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Progress i n  the development o f  po l yc rys ta l l  i ne  solar c e l l  s i s  hampered 

by the present poor s ta te  o f  knowledge about e lect ron ic  and i o n i c  processes 
' 

@asa$l;q Si 
a t  gra in  boundaries. A major d i f f i c u l t y  i n  studying such processes i s  tha t  

~ ~ [ ~ $ ~ ~ f ~  $a:. - $ ;, !I 
conventional growth and thermal d i f f u s i o n  techniques used f o r  doping seni- (.II~I 

$. FI: j \  I 1 
conductors cause segregation of the dopant at grain boundaries and are i ! zg i$3js2  

9ic8,,gi z r g g -  
unable t o  provide control  o f  the fast. d i f f us ion  which i s  known t o  occur fix5 P = . ~ ~ I  3; 

!~,f![~i.i 
along gra in  boundaries. I n  the f i r s t  par t  o f  t h i s  presentation, we review a ? f $ b $ ! !  

the  sa l i en t  features o f  two new techniques f o r  the study and c o n t r o l  o f  
1 L  _ , -  -~ , ~ ,  , 

,, ,. - 
, ,  
- gra in  boundary effects. Neutron transmutation doping i s  a method f o r  c i r -  - ' ' 

cumventing segregation problems i n  bulk po l yc rys ta l l i ne  s i l i con .  With such 

doping, long-range d i f f us ion  does not occur i n  the mater ia l  and hence the 

dopants cannot migrate t o  grain boundaries. Laser annealing and laser-  

induced d i f f u s i o n  are two other newly developed techniques which we show 







. . . . 

here can be used t o  cont ro l '  g ra in  boundary d i f f u s i o n  and segregation. Wi th 

these techniques, t he  near-surface reg ion  o f  a  sample a c t u a l l y  m l t s  but  
. . 

s tays molten f o r  such a  s h o r t  t ime (- lo-' sec) t h a t  s i g n i f i c a n t  dopant  

m i g r a t i o n  cannot occur.. Furthermore, s ince the  g ra in  boundaries as such do . ' 

n o t  e x i s t  w h i l e  t he  ma te r ia l  i s  m l t e n ,  r a p i d  d i f f u s i o n  t o  them and a long 

them does n o t .  occur. These new doping methods do not necessar i l y  insure  

b e t t e r  e f f i c i e n c i e s  o f  c e l l s  made from p o l y c r y s t a l l  i n e  mater ia ls ,  but  they  

prov ide  a  degree o f  c o n t r o l  o f  dopants t h a t  has not been a v a i l a b l e  be fore  

and herice make poss ib le  more d e f i n i t i v e  s tud ies  o f  g r a i n  boundary e f fec ts .  

Laser  techniques can a lso be used t o  promote growth, and evidence f rom EBIC 

and TEM i n d i c a t e s  t h a t  pulsed- laser  anneal ing changes the  elementary s t ruc -  

t u r e  o f  some types o f  g ra in  boundaries. 
. . 

I n  t h e  second p a r t  o f  the p resen ta t i on  .we w i l l  descr ibe our e f f o r t s  t o  

understand the  r o l e  o f  l i t h i u m  i n  p o l y c r y s t a l l i n e  S i .  It has been found 

t h a t  when L i  i s  added t o  p o l y c r y s t a l l  i 'ne S i ,  i t  not on ly  provides an excess 

t 
f r e e  c a r r i e r  f o r  each i on i zed  L i  , but a lso d r a m a t i c a l l y  improves the  

c a r r i e r  m b i  l'i t i es .. I n  p o l y c r y s t a l  1  i ne S i  , the  e l e c t r i c a l  t r a n s p o r t .  pro- 

p e r t i e s  are be l i eved  t o  be governed by c a r r i e r  t r a p p i n g  a t  g r a i n  

boundaries. The t raps,  which would be n e u t r a l  i n  undoped mater ia l ,  w i l l  be 

e l e c t r i c a l  l y  charged a f t e r  capture ' of f r e e  c a r r i e r s  i n  doped samples; 

p o t e n t i a l  b a r r i e r s  thus created impede the  m t i o n  o f  m a j o r i t y  c a r r i e r s  and . 

promote m i n o r i t y  c a r r i e r  recombination. I n  n-type S i  , many g ra in  boun- 

da r ies  are thought t o  be nega t i ve l y  charged. Because L i  i s  h i g h l y  mobi le  

i n  ~ i ,  ~ i '  ions have a  tendency t o  pa ' i r  w i t h  the  nega t i ve l y  charged 

t r a p p i n g  s ta tes  a t  b r a i n  boundaries i n  t he  n-type m a t e r i a l  w i t h  the  r e s u l t  



t h a t  b a r r i e r  he igh ts  are reduced and c a r r i e r  m b i  1  i t i e s  increased. Using 

l a s e r  scanning techniques t o  study the  i n f l uence  o f  1 i th iu.m on minor ' i t y  

c a r r i e r  recombinat ion i n  se lec ted  areas o f  p o l y c r y s t a l  1  i ne s o l a r  c e l l  s, it 

was found t h a t  recombinat ion e f f e c t s  a t  some o f  - t h e  g r a i n  boundaries were 

d imin ished a f t e r  t h e  i n t r o d u c t i o n  o f  L i  i n t o  the  c e l l ,  w h i l e ' o t h e r  g r a i n  ' .  

boundaries are uneffected. The d i f f e rences  between g ra in  boundaries which 
v 

can and cannot be passivated by l i t h i u m  d i f f u s i o n  are c u r r e n t l y  under 

i n v e s t i g a t i o n .  Determinat ion o f  b a r r i e r  he igh ts  and d e n s i t i e s  o f  t r a p p i n g  

s t a t e s  a t  t he  g ra in  boundaries, which i n f l  uence the  e l e c t r i ' c a l  t r a n s p o r t  

p rope r t i es ,  by a  s u r f  ace potent  i a1 probe method and by temperature- depen- 

dent r e s i s t i v i t y  measurements w i  11 be reported. A comparison o f  experimen- . 

t a l  data w i t h  c a r r i e r  t r a p p i n g  m d e l s  and the  mechanism o f  ~ i +  i n t e r a c t i n g  
, 

w i t h  gr.ain boundaries w i l l  be discussed. The o v e r a l l  improvement o f  c e l l  

parameters by l i t h i u m  d i f f u s i o n  i s  not s i g n i f i c a n t  i n  l a r g e  g r a i n  

p o l y c r y s t a l l  i 'ne s o l a r  c e l l s  ( t he  e f f i c i e n c y  increases by 0.5% on t h e  

average), however, L i  ' p rov ides an a1 t e r n a t  i v e  passi vat  i o n  agent t o  atomic 

hydrogen f o r  s tudy ing  the  physics and chemistry o f  d i f f e r e n t  k inds  o f  ' g r a i n  

boundaries and should be valuable i n  t he  search f o r  more e f f e c t i v e '  methods 

t o  passi va te .  small g r a i n  .(- 100 pm) p o l y c r y s t a l l  i n e  S i  . 

* 
Research sponsored by the D i v i s i o n  o f  Ma te r i a l s  Sciences, U. S. 
Department o f  Energy under con t rac t  W-7405-eng-26 w i t h  the  Union 
Carbide Corporat ion. 



i STUDIES OF GRAIN BOUNDARY ' EFFECTS AND PASSIVATION ETHODS 
' 

. . 

RESEARCH OUTLINE 

Q INVESTIGATE NEW DOPING TECHNIQUES 

Bulk doping (< 1017 ~ m - ~ ) :  neutron t ransmuta t ion  doping (NTD) 

E m i t t e r  doping: l ase r - re1  a ted  doping techniques . .  - . . 
l', 

Q INVESTIGATE CONTROL OF GRAIN BOUNDARY DIFFUSION AND 
SEGREGATION BY LASER TECHNIQUES AND NTD 

CARRY OUT BASIC STUDIES OF GRAIN BOUMDARIES 

Microscopic s t r u c t u r e  - - TEM 

E l e c t r i c a l  t r a n s p o r t  p r o p e r t i e s  - EBIC, SLS, etc.  

Passi vat  i o n  by heavy doping i n  e m i t t e r  reg ion  

Pass i va t i on  'by H, L i ,  etc.  d i f f u s i o n  
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TYPES OF POLYSlL USED 

DESCRIPTION AVERAGE G R A I N  SIZE 

@ MONSANTO SINGLE FZ PASS MILLIMETER 
(COLUMNAR) 

@ TEXAS INSTRUMENT Cz 
CHARGE (CVD ON SINGLE.. 
CRYSTAL SEED) 

@ CVD ON Si02 SUBSTRATE 

-25 pm 
(COLUMNAR) 

-0.02 pm BEFORE 
LASER 
-1.5 pm AFTER 
LASER 



NEW DOPING TECHNIQUES 
* 

e NEUTRON TRANSMUTATION DOPING OF SILICON 

T h i s  i s  a  method f o r  p r e v e n t i n g  do'pant segrega t ion  a t  . . 

g r a i n  boundaries i n  bu lk  samples 

e LASER RELATED DOPING TECHNIQUES - FOR EHITTER DOPING; BSF, 

AND OHMIC CONTACTS 
. . 

a. I o n  imp lan ta t i on ,  l a s e r  annea l ing  

b. Laser  induced d i f f u s i o n  o f  'dopant f i l m s  

c. Laser  induced r e c r y s t a l  1 i z a t  i o n  o f  doped amorphous f i l m s  

d .  Glow d ischarge  imp1 a n t a t i o n ,  l a s e r  anneal i n g  

ADVANTAGES: 

Low process ing  temperature 

Prevent  enhanced dopant d i f f u s i o n  a long  g r a i n  boundar ies 



LOW-COST I O N  IMPLANTATION TECHMIQUE 

GLOW DISCHARGE PROCESS 

TECHNIQUE: 

A GLOW DISCHARGE I N  B F j  (OR PF5)  PRODUCES BORON (OR 

PHOSPHORUS ) IONS. WHICH ARE IMPLANTED INTO THE S i  

CATHODE TO FORM A SHALLOW p+ (OR ) EMITTER' REGION. 
. . 

ADVANTAGES: 

0' . LOW PROCESSING TEMPERATURES 

e SIMPLE EQUIPMENT SET UP 

e, SURFACE CONCENTRATIONS CAN BE WELL CONTROLLED 
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SIMS r e s u l t s  i n d i c a t i n g  l ack  of g r a i n  boundary d i f f u s i o n  - 
w i t h  l a s e r  anneal ing. I 

i 



a. Image of a portion of a laser-annealed polycrystalline so lar  ce l l  taken w i t h  an electron microscope operating 
in the standard (secondary eleotron emissfon) operating mode. 

b. Image of the same area on the  sample taken with tb microscope operating in  the ~I%~C!mode showing A '  ( e l ec t r i ca l ly  

R active) and 8' (e lec t r ica l ly  inactive) twin boundaries. . r 

Area A ' ,  the e l ec t r i ca l ly  active, incoherent tyrin.baundary has transtotmed into an inactive toherent twin  bounerr 
i n  the laser-melted region. 

d. Area 8 ' .  a typical e l ec t r i ca l ly  inactive, coherent twin boundary. 



EBIC Images o f  Polycrystal l ine S i  
Solar Cells 

a. Resul t s  when the e-beam 
has an energy o f  30 KeV 
(max. penetration = 6.5 
m )  . Grain boundaries 
are c lear ly  visible. 

v 

b. Results with an e-beam 
I enerav o f  15 KeV (max. 

Grain boundary passivat ion 

c. Results with an e-beam 
energy o f  10 KeV (max. 
penetration = 1 m). 
Grain boundaries have 
v i r t ua l  1 y disappeared. 
This i s  believed t o  be 
caused by grain boundary 
passivation i n  the 
heavi ly-doped emitter 
region. 
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I l l u s t r a t i o n  of high r m b i l i t i e s  i n  L i -d i f fu sed  
small -g ra i  ned (TI ) p o l y c r y s t a l l  i ne Si . 

1 

w 
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Table 1. Elec t r ica l  Parameters of ~ o l y c r y s t a l  l i ne S i  ~ e f o r e  and After 
Lithium Diffusion (350°C) . 

Sample Diffusion 
N o. Time ( h )  

A f t e r  
n P 

( ~ r n - ~ )  (cm2/v sec)  (Q-cm) 



. 
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, Scannfng laser  spot photographs showing effec.t 
o f  L i  passivation on grain boundaries. 

(a,c) E l e c t r i c a i l y  ac t ive  grain boundaries 
before L i  passivation. 

(b,d) Corresponding areas a f t e r  ~ i '  
passivation. 



- - - 

Tab1 e 2. Stabi 1 i t y  of Elec t r ica l  Parameters of Lithium Diffused 
Polycrystal l  ine Si 

. . . , . . .  

Sample Diffusion After Diffusion After 60 days ' 
Time (h)  p (n-cm) ,(cm2/v .jet) p (a-cn) p(cm2/~.sec) No. 

Table 3. A comparison of Cell Parameters before and Af ter  . . 
. . 

L i t h i u m  Diffusion (350°C/3h) . 

Sanpl e Ref ore  ' After  

MCDL v o ~  Jsc FF MCDL 

MS-19 530 48.4 67.5 54 528 48.6 68-2 61 . .  

(no L i )  
. . 



CONCLUSIONS 

ep Transmutat ion doping and . laser - re1  a ted  techniques prov ide  9 

c o n t r o l  o f  g r a i n  boundary d i f f u s i o n  and segreg.ation. They 

shoul d be use fu l  t o o l  s f o r  s tudy i  ng p o l y c r y s t a l  1 i ne S i  . 

o Two types o f  t w i n  boundaries have been observed w i t h  TEM- 

Coherent t v i i  n boundaries, which are e l e c t r i c a l  l y  i nac t i ve ,  

were not. a1 t e r e d  by l a s e r  i r r a d i a t i o n .  ~l e c t r i c a l  ly a c t i v e  
. -- 

incoherent  t w i n  boundaries .can be converted t o  coherent 

t w i n  boundaries by l a s e r  i r r a d i a t i o n .  

e-  L i t h i u m  appears t o  be an e f f e c t i v e  agent f o r  pass i va t i ng  

g r a i n  boundaries i n  n-type s i l i c o n .  



LIMITATIONS TO PROGRESS 

s LACK OF IMFORf4ATIOM ABOUT THE MICROSTRUCTURE OF GRAIN BOUNDARIES 
I 
I More TEM, SIMS, and Auger data w i l l  be accumulated. 

I 
CJ INSUFFICIENT KNOWLEDGE OF ATOMIC BONDING PROPERTIES AT GB's ! 

Quantum mechanical c a l c u l a t i o n s  are underway.. 
. . 

. . 
Q IFWDEQUATE RESOLUTION OF ANALYTICAL TOOLS 

Upgrade SIMS equipment. Make EBIC and SLS measurements q u a n t i t a t i v e  
- .  . . 

f o r  m r e  p r e c i s e  c o r r e l a t i o n s  w i t h  TEM r e s u l t s .  

s QUANTITATIVE INFORMATION ABOUT PASSIVATION 

More q u a n t i t a t i v e  i n f o r m a t i n  about t h e  e f f e c t s  o f  va r ious  

pass i  v a t i o n  ' techn iques  wi 11 be sought by SIMS, EBIC, SLS, 

and e l e c t  r i  c a i  p r o p e r t i e s  measurements. 

e MONEY AND PERSON POWER EXPENDED ARE NOT GREAT ENOUGH 



PLANNED ACTIVITIES 

0 Study the s t ruc tu ra l  dif ferences o f  various types o f  e l e c t r i c a l l y  

ac t i ve  grain boundaries, e.g., tilt, twist ,  and mixed boundaries. 

c Study the e l e c t r i c a l  t ransport  propert ies o f  d i f f e r e n t  types of 

g ra in  boundaries. 

o Continue studies o f  the e f fec ts  of laser rad ia t ion  on the mrphology 

o f  gra in  boundaries. .. 

0 Examine quant i ta t i ve ly  the effectiveness o f  passivation by L i  on 

d i f f e r e n t  types o f  boundaries. 

c Examine f i r s t  qua1 i t a t i v e l y  and then quan t i t a t i ve l y  the effectiveness 

o f  other passivation agents. 




