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TECHNICAL CONTENT STATEMENT 

This  r e p o r t  was prepared a s  an account of work sponsored by 

' the  United S t a t e s  Government. Nei ther  t h e  United S t a t e s  nor  t h e  United 

S t a t e s  Department of Energy, nor  any of t h e i r  employees, nor  any of 

t h e i r  c o n t r a c t o r s ,  sub-contractors ,  o r  t h e i r  empl oyees,  makes any 

war ran t i e s ,  exp re s s  o r  implied, o r  assumes any l e g a l  l i a b i i i t y  o r  

r e s p o n s i b i l i t y  f o r  t h e  accuracy,  completeness o r  u se fu lnes s  of any 

information,  appara tus ,  product o r  p rocess  d i s c lo sed ,  o r  r e p r e s e n t s  

t h a t  i t s  u se  would no t  i r . f r inge p r i v a t e l y  owned r i g h t s . .  . 

NEW TECHNOLOGY 

No new technology i s  r e p o r t a b l e  f o r  t h e  per iod covered by t h i s  

r e p o r t .  



. SUMMARY 

The o v e r a l l  o b j e c t i v e  of th-is program i s  t o  a e f i n e  t h e  e f f e c t s  

of impur i t i e s ,  v a r i o u s  thewochemical  processes, and any impurity- 

process  i n t e r a c t i o n s  upon 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 .  

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 con  producers ,  wafer 

manufacturers ,  and c e l l  f a b r i c a t o r s  t o  develop a p p r o p r i a t e  cos t -bene f i t  

r e l a t i o n s h i p s  f o r  t h e  use  of less pure,  less c o s t l y  s o l a r  grade s i l i c o n .  

Nine 4 ohm-cm p type  s i l i c o n  i n g o t s  were grown and evaluated 

i n  support of t h e  experimental  program t h i s  qua r t e r .  Of t h e s e , t h r e e  

w e r e  p o l y c r y s t a l l i n e  i n g o t s  doped wi th  C r ,  Mo, and V, r e s p e c t i v e l y ,  

produced under cond i t i ons  which succes s fu ly  e l imina ted  t h e  meta l - r ich  

i n c l u s i o n s  formed when growth of t h e s e  heavily-doped specimens was 

attempted during t h e  l a s t  quar te r .  

13  -3 
Evaluat ion of p o l y c r y s t a l l i n s  i ngo t s  doped t o  t h e  mid 10  cm 

range  wi th  T i  o r  V showed l i t t l e  evidence f o r  g r a i n  boundary segrega t ion .  

Deep l e v e l  spectroscopy on both as-grown wafers  and s o l a r  c e l l s  showed 

l i t t l e  v a r i a t i o n  i n  impuri ty  concen t r a t ion  from p lace  t o  p l a c e  a c r o s s  

t h e  ingot  r e g a r d l e s s  of t h e  presence of g r a i n  boundaries  o r  o t h e r  s t r u c t u r a l  

f e a t u r e s .  So la r  c e l l  behavior could be c o r r e l a t e d  wi th  t h e  e l e c t r i c a l l y  

a c t i v e  impuri ty  concent ra t ion .  

Deep l e v e l  spectroscopy was a l s o  used t o  monitor t h e  e l e c t r i c a l l y  

a c t i v e  impurity concen t r a t ions  i n  i n g o t s  t o  be used f o r  process  s t u d i e s ,  

aging cxperiment s, and h igh  e f f i c i e n c y  c e l l s .  I n  each c a s e ,  t h e  observed 

s o l a r  c e l l  performance c o r r e l a t e d  v e r y  w e l l  w i t h  t h e  performance p ro j ec t ed  

on t h e  b a s i s  of t h e  measured impuri ty  concent ra t ion .  

The b a s i c  a s p e c t s  of a model t o  desc r ibe  e f f i c i e n c y  behavior  

i n  h igh  e f f i c i e n c y  c e l l s  have been formulated and a  computer r o u t i n e  is  

being implemented f o r  back f i e l d  type  devices  t o  ana lyze  t h e  f u n c t i o n a l  



relationships between impurity concentrations and c e l l  performance. 

Qualitatively, the model projects that the threshold' for impurity-induced 

perforuiance. l o s s  w i l l  be. lower i n  high e f f i c i ency  devices than i n  

comparable standard devices. 



2. INTRODUCTION 

This  is t h e  n i n e t e e n t h  q u a r t e r l y  r e p o r t  de sc r ib ing  a c t i v i t i e s  

conducted under JPL Contract  954331, and i s  t h e  second r e p o r t  of t h e  

Phase I V  s t u d i e s .  

I n ' P h a s e  111, "An I n v e s t i g a t i o n  of t h e  E f f e c t s  of I m p u r i t i e s  

and Process ing  on S i l i c o n  So la r  Ce l l s , "  e f f e c t s  of thermal  processes ,  

impur i t i e s ,  and impur it y-process i n t e r a c t  i o n s .  were determined and 

documen-ted. The development of t h i s  d a t a  base has  l e d  t o  a  more . . 

prec. ise  d e f i n i t i o n  of what c o n s t i t u t e s  an acceptable .  "Solar Grade" s i l i c o n .  

I n  a d d i t i o n ,  i t  has  provided s i l i c o n  manufacturers  w i t h  a  r a t i o n a l e  f o r  

s e l e c t i o n  of cons t ruc t ion  m a t e r i a l s ;  moreover, i t  has  helped ingo t ,  

s h e e t ,  o r  r ibbon  manufacturers  t o  spec i fy  t h e  p u r i t y  of  s i l i c o n  f eeds tocks .  

F i n a l l y ,  i t  has  enabled c e l l  manufacturers  to  d e f i n e  acceo tab l e  wafer 

p u r i t i e s  f o r  c e l l  f a b r i c a t i o n  and t o  choose p roces se s  which minimize 

adverse  impuri ty  e f f e c t s .  I n  s h o r t ,  t h e  impur i ty  e f f e c t  d a t a  provide  a  

b a s i s  f o r  cos t -bene f i t  a n a l y s i s  t o  producers  and u s e r s  of So la r  Grade 

S i l i c o n .  

I n  Phase I V  of t h i s  program, t h e  app roachesand techn iques  

developed i n  Phase I11 a r e  being extended t o  s e v e r a l  new a r e a s ,  a s  we l l  

a s  t o  developing an  improved da'ta base  f o r  aging e f f e c t s  and c e r t a i n  

proc e s s - r e l a t ed  phenomena. ' The phase I V  r a s k s  i ~ i c l u d e  (1) evaluat i n n ,  

by p rev ious ly  developed process  techniques,  of t h e  p r o p e r t i e s  of  s i l i c o n  

produced by experimental  low c o s t  p rocesses ;  (2) extending th re sho ld  

impuri ty  concen t r a t i on  d a t a  t o  h i g h ' e f f  i c i ency  c e l l s ;  (3) measuring t h e  

e f f e c t s  of i n t e r a c t i o n  between i m p u r i t i e s  and g r a i n  boundaries  i n  poly- 

c r y s t a l l i n e  s o l a r  c e l l s ;  (4) eva lua t ing  t h e  long t e r m  e f f e c t s  of im- - '  

p u r i t i e h  i n  s o l a r  c. 'ells; and (5) '  examining t h e  e f f e c t s  of p roces se s  such 

a s  i o n  &p lan t a t i on  on contaminated s o l a r  c e l l s .  



..: 
3. TECHNICAL PROGRESS 

3.1 Crys t a l  Growth and Analvsis  

3 ;I 11 Ingot  P repa ra t ion  

The second q u a r t e r ' s  e f f o r t -  cons is ted .  of monocrys ta l l ine  

s i l i c o ~ ~  i ~ l g o r  g r o w t h  and regrowth of ~ o l y c r v s t a l l i n e  i n a o t s  prepared 

e a r l i e r .  me po l .yc rys t a l l i ne  ingot  regrowth was necessary  t o  revl.ace 

. ~ o l y  ingo t s  grown i n  t h e  ~ r e v i o u s  q u a r t e r  t h a t  exh ib i t ed  metal-r ich 

i n c l u s i o n s  when high melt  doping l e v e l s  were employed. 

Nine 4 ohm-cm p-type s i l i c o n  ingo t s  ,were grown t h i s  qua r t e r  

wi th  each i n g o t ' s  i n t e n t i o n a l l y  added impuri ty  dopant,  a s soc i a t ed  

c r y s t a l l i n e  s t r u c t u r e ,  and t a s k  ind ica t ed  i n  Table 1. I n  accordance 

wi th  . t h e  e a r l i e r  phases of t h e  program, each ingot  was prepared by t h e  

Czochralski  c r y s t a l  growth method. D e t a i l s  of t h e  c r y s t a l  growth 

equipment and cond i t i ons  can be  found i n  e a r l i e r  r e p o r t s  (1.2) 

3.1.2 I n e o t  Evaluat ion 

This  q u a r t e r ' s  ingot  growth w a s  i n i t i a t e d  with W-213 P'b. A s  

w i t h  c a r l i e r  r e p o r t s ,  d e t a i l e d  ingot  impuri ty  d a t a  a r e  i nd ica t ed  i n  

Table 2, wi th  t h e  l i s t i n g  of inaor  i d e n t i f i c a t i o n .  in ten t iona l ly-added  

t a r g e t  impuri ty  concent ra t ion .  i n g o t  impurity concen t r a t ion  based on 

mel t  a n a l y s i s  by atomic abso rp t ion  ( ca l cu la t ed  concen t r a t ion ) ,  and 'ingot . 
seed impur i t y  concen t r a t ion  measured by spark  sourcc  moss specLrun~rtry ( 2 , 3 )  

Two W-213 Pb-doped i.ngots were a t t e m ~ t e d ,  each m a l t  conta in ing  

g r e a t e r  than 1% by weight i n t e n t i o n a l l y  addcd q9.999X pure Pb dopani.  

Both i n g o t s  had no d e t e c t a b l e  Pb Table 2, (W-213Pb) as 

ind ica t ed  by atomic absorp t ion-ca lcu la ted  concen t r a t ion ,  and spark 

source  mass, spectrometei- ana lys i s .  The i n a b i l i t y  t o  detect.  Pb w a s  

c o n s i s t e n t  w i th  t h e  v i s i b l e  Pb vapor i za t ion  cloud observed during c r y s t a l  

growth (Pb vapor i za t ion  p re s su re  g r e a t e r  than  1 mm Hg a t  1400°C). 



Polycrys ta l l ine  ingots  W-214 V, W-215 Mo and W-216 C r  were 

grown a t  reduced dopant concentrat ions t o  rep lace  poly ingo t s  W-200 V, 

W-201 Mo. and W-204 C r  grown during t h e  previous quarter .  This 

eliminated t h e  metal-rich inclus ions  formed i n  t h e  earlier poly growths 

as w e l l  as t h e  submillimeter-size g r a i n  s t ruc tu re .  Figures 1 and 2 

i l l u s t r a t e  t h e  1 t o  3 millimeter sized g ra ins  t y p i c a l  of ingo t s  W-214 

t a  W-216. The absence of inc lus ions  is clear from t h e  microstructures 

shown and i s  a l s o  supported by t h e  good agreement between t h e  spark 

source mass spectroscopy data  and ca lcula ted  ingot  concentrat ions,  Table 

2. I n  comparison t h e  mass spectrographic d a t a  f o r  ingo t s  W-200, W-201 

and W-204 showed l a r g e  and va r iab le  values  of impurity content due t o  

inclusions. 

A s  expected, t h e  ca lcula ted  impurity concentrat ion d a t a  

obtained from atomic absorption ana lys i s  of t h e  m e l t  a f t e r  ingot growth 

continues t o  agree q u i t e  s a t i s f a c t o r i l y  with t h e  t a r g e t  values. 

A bes t  e~t imate '~)  of t h e  impurity concentrat ions f o r  Phase I V  

ingots  i s  l i s t e d  i n  Table 3. The spark source da ta  f o r  t h e  poly ingo t s  

W-200. W-201. and W-204 w e r e  omitted from t h e  l i s t  due t o  t h e  a n a l v t i c a l  

~ r o b l e m s  c i t e d  above. The bes t  estimate f o r  W-212 was obtained from 

t h e  ca lcula ted  value. Additional s ~ a r k  source evaluations on W-212 w i l l  

be completed ea r ly  t h e  next quar ter  t o  determine t h e  r i a son  f o r  t h e  

d i f fe rence  between the  ca lcula ted  and spark source r e s u l t s .  

The r e s i s t i v i t y  and e tch  p i t  da ta  f o r  a l l  of Phase I V  ingo t s  

are indicated in Table 4. The values  f o r  each ingot  continue t o  f a l l  

c l o s e  t o  t h e  norms es tabl ished in e a r l i e r  phases'3) of t h i s  program. 

Etch p i t  ana lys i s  is not  appl icable  t o  t h e  po lycrys ta l l ine  samples. 

The carbon and oxygen concentrat ions of each odd-numbereit ingot  

w e r e  measured by in f ra red  absorption a t  room temperature using Fourier  

Transform Infrared Spectroscopy. The amplitude of t h e  absorption peaks 
-1 

a t  606 om-' and 1107 ern is proport ional  Lo t h e  carbon and oxygen 

concentrat  ions, respectively.  The constants  of p ropor t iona l i ty  used i n  

these  measurements were 2.2 f o r  carbon and 9.6 f o r  . Normal 

carbon and oxygen concentrat ions found in Cozhcralski grown mate r i a l  a r e  



Figure 1 Microstructure of Innot W214-V-006 Poly. Optical micro~raph, 6X. 



Figure 2 Microstructure of Ingot W215-Mo-009 Poly. Optical micrograph. 6X. 



TABLE 1. INGOT IMPURITY, STRUCTURE, AND TASK 

Structure 

Single 

Poly 

Poly 

Poly 

Single 

Single 

Single 

Single 

Single 

Task 

Processing 

Poly 

Poly 

Poly 

Processing 

Processing 

High Efficiency 

Processing 

Permanence 



TABLE 2.  ' INGOT IMPURITY CONCENTRATION 

T a r g e t  C a l c u l a t e d  M a s s  S p e c .  
I n g o t  e n t r a t i o n  e n t r a t i o n  l f n a l y s i s  

I d e n t i f i c a t i o n  ( a o m s / c 3  (i.:!' atoms /cm31  (.st- a t o n s / c m ? )  

None  

None  

None  

None 

0 . 0 5 3  ( 0 . 1 5  

0 . 8 2  1 3 2 2 *  

P r o c e s s i n g  P r o c e s s i n g  

0 . 0 2 6  < 0 . 1 5  

0 . 0 0 2  < 0 . 5  

0 .19  0 . 6  

W-213-Pb-001 Nax.  Conc. Non Detectabli? < O  . l o +  

W-214-V-O07-P0ly 0 . 2 0  0 . 3 0  0 .55** 

0 . 0 0 0 1  < 0 . 5  

P r o c e s s i n g  P r o c e s s i n g  



TABLE 2. INGOT IMPURITY CONCENTRATION ( c o n t i n u e d )  

T a r g e t  C a l c u l a t e d  Mass Spec .  
I n g o t  e n t r a t i o n  Co e n t r a t i o n  M a l y s i s  

I d e n t i f i c a t i o n  - 
3 (,lCiPS atoms/cm3) (*.loqS atoms/cm? (x10 a t oms /cm ) 

W-2-20-W-005 0.0008 P r o c e s s i n g  P r o c e s s i n g  

* I n g o t s  c o n t a i n  m e t a l - r i c h  i n c l u s i o n s  due  t o  c o n s t i t u t i o n a l  s u p e r c o o l i n g .  
* *  I n g o t s  regrown t o  remove m e t a l - r i c h  i n c l u s i o n s  due  t o  c o n s t i t u t i o n a l  

s u p e r c o o l i n g .  
+ Pb d o p a n t  v a p o r i z e d  on  two s e p a r a t e  i n g o t  g rowths .  



I n g o t  ' ' 

1 , d e n t i f  i c a t i o n  

W-208-Ct-009 

W-209-Ti-014 

W-210-Ti-015 

W-211-Cu-007 

W-212-CU-008 

I{-213-Pb-001 

W-214-v-007-Poly 

W-215-Mo-009-Poly 

W-216-Cr-010-Poly 

W-217-Ta-005 

W-218-Ta-006 

W-219-V-008 

W-220-W-005 

W-221-Ni-005 

+ ND - Non DeLeetable 
11 

~ e s t  E s t i m a t e  
pf I p g u r l t y  Conc .  

10 atoms/ci3 _) 

0 . 8 2  

P r o c e s s i n g  

0 . 1 9  

0 . 0 2  

0 . 1 0  

1 . 8  

1 2 . 5  

ND+ 

0 .4  

0 . o o z  

1 . 0  

0 . 0 0 0 3  

0 . 0 0 0 1  

P r o c e s s i n g  

P r o c e s s i n g  

P r o c e s s i n g .  



. TABLE 4. .INGOT ELECTRICAL AND DEFECT CHARACTERISTICS 

TGT Actual Etch 
Ingot Resistivity Resistivity Pit Den ity 

Identification ( ohm-cm) (ohm-cm) . . ( /cm $1 !- 

N A 

NA 

Incomplete 

0-5K 

0-15K 

0-1 5K 

0-10K 

0-5K 

0-5K 

5-20K 

10-20K 

NA 

N A 

NA 

0-1 O K  



TABLE 4. INGOT ELECTRICAL AND DEFECT CHARACTERISTICS 

TGT Actual Etch 
1 n g . o ~  Resistivity. Resistivity Pit Den ity 

,Identification ( ohm-cm)' ( ohm-cm) 3 ( /cm - . - -  

W-219-V-008 4.0 Processing Processing 

'W-220-FC-005 . 4.0 Processing Frocessing 

W-221-Ni-005 4.0 Processing Pr occesing 



TABLE 5. INGOT CARBON AND OXYGEN CONCENTRATIONS 
. . 

Carbon Oxygen 
Ingot Co entration 

3j 
' copgentration 

Identification (xl 0" at oms/cm (x10 atoms/cm3) 

W-213-Pb-001 8.0 

W-215-Mo-009-Poly 10.0 

W-217-Tar005 12.0 

W-219-V-008 25.0 

W-221-Ni-005 Processing 

105 

110 

98 

84 

Processing 



17 
. i n  t h e  range of 2.5 20 5x10 a tws /cm3  f o r  carbon and 5 t o  150x10 

16  

3 
atoms/cm f o r  oxygen. A s  usua l ,  no s i g n i f i c a n t  d e v i a t i o n s  from t h e s e  

vadues were observed t h i s  q u a r t e r  a s  i n d i c a t e d . i n  Table 5. 

3.2 Deep Level Measurements 

Deep level t r a n s i e n t  spectroscopy.(DLTS) and s o l a r  c e l l  

measurements have been performed on i n g o t s  206, 207, 208, 209, 210, and 

2 1 1 - t o  monitor impurity behavior  and response of i m p u r i t i e s  t o  c e l l  

processing.  Th i r ty  m i l  diameter Schottky b a r r i e r  d iodes  were f a b r i c a t e d  

on t h e  p-type wafers' f o r  t h e  DLTS measurements.. The 6o la r  c e l l  mesas 

were subdivided i n t o  t h i r t y  m i l  diameter d iodes  t o  s tudy t h e  response 
(3) of t h e  i m p u r i t i e s  t o  t h e  s o l a r  c e l l  .d i f fus ior i  near  . t h e  junct ion.  

The DLTS r e s u l t s  on t h e  as-grown wafers  and s o l a r  c e l l s  a r e  

l i s t e d  in Table 6, a long  wi th  t h e  a c t i v i t y  r a t i o s  ( r a t i o  of 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 ion  t o  t h e  m e t a l l u r g i c a l  

concent ra t ion  i n  t h e  wafer) of t h e  impur i t i e s .  These a r e  t h e  same deep 
(3) l e v e l s ,  f o r  Mo, Ti ,  V and C r  impur i t i e s  we have p rev ious ly  r epo r t ed  . 

No deep l e v e l  was found i n  t h e  Cu-contaminated c r y s t a l .  Most o f ' t h e  
(3) d a t a  i n  Table 6 a r e  c o n s i s t e n t  wi th  our  prev ious  r e s u l t s  . ; i . e . ,  t h e  

a c t i v i t y  r a t i o s  f o r  Mo, Ti ,  V and C r  a r e  1, 0.4, 0.28 and 0.23, 

r e spec t ive ly .  S l i g h t  v a r i a t i o n s  i n  t h e s e  numbers a r e  a t t r i b u t e d  t o  t h e  

u n c e r t a i n t i e s  i n  t h e  b e s t  e s t ima te  m e t a l l u r g i c a l  concen t r a t ion  numbers 

(about a  f a c t o r  of 2).  

Table 7 i l l u s t r a t e s  a  comparison of.  t h e  expected c e l l  

e f f i c i e n c y  c a l c u l a t e d  from t h e  model0) and t h e  observed c e l l  da t a .  

Again, a  reasonable agreement was observed in .mos t  cases .  

3.3 ~ol~cr~stal1ine'~aterial and Ce l l  Evaluat ion ' .  

So la r  c e l l s  have been f a b r i c a t e d  from p o l y c r y s t a l l i n e  wafers 

purposely contaminated wi th  an in te rmedia te  concent ra t ion  of T i  o r  V 

(i .ngots 202-Ti and 203-V). DLTS measurements were then  performed t o  

i d e n t i f y  any in f luence  u1 micros t ruc tu re  on t h e  a c t i v e  impuri ty  

concent ra t ion .  A l a r g e  numer of 30 m i l  and 1 6  m i l  diameter Ti-Au 

Schottky b a r r i e r  d iodes  were made on t h e  wafers  f o r  t h e  DLTS measurements, 



TABLE 6 

DLTS RESULTS ON SINGLE CRYSTALS 
L '  

Ingo t  I D  

206-V 

207-MO 

2 08 - C r  

209-Ti 

210-Ti 

211-Cu 

B ' ? s t  Est imate ~f 
,Meta l lurg ica l  Impuri ty  

Concentration GN ) 
M I 

. . 

1 3  

NTw - 
, NM 

Active Impurity 
-3 Concentrat ion' (cm ) 

0.25 

1.1 

0.21 

, 0 .'40 

0.30 

- 

I n  t he  Wafer 

N~ 

12 

I n  t h e  Ce l l  
(near  junc t ion)  

' '  N~~ 

undetec tab le  

11 
9 x 1 0  . , 

undetec tab le  

.2.6 x .LO 6.43 x 10 

13  
2.0 x 10  

. . 
14 

1.9 x I 0  , 

13 

1 2  
2.2 x 10  

1 3  
3 . 9 1 ~ 1 0  . 

2.0 x >o 

14 
. 1.0 x 1 3  

15  
1.8 x 10  

8*12 1°12 1 No d a t a  

13  
2.91 x . 1 0  

undetec tab le  

No d a t a  

. ' No d a t a  



TABLE 7 
. .  . . . . . 

EXPVCTED AND OBSERVED CELL PERFORMANCE FROM INGOTS 206 t o  211 
: 

Ingot  I D  

206-V 

207-MO 

208-Cr 

209-Ti 

210-Ti 

211-CU 

\ 

Target Impuri ty  

. . 
Concentrat ion  

cm-3 

1 3  2 x 10  

12  2 x 1 0 .  . 

. . 

1.9 x 10 
14 

2 x 10  
1 3  

1.0 x 1 0  
14 

1.8 x 1 0  
1 5  

Expected. C e l l  
Performance . 

n l n B  .. 

0.78 

0.78 

. . 0.81 

0.68 

0.50 

1 .O 

'Observed C e l l  
Performance 

"hi 

. , -  

0.77 

0.81 

0.94 

0.57 

0.50 

0.99 



and t h e  r e s u l t s  a r e  compiled i n  Tables 8 and 9. Op t i ca l  micrographs of 

t h e  ingot  wafer showed a  v a r i e t v  of  s t r u c t u r a l  f e a t u r e s  inc luding  twins 

and g r a i n  boundaries ,  e.g. F5gure 3. Some of t h e  d iodes  over lay  t h e s e  

m i c r o s t r u c t u r a l  boundaries  whi le  o t h e r s  encompass almost none of t h e s e  
. . 

de fec t s .  The p o l v c r v s t a l l i n e  c e l l  d a t a  a l o n ~  wi th  s i m i l a r  d a t a  from s i n g l e  

c r y s t a l  c e l l s  conta in ing  about t h e  same amount o.f impuri ty  a r e  shown i n  

Table 10. 
. . . ... 

The pre l iminary  da t a  i n  Tables 8 and 9 i m p l y  t h a t  r e g a r d l e s s  

of ' t h e  m i c r o s t r u c t u r a l  va '= i i t  ion  of t h e  s i l i c o n  under t h e  diodes,  t h e r e  

i s  only  a  small  v a r i a t i o n  i n  - t h e . a c t i v e  T i  o r  V concen t r a t ions  over  t h e  

a r e a  of t h e  wafer.  This  sugges ts  no apprec i ab le  impurity segrega t ion  a t  

s t r u c t u r a l  d e f e c t s  i n  these ingots .  

The average a c t i v e  V Concentrat ion i n  wafers  from ingot  203-V-Poly 
.,- 

13 -3 
was 1 . 7 ~ 1 0  cm . The expected a c t i v e  vanadium concent ra t ion  i n  a  s i n g l e  

1 3  -3 c r y s t a l  wafer conta in ing  5x10 '~  c ~ - ~ v  would be 1 . 4 ~ 1 0  cm (based on 

t h e  a c t i v i t y  r a t i o  of 0.28). This  i n d i c a t e s  t h a t ,  i n  t h i s  concen t r a t ion  

range of t h e  V impuri ty ,  t h e r e  i s  no appre i cab le  i n f luence  of micro- 

s t r u c t u r a l  f e a t u r e s  on t h e  a c t i v i t y  of t h e  vanadium. The DLTS observa t ion  

i s  c o n s i s t e n t  wi th  t h e  c e l l  d a t a  i n  Table 10,  which show tllat: the 

performance of ce l l s , f rom ingot  203-V-poly i s  n e a r l y  t h e  same a s  expected 

from a single c r y s t a l  cel l .  w i t h  a s i m i l a r  vanadium content .  S lncc  i n  

Table 1 0  t h e  e t f i c i e n c i e s  a r e  nomal i zpd  wi th  rcopec t  tu the  s i n g l e  c r y s t a l  

b a s e l i n e  c e l l  e f f i c i e n c y ,  t h e  somewhat lower normalized e f f i c i e n c y  (0.67 

in s t ead  of 0.70) of t h e  poly c e l l s  could be explained by t h e  small  

adverse  e f f e c t  of t h e  g r a i n  boundaries  beyond t h e  e f f e c t  of vanadium 

i t s e l f .  It i s  important t o  recognize t h a t  g r a i n  boundaries  by themselves 

can degrade the  c e l l  performance. However, i f  a  harmful impuri ty  i s  

p re sen t  i n  s u f f i c i e n t  quan t i t y  then  t h i c  cf f ec t M a y  become secondary 
1 ( - =  1 + - -- 
T '1 'r 1 

impurity mic ros t ruc tu re  



Figure 3 Microstructure of wafers cut from ingot W203V005-S optical  
micrograph, 6X.  The photograph i s  also very typical of 
the features observed in Ingot W202Ti013. 



TABLE & 

DLTS RESULTS FOR INGOT 202-Ti-pdy 

1 3  -3 @ Nominal T i  concentrat ion = 1 . 8 ~ 1 0  cm 

12 -3 @ Expected a c t i v e  T i  concentrat ion in  s i n a l e  c r v s t a l  = 7 . 2 ~ 1 0  cm 

I 

-I 

Concent r a t  ion of 
Schottky b a r r i e r  diode No. EVH). 30 e V  Trap (CUI-~) 

TOP 1 . 1 2 ~ 1 0  
1 3  

1s Middle 1 . 1 8 5 ~ 1 0 ~ ~  

Bottom 1.106~10 13 

TOP 1x1 0 
13 

25 Middle 7 .86~10 12 

Bottom 1 . 0 6 ~ 1 0  13 

TOP 1 . 1 8 ~ 1 0  
1 3  

3s Middle 1 . 0 3 ~ 1 0  1 3  

Bottom 1 . 1 ~ 1 0  1 3  

TOP 1 .23~10  
r a 

4 5  Middle 1 . 1 ~ 1 0  1 3  

Bottom 1 . 1 4 ~ 1 0  1 3  

Top 1 . 1 2 ~ 1 0  
13 

5s Middle 1 . 1 2 ~ 1 0  13 

Bottom 1.12~10 1 3  



DLTS RESULTS FOR INGOT 203-V-Poly 

1 3  -3 O Nominal V concent ra t ion  5 . 0 ~ 1 0  cm 

9 Expected a c t i v e  V-concentration i n  s i n g l e  c r y s t a l  = 

1 . 4 0 ~ 1 0 ~ ~  ~ m - ~  

1 I D  of Schottky b a r r i e r  diode Concentration of 

I E+0.42e~ Trap 
1 
I 1 3  
1 TOP 1 . 6 ~ 1 0  
I 2s Botltom 1 . 6 ~ 1 0  13 
I 
1 .. , 

1 TOP 1 . 7 6 ~ 1 0  13 

I 
3s  Middle 2 . 1 5 ~ 1 0  1 3  

Bottom 1 . 8 5 ~ 1 0  1 3  

TOP 
1 3  

1 . 5 7 ~ 1 0  

4 S Middle 1 . 6 ~ 1 0  1 3  

Bottom 1 . 6 7 ~ 1 0  1 3  

TOP 1 . 7 ~ 1 0  
1 3  

1s Middle 1 . 9 ~ 1 0  13 

Bottom 1.9~10 1 3  

@ Average a c t i v e  concent ra t ion  Q, 1 . 7 0 ~ 1 0 ~ ~  c m 3  



CELL DATA FOR IMPURITY DOPED POLYCRYSTALLINE INGOTS 

Impuri ty  Expected C e l l  observed 
Concentrat ion Performance of Performance of 

Ingot  I -D 
( cma3 ) S i n g l e  Crys t a l  Poly C e l l  

n l ~ g  * n h B  * 

201-Mo 3x10 0.72 C r y s t a l  Breakdown 
I 2  

Shor t s  i n  t h e  c e l l s  

14 
2 00-V 3 . 8 ~ 1 0  0.42 11 

202-Ti 1 . 8 ~ 1 0  0.70 0.57 
1 3  

Requires  I n v e s t i g a t i o n ,  
sugges t s  s eg rega t ion  

203-V 0.67 
I n d i c a t e s  no 
s i g n i f i c a n t  s eg rega t ion  

-- 

* nB i s  t h e  s i n g l e  c r y s t a l  b a s e l i n e  e f f i c i e n c y  



-.- . - -  The a c t i v e  T i  concen t r a t ion  deduced from t h e  DLTS d a t a  on wafers  
1 3  -3 

f r o b  ingo t  Ti-202-poly was 1 . 1 2 ~ 1 0  cm . The expected ac t ' ive  T i  
- - 

1 3  -3 
concent ra t ion  in a s i n g l e  c r y s t a l  wafer conta in ing  1 . 8 ~ 1 0  cm T i  would 

.13 -3 
be 0 . 7 2 ~ 1 0  cm (based on t h e  a c t i v i t y  r a t i o  of 0.40). The normalized 

e f f i c i e n c y  of t h e  poly  c e l l  i s  0.57, which i s  niuch lower than  t h e  

e f f i c i e n c y  of a s i n g l e  c r y s t a l  c e l l  (0.70) conta in ing  1.8x1013 cm-3 Ti .  

These descrepancies  could be due t o  t h e  fol lowing:  i )  an  e r r o r  i n  t h e  

b e s t  e s t ima te  of t h e  m e t a l l u r g i c a l  T i  concent ra t ion ,  i i )  an i n c r e a s e  i n  

t h e  a c t i v i t y  ~f T i  due t o  m i c r o s t r u c t u r a l  d e f e c t s ,  o r  i i i )  m i c r o s t r u c t u r a l  

i n f luence  on t h e  c e l l  performance t h a t  is  l a r g e r  than  t h e  e f f e c t  of t h e  

T i  impurity.  The f i r s t  p o s s i b i l i t y  seems most l i k e l y  because t h e  observed 

a c t i v e  T i  concen t r a t ion  i s  a f a c t o r  of on ly  1.4 h igher  than  t h e  a c t i v e  

T i  concen t r a t ion  der ived  from t h e  b e s t  e s t i m a t e  of t h e  m e t a l l u r g i c a l  T i  

concent ra t ion ,  where a n  e r r o r  a s  high a s  a f a c t o r  of 2 i s  poss ib l e .  The 
-3 

e l e c t r i c a l l y  a c t i v e  T i  concen t r a t ion  of 1 . 1 2 ~ 1 0 ~ ~  cm i n  a s i n g l e  c r y s t a l  
-3 

r e p r e s e n t s  a m e t a l l u r g i c a l  concent ra t ion  of 2 . 8 ~ 1 0 ' ~  cm which i n  t u r n  

g ives  a normalized s i n g l e  c r y s t a l  c e l l  performance of 0.63. This  i s  i n  

much b e t t e r  agreement wi th  t h e  observed p o l y c r y s t a l l i n e  c e l l  performance'  

of 0.57 and t h e  remaining d i f f e r e n c e  then can be a t t r i b u t e d  t o  t h e  

in f luence  of g r a i n  boundaries.  

. . The. second p o s s i b i l i t y ,  an inc rease  i n  T i  a c t i v i t y ,  i s  con t r a ry  

t o  our  prev ious  observa t ion  on ingot  102-Ti-poly where t h e r e  was a s l i g h t  

decrease  i n  t h e  a c t i v i t y  of T i  ( l e s s  than a f a c t o r  of two). The observed 

uni formi ty  i n  a c t i v e  Ti  concen t r a t ion  over t h e  wafer i s  a l s o  a t  va r i ance  

wi th  t h e  p o s s i b i i i t y  of mic ros tm~eure - induced  inc rease  111 Ll~e Tt 

a c t i v i t y .  

The t h i r d  p o s s i b i l i t y ,  very  l a r g e  g ra in  boundary e f f e c t s ,  seems 

u n l i k e l y  because t h e  junc t ion  response ( leakage c u r r e n t  and shunt- 

r e s i s t a n c e )  of the cel.1~ w a s  q u i t e  reasonable.  Fur ther  work is  i n ,  p rogress  

t o .  check these  p o s s i b i l i t i e s .  



3.4. Permanence o f .  Impur i ty  E f f e c t s  . i n  S i l i c o n  and S i l i c o n  So la r  C e l l ' s  

3.4.1 Accelerated Aging 

We repor t ed  l a s t  q u a r t e r ( 4 ) t h e  r e s u l t s  of acce l e ra t ed  ag ing  

behavior  for .  s o l a r  c e l l s  contaminated wi th  t h e  i m p u r i t i e s  Ag, Nb, Fe, Mo, 

T i  and C r .  Among t h e s e  C r  and Ag- doped s o l a r  c e l l s  degraded most 

r a p i d l y  a s  might be expected f o r  a  d i f fus ion -con t ro l l ed  thermal ly  

a c t i v a t e d  process.  To c o m ~ l e t e  t h e s e  s t u d i e s  two more i n e o t s  d o ~ e d  

wi th  Cu and t h e  maximum ~ o s s i b l e  Ae concen t r a t ion  a r e  be ine  subiec ted  

t o  acce l e ra t ed  ae ine  of t e m ~ e r a t u r e s  between 200 and 800°C. Both of t h e s e  

i m ~ u r i t i e s  r ep re sen t  r a p i d l y  d i f f u s i n g  spec i e s ;  Ag degrades t h e  c e l l s  

by reducing bulk  l i f e t i m e  whi le  Cu produces junc t ion  degrada t ion  thus  

both mechanisms of c e l l  damage may be  evaluated.  These experiments now 

underway w i l l  be  r epo r t ed  i n  f u l l  when completed. 

3.4.2 Thermally Act iva ted  Dif fus ion  

The maximum impuri ty  concen t r a t ion  i n  Czochralski  i n g o t s  is  

l i m i t e d  by t h e  e f f e c t i v e  segrega t ion  c o e f f i c i e n t  of a  g iven  impuri ty  and 

t h e  tendency of  t h e  ingot  s t r u c t u r e  t o  breakdown a t  h igh  mel t  impuri ty  
(3 )  concen t r a t ions  . A second method f o r  in t roducing  i m p u r i t i e s  i n  s i l i c o n ,  

thermal d i f f u s i o n ,  i s  n o t  l i m i t e d  i n  t h i s  way and we a r e  us ing  t h i s  

method t o  (1) in t roduce  h igher  impuri ty  concen t r a t ion  i n  s o l a r  c e l l s  (2 )  

s tudy t h e  thermal a c t i v a t i o n  ~f the process with  respect t n  agi.ng effects 

and (3)  produce graded impuri ty  concen t r a t ions  l i k e  those  i n  real c e l l s  

( s ee  comments i n  s e c t i o n  3.6). 

To r ep resen t  a  range of impur i ty  behavior ,  t h e  elements  Fe, 
0 

Mo, T i  and C r  were s e l e c t e d  f ~ s  the f irs t  studies. A 5OOA t h i r k  l ayer  of 

each meta l  was evaporated onto  t h e  s u r f a c e  of a  precleaned and uncontaminatec 

b a s e l i n e  wafer then  d i f f u s e d  i n t o  s i l i c o n  f o r  t h i r t y  minutes a t  a  

temperature of 800°C. Spreading r e s i s t a n c e  measurements on t h e  a n g l e  lapped 

wafers  w i l l  be used t o  i d e n t i f y  s u i t a b l e  temperature-time c y c l e s  f o r  each 

impuri ty .  La ter  ULTS w i l l  be  employed t o  de te rmine  t h e  a c t i v e  concen t r a t ions  

f o r  each specimen. These d a t a  coupled wi th  s o l a r  c e l l  I-V measurements 

w i l l  be  used t o  extend t h e  concen t r a t ion  range  over which t h e  aging d a t a  

extend. 



3 . 4 . 3  Combined Thermal and E l e c t r i c a l  S t r e s s  

Because a s o l a r  c e l l  opera tes  both a t  temperatures above 

ambient and ,in the presence of an e l e c t r i c a l  b i a s  a second set of aging 

experiments w i l l  be c a r r i e d  out t o  i d e n t i f y  what e f f e c t s ,  i f  any, t h e  

combined stresses .produce. Five impur i t ies  have been i d e n t i f i e d  f o r  t h e  

study and t h e  appropr ia te  impurity concentra t ions  and ingot  i d e n t i f i c a t i o n s  

a r e  1 i s t e d . h  Table 11. These a r e  t h e  same impuri t ies  examined i n  t h e  

accelera ted ,  thermal aging s tudies .  

TABLE 11 

INGOTS FOR ACCELERATED AGING W I T H  ELECTRICAL BIAS 

Ingot I D  

B e s t  E s t i m a t e  
Concentrat ion 

A s u i t a b l e  tes,t f i x t u r e  has  been designed and fabr ica ted  t o  

b i a s  test up t o  t h i r t y  cells simultaneouslv. The b i a s  w i l l  be 30ma/cm 
2 

on each c e l l  and t h e  f i r s t  tests w i l l . b e . c a r r i e d  out  a t  150°C. So la r  

c e l l s  from each of t h e  ingots  l i s t e d  above have a l ready been fabr ica ted  

and t e s t e d  t o  determine t h e  zero time. o r  basel ine.  I-V c h a r a c t e r i s t i c s .  



3.5 Thermoahemical Process ing  

. ' Examinatkon of impurity-process i n t e r a c t i o n s  is being extended 

t o  p o l y c r y s t a l l i n e  and ion-implanted s i l i c o n .  P o l y c r y s t a l l i n e  wafers  

from i n g o t s  W202Ti013, W203V005, W214V007, and W215Mo009 s tud ied  f o r  

thermochemical g e t t e r i n g  e f f e c t s  by sub jec t ing  them t o  Pock3 and HCI-O2 

t o n t a i n i n g  ambients. Temperatures i n  t h e  range 950 t o  1200°C w i l l  b e  

employed a s  dgscr ibed  i n  e a r l i e r  r epo r t s0 ) .  These i m p u r i t i e s  r ep re sen t  

f a s t  and slow d i f f u s e r s  i n  s i l i c o n .  Resu l t s  of t h e  s tudkes  then  w i l l  be  

compared t o  d a t a  a l r e a d y  obta ined  wi th  s i n g l e  c r y s t a l  wafers.  So f a r  

the i n i t i a l  b a s e l i n e  c e l l  d i f f u s i o n s  have been performed. 

Wafers from i n g o t s  W211Cu007 and W210Ti015 a r e  being used f o r  

s t u d i e s  of g e t t e r i n g  by A r  i on  implanta t ion  daniane. The e f f e c t s  of t h i s  

back s i d e  ne t t e r ing .  both a lone  and combined wi th  POCR and HCR g e t t e r i n g  
3  

w i l l  t hus  be s tud ied  f o r  a  f a s t  and a  slow d i f f u s i n g  impuri ty .  Base l ine  

c e l l  d a t a  on each ingo t  has  been obta ined  and t h e  A r  ion  implants  w i l l  be  

c a r r i e d  o u t  s h o r t l y .  

Wafers from i n g o t s  W209Ti014, W210Ti015, W211Cu007, and W135Fe005 

w i l l  be  made i n t o  s o l a r  c e l l s  wi th  f r o n t  j unc t ions  formed by t h e  S p i r c  

i on  implanta t ion  process.  Comparison nf  t he se  s o l a r  ~ 4 1 1 ~  wi th  implanted 

b a s e l i n e  c e l l s  and w i t h  d i f f u s e d  junc t ion  impur i ty  c e l l s  w i l l  i d e n t i f y  

any impur i ty  e f f e c t s  which may be asc r ibed  t o  t h ~  ion  implanta t ion  

process  i t s e l f .  

3.6 Impuri ty  E f f c c t s  i n  IIigh Eff i c i e r ~ c y  C e l l s  

The s u b s t a a t i a l  cus t -benef i r  of Sncreased s o l a r  c e l l  e f f i c i e n c y  

makes it important t o  examine t h e  impact of i m p u r i t i e s  on h igh  e f f i c i e n c y  

devices .  It would be- of cons ide rab le  va lue  i f  w e  could p r o j e c t  t h e  high 

e f f i c i e n c y  behavior  from t h e  e x i s t i n g  d a t a  base. To t h i s  end, t h e  

fo l lowing  d i scuss ion  cornsares our s tandard device  d e s i m  with dcninnn 

capable  of  h igher  e f f i c i e n c y .  



The s tandard  4 ohm-cm p-base device  i s  about 275pm t h i c k  w i t h  

an  ohmic back s u r f a c e  and 5% con tac t  g r i d  coverage. ., With no i m p u r i t i e s  

added t h i s  device,  u s ing  AR coat ing ,  ach ieves  14.5% e f f i c i e n c y  and has  a  

base d i f f u s i o n  l e n g t h  of .170um. The e f f i c i e n c y  of t h i s  conse rva t ive  design 

can be  improved i n  s e v e r a l  r e spec t s .  F i r s t ,  t h e  o p t i c a l  e f f i c i e n c y  could 

be increased  by t h e  u s e  of  a  t ex tu red  su r f ace ,  mul t i - layer  AR = b a t i n i s  

and reduced c o n t a c t  g r id '  coverage. 'The combined e f f e c t  of t h e s e  changes 
. . . .  

could r e s u l t  i n  a  c e l l  e f f i c i e n c y  approaching 15.7%; however, sinc'e 

i m p u r i t i e s  a c t  p r imar i ly  t o  reduce t h e  d i f f u s i o n  l eng th ,  t h e  improved 

des ign  would e x h i b i t  t h e  same s e n s i t i v i t y  t o  i m p u r i t i e s  as does t h e  

s tandard  device. Therefore t h i s  approach i s  unsu i t ab l e  f o r  examining t h e  

design-dependent impuri ty  e f f e c t s .  

A second method of impuri ty  e f f i c i e n c y  i s  t o  e x p l o i t  t h e  vo l t age /  

c u r r e n t , t r a d e - o f f s  ob ta ined  by lowering t h e  base r e s i s t i v i t y .  I n  t h i s  

case ,  c u r r e n t  experience has shown too small  an e f f i c i e n c y  improvement t o  

be u s e f u l  f o r  our purpose. 

The t h i r d  and s imples t  approach i s  t o  i nc rease  t h e  base-width 

and u s e  f a b r i c a t i o n  techniques t o  maximize t h e  base  d i f f u s i o n  length .  This 

has  t h e  e f f e c t . o f  decoupling t h e  h igh  recombination back s u r f a c e  from t h e  

junc t ion  and t h e  base reg ion  near  t h e  junc t ion  where t h e  ma jo r i t y  of 

photons a r e  absorbed. The r e s u l t  i s  increased  s h o r t - c i r c u i t  c u r r e n t ,  ,open- 

c i r c u i t  vo l t age ,  and e f f i c i e n c y .  Furthermore, t h i s  device  i s  a c c u r a t e l y  

descr ibed  by t h e  same model equat ions  a s  is  t h e  p re sen t  s tandard  device.  

While t h i s  i s  c l e a r l y  n o t  a  c o s t  e f f e c t i v e  means of producing h igh  

e f f f c i e n c y  c e l l s ,  i t  does provide a very  simple, e a s i l y  understood t e s t  

s t r u c t u r e  f o r  t he  impuri ty  e f f e c t s  study. 

The f i n a l  design approach, and t h e  one capable  of t h e  h ighes t  

e f f i c i e n c i e s ,  r e q u i r e s  a  back s u r f a c e  f i e l d  along wi th  c a r e f u l  processing,  

aga in  t o  maximize base  d i f f u s i o n  length .  This has  t h e  same e f f e c t s  a s  

does t h e w i d e  base along wi th  t h e  advantage of a l lowing t h e  u s e  of t h i n  

c e l l s .  Ce1l.s only 50pm t h i c k  have been made wi th  effj,.cj.encies of 16%. 

I n  t h i s  ca se ,  t h e  impuri ty  model equat ions  apply only a p p r ~ x i m a t e l y ~ a n d  



a more exac t  a n a l y s i s  i s  necessary t o  determine t h e  d e t a i l e d  r e l a t i o n s h i p  

between: impuri ty  con ten t  and c e l l  performance. 

W e  can p r e d i c t  t h e  impur i ty  e f f e c t  a c c u r a t e l y  f o r  wide-base 

devices  and approximately f o r  t h e  back f i e ld  devices .  The impuri ty  model (3). 

relates t h e  normalized s h o r t - c i r c u i t  cu r r en t&)  t o  t h e  impur i ty  

concen t r a t ion  (Nx) i n  terms of a  t h re sho ld  concent ra t ion  (N ) above 
OX 

which c e l l  performance is  subs t - an t i a l l y  degraded 

whereC  0.0121and In= 1 
1.11 a r e  model cons t an t s  which we assume w i l l  

change l i t t l e  f o r  t h e  h igh  e f f i c i e n c y  s t r u c t u r e .  It can be shown t h a t :  

where k i s  a  cons t an t  f o r  impuri ty  x ,  r e l a t e d  t o  i t s  recombination 
X 

c ross -sec t ion  which i s  independent of c e l l  design and L is  t h e  
no 

d i f f u s i o n  l eng th  i n  b a s e l i n e  devices  (no i m p u r i t i e s  p r e s e n t ) ,  

We can  now r e l a t e  t h e  threshold  of t h e  h igh  e f f i c i e n c y  (HE) 

c e l l s  t o  t h a t  of t h e  s tandard  (SE) c e l l s  i n  terms of t h e i r  r e l a t i v e  

base- l ine  d i f f u s i o n  l eng ths .  

The d i f f u s i o n  l eng th  i n  base- l ine  s tandard  c e l l s  is  % 170vm, corresponding 

t o  an  e f f i c i e n c y  of 14.5%. I n  a  16% e f f i c i e n t  c e l l  we have measured a 

d i f f u s i o n  l eng th  of % 585vm. These data imply t h a t  the impuri ty  t h r e s h o l d s  

i n  t h e s e  high e f f i c i e n c y  s t r u c t u r e s  w i l l  be  reduced by a f a c t o r  of about  12. 



S i m i l a r l y  a  low e f f i c i e n c y  (LE) c e l l s  will have a h ighe r  

theshold.  Experimental c e l l s  having a  b a s e l i n e  e f f i c i e n c y  of 10.6% and 
. . .. . . .  

d i f f u s i o n  l eng ths  I 62)m were measured wi th  3x10 '~  cm3 T i  added. The 
. . 

r e s u l t i n g  dev ices  w e r e  8.7% e f f i c i e n t  and had d i f f u s i o n  l e n g t h s  of  40vm. 

Thus t h e  c a l c u l a t e d  th re sho ld  f o r  T i  i n  t h e s e  'devices  is 2.4 t imes  longer  

than  t h e  va lue  f o r  our  s tandard  devices .  The Nox(Ti) f o r  s tandard  

devices  i s  4 2.7x1012 and i n  t h e  LE dev ices  t h e  observed va lue  equa l s  
12 12 

'L 8x10 , i n  good agreement w i th  t h e  c a l c u l a t e d  va lue  of 6 . 5 ~ 1 0  . 
Experiments a r e  i n  p rog res s  us ing  both wide base and back f i e ld  

s t r u c t u r e s :  however. no d a t a  a r e  a v a i l a b l e  a s  ye t .  

There a r e  two a d d i t i o n a l  important  impuri ty-related c o n s i d e r a t i o n s  

which have no t  y e t  been adequately d e a l t  w i t h  i n  t h e  device  a n a l y s i s  and 

impuri ty  e f f e c t  modeling. The f i r s t  concerns non-unif orm impur i ty  

d i s t r i b u t i o n s  i n  t h e  d i r ec t ion 'no rma l  t o  t h e  junc t ion  plane,  which has  

been shown by deep l e v e l  measurements t o  be p re sen t  i n  v i r t u a l l y  a l l  

completed s o l a r  c e l l s .  These non-unif orm d i s t r i b u t i o n s  a r e  a  consequence 

of i n t e n t i o n a l  g e t t e r i n g  processes  o r  g e t t e r i n g  which occurs  dur ing  

v a r i o u s  process  heat- t reatment  s t eps ,  inc luding  t h e  junc t ion  formation s tep .  

I n  a d d i t i o n  they may r e s u l t  from u n i n t e n t i o n a l  in -d i f fus ion  of contaminants 

during these  same hea t  t rea tments .  I n  t h e  modeling a n a l y s i s  t h e  e f f e c t  

of t h e s e  p r o f i l e s  i s  included i l n p l i c i t l y  but  on ly  terms of t h e  average 

impurity content .  A more a c c u r a t e  d e s c r i p t i o n  of t h e  in f luence  of t h e  

i m p u r i t i e s  r e q u i r e s  cons ider ing  where they  a r e  as w e l l  as how much. The 

a n a l y s i s  of t hese  p r o f i l e  e f f e c t s  demandsa more s o p h i s t i c a t e d  model. 

The second neglec ted  cons ide ra t ion  a r i s e s  when one a t t empt s  t o  

design a  device  which i s  maximally e f f i c i e n t ,  us ing  '"sil icon wi th  a  

l i m i t e d  d i f f u s i o n  length.  A backf i e ld  device  w i t h  a  l i m i t e d  base  d i f f u s i o n  

l eng th  w i l l  y i e l d  a  maximum e f f i c i e n c y  f o r  base widths which are small  w i t h  

r e spec t  t n  t h e '  d i . f f l ls ion length. This can be shown wi th  a simple device  

model; however, f o r  a .  device  ' s t r u c t u r e  wi th  nonuniform d i f f u s i o n  l eng ths ,  

t h e  optimum th i ckness  can be determined only  wi th  a d i s t r i b u t e d  numerical  

model. 



. .  . 
For t h i i  'pixpoke we  are:present'ly implem&ting 8 c&Gter 

mod d l  cab4ble of "analyzing these 'situations ' as-well-as the necessary 

functional relationships between the impurigy concentrations and c e l l  
. . 

performance for backfield bei lk .  



4 .  CONCLUSIONS. ' 

Nine new silicon ingots were grown during this quarter. A 

slight reduction in impurity concentration of V, Mo, and' Cr in poly- 

crystalline ingots has apparently eliminated the metal-rich inclusions 

formed in the first ingots of this type grown earlier in the program. 

Constitutional supercooling induced structural breakdown was confirmed 

as the source of the inclusions. 

Very little lead can be incorporated into silicon ingots 

because of high vapor pressure of this element at the growth temperature. 

Thus Pb falls in a category with Zn, Na, and Mg as elements which make 

crystal growth difficult rather than degrading solar cell properties. 

Measurement of deep level traps and cell efficiency for cells 

containing Mo, Ti, V, and Cr have,corroborated previous conclusions 

regarding the fractions of atoms which are electrically active and their 

effects upon solar cell efficiency. No deep levels ascribable to Cu 

could be detected. This is consistent with solar cell I-V data and 

previous bulk lifetime measurements. 

DLTS measurements made on polycrystalline materials show no 

appreciable segregation of Ti and V to structural defects when the metal 

concentrations are in the mid 1013 range. 

Experiments designated to determine the permanence of the 

effects' of additional impurities and of impurities in cells under 

electrical bias are under way. The gettering of selected impurities by 

POCR diffusion, HCR oxidation, ion implanted junctions, and ion implant 3 
damogc i~ being evaluated. 

Preliminary mndeling studies show that the effects of impurfties 

in high efficiency cells will be quantitatively different from the 

effects in standard and low efficiency cells. Extension of the model to 



non-uniform i m p u r i t y  d i s t r i b u t i o n s  and to-- o p t i m i z i n g  t h e  c e l l  b a s e  wid th  

f o r  a s p a t i a l l y  v a r y i n g  d i f f u s i o n  l e n g t h s  i s  i n  p r o g r e s s .  



5. PROGRAM STATUS . . 

The program i s  on s c h e d u l e  ~ 5 t h  r e s p e c t  t o  assumed m i l e s t o n e s .  . . 

5..1 P r e s e n t  S t a t u s  

During t h e  l a t e s t  r e p o r t i n g  p e r i o d  

0 Nine new i n g o t s ,  b o t h  c r y s t a l l i n e  and p o l y c r y s t a l l i n e ,  were 

grown and c h a r a c t e r i z e d .  

Q Deep l e v e l  t r a p  c o n c e n t r a t i o n s  were  measured i n  s i n g l e  

c r y s t a l  i n g o t s  c o n t a i n i n g  V, Mo, C r ,  T i ,  and Cu. 

@ It was shown t h a t  T i  and V do n o t  s e g r e g a t e  a p p r e c i a b l y  e t  

g r a i n  b o u n d a r i e s  i n  p o l y c r y s t a l l i n e  m a t e r i a l  a t  i m p u r i t y  

c o n c e n t r a t i o n s  of 1013 ~ m - ~ .  

@ Experiments t o  de te rmine  t h e  permanence of e f f e c t s  from 

a d d i t i o n a l  i m p u r i t i e s  were i n i t i a t e d .  

0 Experiments t o  measure g e t t e r i n g  of i m p u r i t i e s  i n  po ly  by 

POCR and HCR were i n i t i a t e d .  
3  

6 Experiments t o  de te rmine  t h e  i n t e r a c t i o n  between i m p u r i t i e s  

and i o n  implanted j u n c t i o n s  and i o n  implan t  damage g e t t e r i n g  

were i n i t i a t e d .  

5.2 t ' u t u r e  ~ c t i v l ~ y  

During t h e  n e x t  q u a r t e r ,  s t u d i e s  of i m p u r i t y  e f f e c t s  i n  poly-  

c r y s t a l l i n e  c e l l s  w i l l  c o n t i n u e .  S t u d i e s  o f  g e t t e r i n g  i n  p o l y c r y s t a l l i n e  

m a t e r i a l  by POCR and HCR and of i o n  implan t  damage g e t t e r i n g  i n  s i n g l e  3 
c r y s t a l  m a t e r i a l  will c o n t i n u e .  Long term e f f e c t s  o f  e l e c t r i c a l  b i a s  on 

cells  c o n t a i n i n g  s e l e c t e d  i m p u r i t i e s  w i l l  be  measured. 
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