v e  s h a p e  change  a p p e a r s  on t h e  B 4 5 - 1 . 5  
J/cm2 sample (Pig.  2-10). Severe surface damage begins  a t  enzrgy 
d e n s i t y  21.6 J / cm2 .  From t h i s  i t  is  c o n c l u d e d  t h a t  a na r row 
process  window e x i s t s  f o r  energy d e n s i t y  from 1 . 4  t o  1.6 J/cm2. 

2.4.2.2 Ion Implant Conditions 

of 5 keV I-. Two key e x p e r i m e n t s  
( B a t c h  35 and Ba tch  36) were pe r fo rmed  e a r l y  i n  t h e  quarter t o  
i n v e s t i g a t e  perfarmance e f f e c t s  from l a t t i c e  damage c a u s e d  by 5 
k e V  ion  implanta t ion .  These r e p r e s e n t  e x t e n s i o n s  on t h e  Batch 15 
experiment,  repor ted  i n  Q u a r t e r l y  Repor t  No. I, i n  t h a t  t h e r m a l  
n+ d e p o s i t i o n  was u s e d  i n s t e a d  o f  i o n  i m p l a n t .  A t h e r m a l  
d e p o s i t i o n  of dopant sou rce  r e p r e s e n t s  a ze ro  l a t t i c e  damage case 
in compar ison  t o  any  i o n  implant  source.  Lower laser annea l ing  
energy d e n s i t i e s  and smaller o v e r l a p s  than  i n  Ba tch  15  w e r e  a l s o  
employed. 

I n  B a t c h  35, l a s e r  e n e r g i e s  of 1.6 J / c d  w i t h  50% o v e r l a p  were 
used. The f o u r  comparison p r o c e s s  s e q u e n c e s  a r e  shown i n  F i g .  
2-11. Average p e r f o r m a n c e s  o f  t h e  f o u r  g r o u p s  o f  ce l l s  (made 
from a 3" FZ wafer f o r  i o n  implant  Case A, and a 4 "  Cz w a f e r  f o r  
thermal d e p o s i t i o n  Cases B, C, and D) are g iven  i n  Table 2-4. 

T h e  low s h e e t  r h o  f o r  Case C ( l a s e r  a n n e a l e d  c e l l s  w i t h  
phosphorus  g l a s s )  i s  c o n s i s t e n t  w i t h  r e su l t s  from Batch 15 i n  
t h a t  t h e  phosphorus  g l a s s  l a y e r  acted a s  a h i g h  c o n c e n t r a t i o n  
dop ing  s o u r c e .  Spreading r e s i s t a n c e  measurements on t h e s e  ce l l s  
(F ig .  2-12) sugges t  t h a t  t h e  v a r i o u s  j u n c t i o n  d e p t h s  c o r r e l a t e  
well w i t h  t h e  d i f f e r e n c e s  i n  Jsc among these c e l l s  and  t h a t  
sha l low j u n c t i o n s  g i v e  r ise t o  h igher  c u r r e n t  c o l l e c t i o n s .  

The r e s u l t s  o f  t h e  Voc measurements,  h o w e v e r ,  a r e  r a t h e r  
i n t e r e s t i n g .  Case C (Cz, n+ thermal d e p o s i t i o n  fol lowed by l a se r  
a n n e a l i n g )  h a s  t h e  h i g h e s t  Voc, a b o u t  8 mV h i g h e r  t han  Case A 
(FZ, low b u l k  r e s i s t i v i t y ,  i o n  implan ted ,  l a s e r  a n n e a l e d ) .  The 
d i f f e r e n c e  i n  V o c  b e t w e e n  t h e  two i s  b e l i e v e d  t o  be  due t o  
residual l a t t i c e  damage by i o n  implanta t ion .  

The second  e x p e r i m e n t ,  Ba tch  36, used t h e  same i o n  implanted FZ 
material a s  Batch 35 except t h a t  t h e  l a s e r  a n n e a l i n g  e n e r g y  was 
reduced t o  1.33 J / cm2 .  Con t ro l  cel ls  t o  monitor wafer c l e a n i n g  
and m e t a l l i z a t i o n  were thermal ly  d i f f u s e d  Cz cells.  R e s u l t s  show 
t h a t  both t h e  VoC and f i l l  f a c t o r  of i on  implanted ce l l s  dec rease  
i n  comparisoti  w i t h  B a t c h  35, w h i l e  t h e  c o n t r o l  c e l l s  b e h a v e d  
t y p i c a l l y  f o r  1 ohm-cm C z  mater ia l  w i t h o u t  BSF ( T a b l e  2-51. 
These  r e s u l t s  i n d i c a t e  t h a t  r e d u c i n g  t h e  a n n e a l i n g  e n e r g y  
i n c r e a s e s  t h e  amount of non-removable l a t t i c e  damaue induced by 5 
k e V  i o n  implanta t ion .  

2-16 



a. 

b. 

I I 

B45-1.4 J/cm2 annealed a t  1 . 4  J/cm2, 50% over lap .  

l o l b '  I ' .  I ~ !- ' 1 ' 1  
0.0 0.1 0.1 0.1 0 . b  0.3 0.b m--' 

B45-1.5 J/cm2 annealed a t  1 . 5  J/cm2, 50% aver lap .  

Pig. 2-10. Depth p r o f i l e s  of Batch 45 cel ls .  
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I p-Type FZ I 
I 0 . 3  ohm-cm I 
I I 

I 
I 

Case A 
I 
I 

I 3 1 ~ +  Ion Implant I 
I 5 keV I 
I 3x1015 atoms/cm2 I 
I I 

I 

I p-Type cz I 
I 1 ohm-cm 1 
I I 

I 
I 
I 
I 
I 

I poci 3 I 
I Thermal Depos i t ion  I 
I 8iSoC, 10 minutes  I 
I I 

I 
I 

I I I 
Case B Case C Case D 

I I I 
I I I 

I I 
I I 10% HE' I I I Thermal D i f f u s i o n  I 
I I Etch I I I 825OC. 15 minutes I 

I I I I I 
I I I 
I I I 

I l l  
I 

I Laser Annealing I I 
I 1 .6  J/cm2 I I 
I 50% Overlap I I 
I 40 n s  I I 
I I I 

I I 
I I 
I I 

I C e l l  Process  I 
I Evaporated I 
I 18 G r i d l i n e s  I 

I 

I C e l l  T e s t i n g  I 
I @25OC, AM1.5 I 
I I 

F i g .  2-11. Process  sequence for  Batch 35.  
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Table 2-4, Average performance of Batch 35 cells. Laser e n e r g y  
d e n s i t y  a t  1.6 J/cm2, 50% overlap wi th  40 n s  pulse dura t ion .  

Junction 

(m~9gm2) (vF t % )  ($1  (ohm/sq) (micron) 
Sample J VO PF E f f  Sheet  Rho Depth 

Case A 21.02 0.588 75.10 9.28 85 0 035 
F2, 0.3 ohm-cm, 
5 keV,  31P+ 
i o n  implant  
3x1015 atoms/cm2 

Case B 19.20 G.587 73.80 8.3 
Cz, 1 ohm-cm, 
t h e m a 1  POC13 
d e p o s i t i o n  + HF 
+ laser annea l ing  

Cz, 1 ohm-cm, 
thermal  P O C Q  
d e p o s i t i o n  + 
l a s e r  annea l ing  

Case C 19.80 0.596 75.44 8.9 

65 

23 

0 045 

0.49 

Case D 21.38 0.590 74.24 9.3 140-150 0.27 
Cz ,  1 ohm-cm, 
thermal  POCl3 
d e p o s i t i o n  + 
thermal  d i f f u s i o n  

ts of I -s I w e d  Ion -. The 
bes t  c e l l  o b t a i n e d  so f a r  i n  t h e  p r o j e c t  has  been from Batch 26, 
i n  which  31P+ i o n  was implan ted  on to  2"x2" Cz material  a t  5 keV 
w i t h  f l u e n c e  2 . 5 ~ 1 0 1 5  atoms/cm2. The i o n  implanted material was 
used  t h r o u g h  e x p e r i m e n t s  B24, €326, a n d  B2O. I n  a l l  t h r e e  
experiments ,  t h e  a v e r a g e  c e l l  e f f i c i e n c y  was above 9.5%, which 
was comparable t o  thermal ly  d i f f u s e d  Cz cells .  A t  t h e  same time, 
t h e  5 k e V ,  5 x 1 0 1 5  a toms /cm2  i o n  i m p l a n t e d  3" ( d i a m e t e r )  FZ 
material was about  8.5-9% i n  e f f i c i e n c y  o v e r a l l .  Discussion w i t h  
t h e  i m p l a n t  venaor  i n d i c a t e d  t h a t  t h e  Cz material was implanted 
w i t h  t h e  presence of "neutral"  traps w h i l e  t h e  FZ was n o t .  The 
" n e u t r a l s "  came f rom i o n i z e d  phosphorus atoms accelerated t o  35 
~ P V  which  were e l e c t r i c a l l y  n e u t r a l i z e d  a t  t h e  w a l l s  b e f c r e  
r each ing  t h e  d e c e l e r a t i n g  f i e l d .  Such neutrals  would con t inue  t o  
t r a v e l  w i t h  35 kev impact  k i n e t i c  e n e r g y  u n a f f e c t e d  by t h e  
r e v e r s i n g  30 k V  p o t e n t i a l .  The p e n e t r a t i o n  depth by such h igh  
energy atoms wotild be  rrLDre than  0.4 micron. This is a p o t e n t i a l  
e x p l a a a t i o n  f o r  poorcr f i l l  f a c t o r .  
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,$$ ~ - .  . .. - 
0.0 0.1 0.' 0.1 0.4 0.5 0.6 m-- 

Case A. FZ; i o n  implant 
+ l a s e r  anneal 

~ - -  -.--_ ___ 
0.0 0.1 0.1 -o-;fk. 0.4 0.5 0.6 

+ HF + l a s e r  anneal 
Case B .  Cz; thermal d e p o s i t i o n  

Case C.  Cz; thermal d e p o s i t i o n  
+ l a s e r  anneal 

Case D.  Cz; thermal d e p o s i t i o n  
+ thermal d i f f u s i o n  

P i g .  2-12. Depth p r o f i l e s  of Batch 35  ce l l s .  
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Table 2-5. Performance  of B a t c h  36 annea led  a t  1.33 J/cm2, 50% 
o v e r l a p  wi th  pulse d u r a t i o n  3f 40 nsec (no AR coa t ing ) .  

FF Ef f Sheer Rho Sample Jsc 
voc 

No. (mA/cm2) (VI ($1 ($1 (oWsq1 

FZ; 0.3 cb-cm; ion  implant  
B363E15 

I1 20.96 0 -580 74 -17 9.02 -100 
t 2  21.02 0.573 72 80 8 -77 
03 21.25 0.380 76.09 9.38 
04 20.78 0.576 67 -60 8 . l o  
05 20.71 0.572 64.45 7 -64 
06 20 . 97 0.576 73.40 8.86 

I 

n 

n 
I 

n 

Average 20.95 0.576 71.42 8.60 -100 

Cz; 1 ohm-cm; thermal d i f f u s i o n  
R5 9CI 

#I 21.42 0.597 78.28 10.01 -90 
t 2  21.51 6.596 79.91 10.24 
0 3  21.60 9,596 78.82 10.15 
t 4  21 - 3 5  0.595 79.42 10.09 

I 

n 
a 

Average 2 1  -47 0.596 79.11 10.12 -90 

More 2"x2" Cz material was submit ted for  i o n  implant w i th  neut ra l  
t r a p  cond i t ions  s p e c i f i e d .  C e l l s  f a b r i c a t e d  f roa t h e s e  b a t c h e s  
(B44, B45) a g a i r .  were d i s a p p o i n t i n g .  The poor resu l t  from B44 
was obviously due t o  t h e  water cond i t ions  (see d i s c u s s i o n  above) .  
The B45 exper iment ,  however, used good D I  water w i t h  a 0.2 micron 
f i l t e r .  Here t h e  poor result  be r e l a t e d  t o  t h e  i o n  i m p l a n t  
c o n d i t i o n s  ( annea led  a t  1.5 %=%; see Table  2-11. The vendor 's  
r e c o r d s  show t h a t  t h e  wafers  were i m p l a n t e d  w i t h o u t  t a r g e t  
r o t a t i o n ,  g i v i n g  r i s e  t o  poor s h e e t  rho uniformity.  Four-point 
measurements on annealed w a f e r s  i n d i c a t e  a l a r g e  v a r i a t i o n  ( 2 0  
ohms/sq) i n  s u r f a c e  resistance from t h e  center toward t h e  edge of 
t h e  wafer . 
To t e s t  for t h e  q u a l i t y  of  t h e  i o n  implanted n+ l a y e r ,  a wafer 
f r o m  t h i s  g r o u p  was t h e n  t h e r m a l l y  a n n e a l e d  a t  8 5 O C C  f o r  3 0  
m i n u t e s  followed by 1.5 hours  a t  5 5 O O C  low temperature anneal ing.  
Only two c e l l s  s u r v i v e d  t h e  Frocess.  The resu l t s  from t h i s  and 
from t h e  t h e r m a l l y  d i f f u s e d  c e l l s  a r e  p r e s e n t e d  i n  T a b l e  2-6. 
A l s o  i n c l u d e d  f o r  compar ison  a r e  t h e  r e su l t s  from t h e  l a se r  
annealed wafers  B45-1.5J ( a l so  repor ted  above i n  Table  2-31. 
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Table  2-6. Comparison of t h e r m a l l y  a n n e a l e d  e n d  l a se r  a n n e a l e d  
wafers. 

Sample Jsc voc FF Ef f Sheet Rho 
NO (mA/cm2) (VI ($1 ($1 ( O W 8 Q )  

B45 -- i o n  implant ;  thermal ly  annealed 
35 
a 

#I 18.84 0.579 72 -67 7.92 
12  19.24 0.575 73.05 8.08 

B45 -- 1.5 J/cm2; laser annea led  
35-45 

a 
#1 19.39 0.583 77 054 8 -76 
12  20 -26 0.583 76.24 9.01 

9.05 1 3  20 . 20 0.583 76.84 
#4 19.89 0.583 77.54 8.99 

m 
I 

Contro l  -- R59; thermal d i f f u s i o n  
11 21.36 0.589 78.09 9.82 100 
1 2  21.69 0.591 77.83 10.07 m 

The d a t a  f rom b o t h  l a s e r  a n d  t h e r m a l l y  a n n e a l e d  c e l l s  a r e  
s i m i l a r .  I n  f a c t ,  t h e  former  h a s  s l i g h t l y  h i g h e r  v a l u e  i n  
c u r r e n t ,  V O C r  and f i l l  f a c t o r .  These  e x p e r i m e n t s  show t h r e e  
c ruc ia l  p o i n t s :  Low e n e r g y  i o n  i m p l a n t  r e q u i z e s  t h e  u s e  o f  
n e u t r a l  t raps ;  l a s e r  p r o c e s s e d  c e l l s  can  be made e q u i v a l e n t  t o  
t h e r m a l l y  p r o c e s s e d  c e l l s ;  a n d  water  q u a l i t y  f o r  s u r f a c e  
p r e p a r z t i o Q  p r o c e s s e s  is very impor tan t  b e f o r e  laser p rocess ing  
s t e p s .  

O p t i c a l  micrographs taken  a t  800x on such  a laser annea led  sample 
revea led  f o r  t h e  f i r s t  t i m e  t h e  m i c r o d e f e c t s  ( F i g .  2-13] a t  a 
h i g h  s u r f a c e  dens i ty .  While no exact e x p l a n a t i o n  t o  t h e i r  o r i g i n  
has  y e t  been determined, s u r f a c e  contaminants could  be one of t h e  
s o u r c e s .  The s t ruc tu res  ais0 l o o k  l i k e  s e g r e g a t i o n  cel ls  formed 
dur ing  t h e  r e c r y s t a l l i z a t i o n  fram t h e  m e l t  of an  i n i t i a l  i o n  d o s e  
of 2 . 5 ~ 1 0 1 5  atoms/cm2 (see A.G. C u l l i s  e t  a l . ?  19811, exce$ t h e  
s i 7 e  is  almost  100 times t o o  l a r g e .  One  t h i n g  i s  c e r t a i n :  s u c h  
s t r u c t u r e s  a r e  r e l a t e d  t o  ?-on implan ta t ion  and laser annea l ing ,  
as i n d i c a t e d  by €is. 2-14. There are no m i c r o d e f e c t s  i n  r e g i o n s  
t h a t  were n o t  i o n  i m p l a n t e d .  Samples  have  been  s r lbn i t t ed  f o r  
SIMS a n a l y s i s .  

The  p r e s e n c e  of microde fec t s  a f fec ts  t h e  Vo, s u b s t a n t i a l l y .  A l l  
r e c e n t l y  laser annealed samples  f rom t h i s  i m p l a n t e d  g r o u p  have  
s d c h  d e f e c t s  on t h e  s u r f a c e ,  a l t h o u g h  t h e  d e n s i t y  v a r i e s  from 
sample t o  sample and depends on l a s e r  energy d e n s i t y .  

1. - Besides  us ing  t h e  
c o n v e n t i o n a l  m a s s - s e p a r a t e d  atomic i o n  implan ta t ion  f o r  enit ter 
formation.  a molecuia i  i o n  i m p l a n t  2 r o c e s s  was a l s o  a t t e m p t e d .  
The vendor  s u b ' e c t e d  s a m p l e s  o f  4 "  s q u a r e ?  1 oha-cn p-type Cz 
n la t e r i a l  t o  PF3j i on  implan ta t ion  a t  t h e  c a l c u l a t e d  3 k e V  energy 
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w i t h  f l u e n c e  3x1015 atous/cm2.  After  c l e a n i n g ,  w a f e r s  were 
a n n e a l e d  a t  e n e r g y  1.4 J/cm2, 50% uvzrlap. Shfet  rho was about  
110 ohms/sq, which is h i g h  for an actual 3 x 1 0 1 ~  atomic implant. 
I t  is p o s s i b l e  t h a t  a l a r g e  p o r t i o n  of t h e  molecular  i o n  bounced 
o f €  t h e  s u r f a c e  i n s t e a d  of penetrating i n t o  t h e  s u b s t r a t e .  C e l l s  
were t e s t e d  as uzual (Table  2-71 . The rnajor i ty  c f  t h e  c e l l s  a r e  
a b o v e  9 %  i n  e f f i c i e n c y  w i t h  t h r e e  a t  o r  a b o v e  9 . 4 % r  a 
s u b s t a n t i a l l y  b e t t e r  performance than  previous experiments. 

Table 2-7. Cz p-type material sub jec t ed  t o  molecular i o n  implant. 

Sample Jsc V3C FF E f f  
No. (mA/cla2) (VI (%I (%I 

I34 6 
#1 
#2 
#3 
1 4  
t 5  
16 
#7 
#8 

20 -66 
21 -13 
20.16 
20 -17 
20.50 
20.87 
20.74 
20 . 97 

Average 20.65 

0.574 
0.579 
0.575 
0.577 
0 -577 
0.578 
0 -577 
0.58 

0.577 

72.30 
77.48 
75.78 
76 -30 
76.00 
78.2 
75.74 
80 -00  

76.48 

8.58 
9.48 

8.87 
9.00 
9.44 
9.07 
9.71 

8-79  

9 0 1 1  

2.4.3 a- . -  n Substrates 

Batch 40 ion-implanted n-type s u b s t r a t e s  were 4’ diameter Cz (4-6 
ohm-cm) mater ia l  12 m i l s  t h i c k  w i t h  on2 s i d e  c h e m i c a l l y  a n d  
m e c h a n i c a l l y  p o l i s h e d  ichem-mech po l i shed  OK CMP) . The implant  
was per formed u s i n g  non-mass a n a l y z e d  molecular i o n s  of  main1 
BF2+ a t  a C a l c u l a t e d  5 k e V  energy of f l u e n c e  3 . 5 ~ 1 0 1 5  atoms/cn 
on t h e  emi t t e r  s i d e ,  and PF3 a t  1 5  k e V  on t h e  back f o r  t h e  BSF. 
‘,aser p r o c e s s  e n e r g y  d e n s i t y  on t h e  f r o n t  (emi t te r )  was 1.4 
J/cmZand on t h e  back was 2.5 J/cm*. The s h e e t  r e s i s t i v i t y  a f t e r  
anneal ing was 38-40 ohm/sq ( f r o n t )  and 11 o h d s q  (back) .  

Y 

E l e c t r i c a l  measurements of t h e s e  ce l l s  (Table  2-8) show l o i ~  Voc, 
s u g g e s t i n g  t h e  BSF was n o t  e f f e c t i v e .  The s u r p r i s i n g l y  low Jsc 
f o r  high b u l ~  r e s i s t i v i t y  material ( 4  ohm-cm) was probably due t c i  
poor bulk  mater ia l ,  recombinat ion i n  t h e  d i f f u s e d  l a y e r ,  and/or 
high con tac t  r e s i s t ance .  Spectral response measurement of  t h e s e  
n-type c e l l s ,  however, show much h i g h e r  quantum e f f i c i e n c y  a t  
long wavelengths bu t  poor e f f i c i e n c y  i n  t h e  b l u e  compared w i t h  
t h e  t h e r m a l l y  d i f f u s e d  c e l l s  ( F i g .  2-15) . .Ysc c a l c u l a t e d  by 
i n t e g r a t i n g  t h e  s p e c t r a l  r e s p o n s e  d a t a  s u g g e s t s  a v a l u e  o f  23 
mA/cm2 i n s t e a d  of 21 mA/cm2 as measured by l i g h t  I-V (Fig.  2-16). 
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Table 2-8. P e r f o r m a n c e  o f  B a t c h  40 p+nn+ Cz c e l l s .  Base 
r e s i s t i v i t y  -4-6 ohm-cm. BSF ion-implanted n+ w i t h  phosphorus a t  
1 5  k e V ,  1 x 1 0 1 6  a t o m s / z d  f o l l o w e d  by l aser  a n n e a l i n g  a t  1 .5  
J /CHI~,  50% over lap .  

FP Eff Sheet  Rho 
($1 to)  ( 0 W s q )  

Sample 
No. 

B40 (p+nn+) 
# 1  21.41 0 -546 75.51 8.83 38-40 
1 2  
# 3  
# 4  
# 5  
# 6  
# 7  
1 8  
# 9  
110 
P 1 1  
112  

20 . 97 
21.07 
21.28 
20.98 
20 . 83 
21 . 84 
21 . 96 
21.30 
22.00 
21.39 
21.55 

0.551 
0.550 
0 . 550 
0.553 
0.547 
3 0549 
0.550 
0 0545 
0.539 
0.532 
0.544 

76.04 
76 -17 
75.38 
76.01 
75 -15  
75.37 
75.62 
74.92 
74.72 
72.82 
75 -27 

8.78 
8.83 
8.83 
8.82 
8.57 
9.04 
9.13 
8.69 
8.86 
8.29 
8.81 

n 
I 

I) 

I 

I 

I 

m 

I 

I 

P 

I 

Average 21.38 0.546 75.24 8.78 38-40 

Con t ro l  C e l l  (Cz n+p) 
R59II #l 21.54 0 0593 78.34 10.00 1 0 0  
R59I #2 22.22 0.597 79.48 10.55 I 

T o g e t h e r  w i t h  t h e  d a r k  I-V c u r v e  d a t a  ( F i g .  2-16), i t  i s  
c o n c l u d e d  t h a t  t h e s e  p+nn+ c e l l s  h a v e  r e l a t i v e l y  h i g h  se r ies  
r e s i s t a n c e  t h a t  l i m i t s  t h e  Jsc. I n  f a c t ,  j u n c t i o n  d e p t h  
p r o f i l i n g  (Fig. 2-17) shows a r a t h e r  s h a r p  and  shallow j u n c t i o r .  
c h a r a c t e r i s t i c  which f a v o r s  h i g h e r  current c o l l e c t i o n .  However, 
a hump a p p e a r s  a t  a d e p t h  of  a b o u t  0 . 1 5  m i c r o n ,  s u g g e s t i n g  
i n c o m p l e t e  l a s e r  a n n e a l i n g  a s  w e l l  as t h e  e x i s t e n c e  o f  a n  
e l e c t r i c a l l y  "dead"  l a y e r .  The f o r m e r  a f f e c t s  t h e  Voc and t h e  
l a t t e r  causes poor s h o r t  w a v e l e n g t h  r e s p o n s e .  T h i s  h y p o t h e s i s  
a g r e e s  well wi th  t h e  s p e c t r a l  response and l i g h t  I-V measurements 
d i s c u s s e d  above. 
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Fig. 2-15. Spectral response of Batch 40 cells. 
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Pig. 2-17. Depth p r o f i l e s  of Batch 40  c e l l s .  Front  junction 
boron.  Ion implant  energy 5 keV with f l u e n c e  3x1015 atoms/cm2, 
l a s e r  energy  Censi ty  a t  i . 4  Jlcrnz, 50% over lap .  BSF phosphorus 
ion implant a t  1 5  keV, 1x1016 atoms/cm2, 50% over lap .  
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SECT1019 3.0 
DISCUSSION 

While h s e r  annea l ing  i s  a t r u e  "cold" p r o c e s s  t h a t  s h o u l d  n o t  
d e g r a d e  b u l k  m i n o r i t y  l i f e t i m e ,  i t  h a s  many t e c h n i c a l  
d i sadvantages  i n  comparison w i t h  convent iona l  thermal d i f f u s i o n .  

One d i s a d v a n t a g e  i s  t h a t  t e x t u r e d  s u r f a c e s  were n o t  f o u n d  
s u i t a b l e  f o r  t h e  l a s e r  j u n c t i o n  f o r m i n g  p r o c e s s  d u e  t o  
d i f f i c u l t i e s  i n  c o n t r o l l i n g  t h e  d e g r e e  of surface mel t ing .  AR 
c o a t i n g s  m u s t  be employed i n  p r o d u c t i o n  f o r  l i g h t  a b s o r p t i o n  
enhancement. 

Another  problem is  t h a t  t h e  p r o c e s s  i s  e x t r e m e l y  s e n s i t i v e  t o  
surface c o n d i t i o n s  because t h e  d i f f u s i o n  i n  l a s e r  a n n e a l i n g  i s  
carried o u t  in t h e  l i q u i d  state. Any scratches o r  defect8 on t h e  
s u r f a c e  are  modi f ied  d u r i n g  t h e  r e c r y s t a l l i z a t i o n .  S u r f a c e  
def e c t s / c o n t a m i n a t i o n  i n c r e a s e  t h e  su r f  a c e / b u l k  recombinat ion 
rate which i n  t u r n  dec reases  Voc. 

Ion implanta t ion  i s  a we l l -deve loped  t e c h n o l o g y  f o r  i n t e g r a t e d  
c i r c u i t  p r o c e s s i n g  and  is  e s p e c i a l l y  u s e f u l  f o r  f a b r i c a t i n g  
deeply bur ied  junc t ions .  However, i n  t h e  f a b r i c a t i o n  of s o l a r  
cel ls ,  t h e  implanted l a y e r  m u s t  be shal low w i t h  s u f f i c i e n t l y  high 
surface c o n c e n t r a t i o n .  In o t h e r  words ,  solar c e l l  j u n c t i o n  
fo rma t ion  requires low keV ( 5 3  keV) w i t h  h igh  i o n  f luence .  5 k e V  
is t h e  lowest  a v a i l a b l e  through commercial s e r v i c e s  o r  equipment .  
Even a t  such low k i n e t i c  ene r  imp lan ta t ion ,  deep l a t t i c e  damage 
u n r e m o v a b l e  by  1 . 5  J / c m p l a s e r  e n e r g y  d e n s i t y  h a s  b e e n  
demonstrated i n  t h i s  phase of t he  p r o j e c t .  IncreasiF; t h e  l a s e r  
e n e r g y  d e n s i t y  f o r  d e e p e r  m e l t i n g  m i g h t  remove deep d e p o s i t i o n  
damage d e f e c t s ,  b u t  heavy surface damage a l s o  takes place. Deep 
l a t t i c e  damage c a n  a l s o  be i n d u c e d  by n e u t r a l i z e d  i m p l a n t i n g  
atoms dur ing  t h e  convent iona l  monoatomic i o n  implanta t ion .  These 
" n e u t r a l s "  t r a v e i i n g  w i t h  3 5  k e V  k i n e t i c  e n e r g y  a r e  iict 
decelerated by t h e  reverse p o t e n t i a l  o f  30 kV. P a r t i c l e s  w i t h  
s u c h  h i g h  i m p a c t  e n e r g y  a re  expec ted  t o  p e n e t r a t e  deep i n t o  t h e  
subs t r a t e .  T h e i r  e f f ec t  on Voc can  be r e a l i z e d  by cons ide r ing  
t h e  fo l lowing  j t tnc t ion  equat ion:  

kT JL 

e JOl+J02 
Voc - I n  

where 

JL - JSc = shor t  c i rcu i t  c u r r e n t  d e n s i t y  
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U 
J 0 2 a  - 

NB 

NB = b u l k  dopant concen t r a t ion  

kT - = 0.0254 V a t  T = 3 0 O O K  
e 

U = recombination r a t e  

An i n c r e a s e  i n  U w i l l  o b v i o u s l y  d e c r e a s e  t h e  V o c  a s  
exper imenta l ly  observed i n  i o n  i m p l a n t e d  samples compared w i t h  
non-ion i m p l a n t s .  T e c h n i c a l l y ,  n e u t r a l s  can be removed dur ing  
implant. Experiments w i t h  newly prepared  m a t e r i a l s  has  begun. 

Another  vendor  p r o v i d e d  i o n  implant  s e r v i c e  by us ing  a non-mass 
a n a l y z e d  m o l e c u l a r  beam. T h e  d o p a n t  k i n e t i c  e n e r g y  i s  
p r o p o r t i o n a l  t o  t h e  f r a c t i o n  of dopan t  a t o m i c  w e i g h t  t o  t h e  
source  i o n  molecular  weight :  

dopant a tomic w t  

mclecular  w t  
dopant keV = x e l e c t r o d e  p o t e n t i a l  

e.g. I 

boron atomic w t  

BF2 molecular w t  
boron atom energy = x beam energy 

11 

49 
- - x 22 keV -5  keV 

T h i s  a n a l y s i s  is  t r u e  o n l y  if the  E F 2  molecule d i s s o c i a t e s  i n t o  
atoms a t  t h e  su r f ace .  Otherwise, t h e  impac t  e n e r g y  would t e  22  
k e V ,  t h e  e f f e c t s  of  w h i c h  a r e  n o t  c e r t a i n  a t  t h i s  time. The 
f i r s t  exper imenta l  r e s u l t  ob ta ined  on a n  n - type  s u b s t r a t e  u s i n g  
molecular  i o n  implan ta t ion  y i e l d e d  ce l l s  about  9% e f f i c i e n t ,  w i t h  
BSP. I t  was dec ided  t o  h a l t  u s e  of n - type  s u b s t r a t e s  i n  t h i s  
p r o j e c t  flue t o  c o m p l i c a t e d  p r o c e s s i n g  requirements .  Molecular 
i o n  implant on the  o t h e r  hand could be p r o m i s i n g  f o r  p h o s p h o r u s  
i m p l a n t s  due  t o  t h e  h e a v i e r  a t o m i c  w e i g h t  of phosphorus.  The 
d e t r i m e n t a l  effect  o f  t h e  nond i s soc ia t ed  molecule would not  be a s  
much as  i n  B F 2  because of  higher  a tomic mass, f o r  example. The 
f i r s t  attempt on p-type Cz wafe r s  has  y i e l d e d  c e l l  e f f i c i e n c i e s  
above 9% w i t h o u t  B S F .  Better r e s u l t s  could  be ob ta ined  by f i n e  
t iming t h e  new parametercr such  as beam energy and bean fluence. 
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SECTIOIO 4.0 
~lqausI08 

In genera l ,  t h e  major t e c h n i c a l  b a r r i e r s  l i m i t i n g  t h e  success o f  
l a ser  p r o c e s s i n g  a r e  t h e  non idea l  i o n  implant and wafer s u r f a c e  
c o n d i t i o n s ,  t h e  effects of which are f a r  more s e r i o u s  f o r  l a s e r  
anneal ing  than scnvent iona l  thermal d i f f u s i o n  processes .  
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SECTION 5 * 0  
PROBLEHS ARD P M S  

5.1 EIlOBLELlfi 

1 . The lack  of  a v a i l a b i l i t y  of uniform8 low energy i o n  implant  
capabi l i tg  h a s  s e r i o u s l y  affected t h e  a b i l i t y  t o  produce h i g h  
e f f i c i e n c y  l a s e r  p r o c e s s e d  c e l l s .  Commerc ia l ly  a v a i l a b l e  
s o u r c e s  a l l  perform well when the  i m p l a n t  e n e r g y  i E  g r e a t e r  
t h a n  1 5  keV.  I o n  s o u r c e s  i n  t h e  r a n g e  of 1 t o  5 k e V  a r e  
r e q u i  red. 

2.  T h e  i , i f l u e n c e  of s u r f a c e  c o n d i t i o n  b e f o r e  l a s e r  j u n c t i o n  
f o r m a t i o n  i s  m u c h  7 i e a t e r  t h a n  p r e v i o u s l y  a s s u m e d .  
Mechanical damage and surface c l e a n l i n e s s  a r e  both important .  
Much of t h e  problem h a s  been  d e l i n e a t e d  b u t  n o t  c o m p l e t e l y  
solved.  

3. The surface most l i k e l y  t o  be used i n  a f a c t o r y  s e t t i n g  would 
be t h a t  r e s u l t i n q  f rom a N a O Y  damage  e t c h  a f t e r  sawii ig  
( c a l l e d  a C h e m i c a l l y  P o l i s h e d  s u r f a c e ) 8  r a t h e r  t h a n  a 
Chem-Mechanical P o l i s h e d  surface.  The work done  i n  t h i s  
s t u d y  h a s  been  c a r r i e d  o u t  on CMP su r faces  i n  Order t o  
i s o l a t e  important  effects due t o  v a r i o u s  surface c o n d i t i o n s .  
T h e r e  a r e  s t i l l  q u e s t i o n s  remaining about  t h e  performance of 
CP surfaces. 

5.2 PLAlps 

1. S h i p  g a s  p r o c e s s i n g  s y s t e m  t o  S p e c t r a  T e c h n o l o g y  a n d  

2. C a r r y  o u t  l a s e r - a s s i s t e d  CVD e x p e r i m e n t s  f o r  m e t a l l i z a t i o n  

i n t e g r a t e  w i t h  o p t i c a l  system. 

and surface p a s s i v a t i o n  of s o l a r  cells. 

3. Ccmplete p r o c e s s i n g  o f  2 5  2 x 2  cm h i g h  e f f i c i e n c y  l a se r  
processed ce l l s  f o r  d e l i v e r y  t o  JPL. 

4 .  I n i t i a t e  experiments  on large area (93 c m  squa re )  Cz cells.  

5 .  Continue i n v e s t i g a t i o n  of j u n c t i o n  improvement. 
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Fig. 5-1. Program schedule. 
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