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PREFACE 

This volume descr ibes  t h e  experimental methods used t o  s tudy  

t h e  behavior of  impur i t i es  i n  s i l i c o n  s o l a r  c e l l s ,  and t h e  da t a  base 

accumulated during a study e n t i t l e d  "An Inves t iga t ion  of  t h e  E f f ec t s  o f  

Impuri t ies  and Processing on S i l i con  Solar  Cells" conducted under JPL 

Contract 954331. A companion volume, Volume 2 ,  presents  an ana lys i s  
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1. SUMMARY 

This  is  Volume 1 of  a  two-volume summary r e p o r t  o f  t h e  

a c t i v i t y  performei dur ing Phase I11 of t h e  S i l i c o n  M a t e r i a l s  Task of  t h e  

LSA P r o j e c t .  The o b j e c t  of  Phase I11 of  t h e  program h a s  been t o  i n v e s t -  

i g a t e  t h e  e f f e c t s  of v a r i o u s  processes ,  meta l  contaminants and contan- 

inant-process  i n t e r a c t  ions  on t h e  performance o f  t e r r e s t r i a l  s i l i c o n  s o l a r  

c e l l s .  The s t u d y  encompassed a  v a r i e t y  of  t a s k s  including:  (1) a  

d e t a i l e d  examination of  thermal process ing e f f e c t s ,  such a s  HCL and 

POCL g e t t e r i n g  on impuri ty  behavior ,  ( 2 )  completion of t h e  d a t a  b a s e  
3 

and modeling f o r  i m p u r i t i e s  i n  n-base s i l i c o n ,  (3 )  ex tens ion  of  t h e  

d a t a  base  on p-type m a t e r i a l  t o  inc lude  elements l i k e l y  t o  b e  in t roduced 

dur ing t h e  production,  r e f i n i n g ,  o r  c r y s t a l  growth of  s i l i c o n  (4) 

e f f e c t s  on c e l l  performance of a n i s o t r o p i c  impuri ty  d i s t r i b u t i o n s  i n  

l a r g e  CZ c r y s t a l s  and s i l i c o n  webs, and (5) a  p re l iminary  assessment of  

t h e  permaner.:e of t h e  impuri ty  e f f e c t s .  

This  phase o f  t h e  work is  now completed. In t h i s  volume 

two major t o p i c s  a r e  t r e a t e d :  methods t o  measure and e v a l u a t e  impuri ty  

e f f e c t s  i n  s i l i c o n  and comprehensive t a b u l a t i o n s  of d a t a  de r ived  dur ing  

t h e  study.  For example, t h e  reader  w i l l  f i n d  d i s c u s s i o n s  o f  deep l e v e l  

spectroscopy, d e t a i l e d  dark  I - C  measurements, recombination l i f e t i m e  

determinat ion,  scanned l a s e r  photo-response, and convent ional  s o l a r  

c e l l  I - V  techniques ,  a s  w e l l  a s  d e s c r i p t i o n s  of s i l i c o n  chemical 

a n a l y s i s .  A s  t o o l s  for t h e  s e n s i t i v e  s tudy  of  impur i ty  behavior  i n  

s i l i c o n ,  1:e t h i n k  t h e s e  a r e  t o p i c s  of importance and of genera l  i n t e r e s t .  

In  t h e  l a t t e r  p o r t i o n  of t h e  r e p o r t  cons ide rab le  d a t a  a r e  t a b u l a t e d  on 

t h e  composit ion,  e l e c t r i c a l ,  and s o l a r  c e l l  c h a r a c t e r i s t i c s  of impurity-  

doped s i l i c o n .  Includo,d t h e r e i n  f o r  example, a r e  l i s t s  of impur i ty  

segrega t ion  c o e f f i c i e n t s ,  ingot  impuri ty  a n a l y s e s  and es t ima ted  concen- 

t r a t i o n s ,  t y p i c a l  deep l e v e l  impuri ty  s p e c t r a :  deep l e v e l  c a p t u r e  c r o s s  s e c t i o n s  



acd t r a p  d e n s i t i e s  f o r  many impuri t ies ;  photoconductive and open c i r c u i t  

decay l i f e t i m e s  f o r  individual  metal-doped ingots ,  and a  complete 

tabula t ion  of t he  c e l l  I-V c h a r a c t e r i s t i c s  of near ly  200 ingots .  The 

l a s t  sec t ion  of the  repor t  is a  compilation of useful  thermophysical 

p roper t ies  of l i q u i d  and so l id  s i l i c o n .  

I n  Volume 2 of the  repor t  we present a  de t a i l ed  ana lys i s  of t h e  

e f f e c t s  of impur i t i es  on s i l i c o n  ingot s t r u c t u r e ,  e l e c t r i c a l  charac te r -  

i s t i c s  and c e l l  performance and t h e  implicat ions of these  r e s u l t s  with 

respect  t o  s o l a r  grades of s i l i c o n .  



2 .  INTRODUCTION 

This  r e p o r t  is a summary of t h e  s tudy conducted under Phase 

I11 of JPL Contract  954331. The progri ,l's . d 4 e c t i v e  is t o  d e f i n e  t h e  

e f f e c t s  of i m p u r i t i e s  and process ing on t h e  c h a r a c t e r i s t i c s  of s i l i c o n  

and t e r r e s t r i a l  s i l i c o n  s o l a r  c e l l s ,  so  t h a t  poly-s i l icon manufacturers,  

wafer manufacturers,  and t h e  producers of s o l a r  c e l l s  can develop c o s t -  

b e n e f i t  r e l a t i o n s h i p s  f o r  t h e  u s e  o  cheaper,  less pure  s o l a r  grades  of 

s i l i c o n .  

I n  previous summary r e p o r t s  f o r  Phases I and 1 1 ~ ' ~  we descr ibed 

how we e s t a b l i s h e d  empi r ica l ly  what concen t ra t ions  of commonly encountered 

i m p u r i t i e s  could be  t o l e r a t e d  i n  t y p i c a l  p  o r  n-base s o l a r  c e l l s ,  then  

developed a  pre l iminary a n a l y t i c a l  model from which t h e  c e l l  performance 

could be p ro jec ted  a s  a  func t ion  of t h e  kinds  and amounts of contaminants 

i n  t h e  s i l i c o n  base  m a t e r i a l .  During Phase 111, t h e  impurity d a t a  b a s e  h a s  

been expanded considerably  and t h e  model has  been r e f i n e d  and broadened 

t o  account f o r  a d d i t i o n a l  e f f e c t s  such as base  r e s i s t i v i t y ,  g r a i n  

boundary i n t e r a c t i o n s ,  thermal process ing,  and synerg ic  behavior .  

S tud ies  of non-uniform impurity d i s t r i b u t i o n s  i n  commercial-size 

Czochralski  ingo t s  and wide r ibbon (web) c r y s t a l s  and p o t e n t i a l  long 

term (aging) behavior of i m p u r i t i e s  were a l s o  undertaken. Our r e s u l t s  

are based on t h e  d e t a i l e d  a n a l y s i s  of n e a r l y  200 s i l i c o n  ingo ts .  

A s  i n  t h e  e a r l i e r  program s u m a r i e s , l y 2  we s t r i v e d  t o  make 

t h i s  r e p o r t  extremely comprehensive and up-to-date ( a t  t h e  r i s k  of 

r e i t e r a t i n g  some e a r l i e r  da ta )  so t h a t  t h e  document can s t a n d  a lone ,  as 

a convenient source  of informat ion on impurity e f f e c t s  i n  s i l i c o n  as 

they a r e  c u r r e n t l y  understood. To f a c i l i t a t e  t h e  "handbook" a s p e c t  o f  

t h e  repor t ,  it is  separated i n t o  two volumes a s  noted e a r l i e r .  The 

f i r s t  i s  a  complete d e s c r i p t i o n  of techniques  used t o  e v a l u a t e  i m p u r i t i e s  

i n  s i l i c o n  coupled wi th  t a b u l a r  compila t ions  of t h e  important f ind ings ;  



al though t h e  emphasis of t h e  r e p o r t  is on t h e  l a s t  1 8  month's a c t i v i t y ,  

previous  a n a l y t i c a l  r e s u l t s  and dev ice  d a t a  have been r e v i s e d  so  f a r  

a s  p c s s i b l e  t o  r e f l e c t  t h e  most r ecen t  informat ion.  The second volume 

of t h e  summary p r e s e n t s  a n  a n a l y s i s  of t h e  exper imenta l  r e s u l t s  and 

t h e i r  impl ica t ions  f o r  t h e  use  o f  s o l a r  grades  o f  s i l i c o n .  

3. EXPERIMENTAL EVALUATION OF IMPURITY EFFECTS I N  SILICON AND SOLAR CELLS 

3.1 Impurity S e l e c t i o n  

From t h e  o u t s e t  t h i s  s tudy  has  been o r i e n t e d  tovards  t h e  needs 

of t h e  s i l i c o n  s o l a r  c e l l  community represen ted  p r i m a r i l y  by t h e  

pro+rcers of p o l y c r y s t a l l i n e  s i l i c o n ;  t h e  i n g o t ,  s h e e t ,  o r  r ibbon  

manufacturers who t ransform p o l y s i l i c o n  t o  wafers;  and t h e  c e l l  manu- 

f a c t u r e r s  who employ t h e  wafers  t o  make dev ices ,  modules, and a r r a y s .  

Thus t h e  i m p u r i t i e s  chosen f o r  s tudy  were based on: (1) t h e  presence o f  

t h e  contaminant i n  m e t a l l u r g i c a l  grade s i l i c o n ,  a  raw m a t e r i a l  i n  

s e v e r a l  low c o s t  s i l i c o n  product ion  processes ,  (2 )  t h e  l i k e l i h o o d  of  

i n t r o d u c t i o n  dur ing  p o l y s i l i c o n  production,  ( 3 )  p o t e n t i a l  u s e  a s  a  

c o n s t r ~ c t i o n  m a t e r i a l  f o r  s i l i c o n  manufactxlrinq n r  c r y s t a l  growth and 

(4)  use  a s  a m a t e r i a l  f o r  dev ice  manufacturing.  

1 
Th, ' . n i t i a l  impuri ty  mat r ix  included Al, B ,  Ca, C r ,  Cu, Fe, Mn, 

N i ,  P, T i ,  V and Z r ,  common components o f  m e t a l l u r g i c a l  grade s i l i c o n  
3 ( s e e  s e c t i o n  4 .1  f o r  a  t y p i c a l  a n a l y s i s  o f  t h i s  m a t e r i a l  ) . By adding 

p o s s i b l e  c o n s t r u c t  ion mazer ia l s ,  p o t e n t i a l  system contaminants and dev ice  

con tac t  meta ls ,  w e  developed t h e  mat r ix  dep ic ted  i n  F igure  1 which forms 

t h e  b a s i s  f o r  t h e  p resen t  i n v e s t i g a t i o n .  The impuri ty  ranges  examined 

were d i c t a t e d  by t h e  fo l lowing c r i t e r i a :  



Boronb 

Calcium 

Carbon** 

Chromium It) 

C&lt 

Copper I t b 
I r o n  ( t )  
Magnesium 

Manganese t )  
Molybdenun! 

Nickel 

iq~Obt l i? l  

Oxygeng0 

Palladium 

Phosphorus0 ( t  l 

Silver 

S03iufi 

Tantalum 

Tin 

Titanium c $ 1  

Tungsten 

Vanadium ( t ,  
Zinc 

Zirconium 

15 -3 Approximate Concentration Range ( 10 cm 

3 - 5 0  

Boron. phosphorus and aluminum are electrically active impurities and 
therefore cause variations i n  resistivity when used as a secondary impurity. 

* *  Oxygen and carbon concentrations measured in approximately 50 ingots 
doped with additional impurities. Two carbon doped ingots prepared to 
determine effect of carbon. 

t See Text 

Figure 1 Impurity Matrix 



1 )  t h e  maximum s o l i d  s o l u b i l i t y  o f  t h e  impur i ty  i n  s i l i c o n ,  
4 

2 )  t h e  maximum l i q u i d  impur i ty  c o n c e n t r a t  i on  which p e r m i t s  

s i n g l e  c r y s t a l  growth, 
5 

3) t h e  d e t e c t i o n  limits of t h e  chemica l  a n a l y s i s  m e t h ~ d s , ~ ' ~ a n d  

4 )  t h e  t h r e s h o l d  c o n c e l ~ t r a t i o n  f o r  s o l a r  c e l l  performance 
1 , 2  

d e g r a d a t i o n .  

The maximun impur i ty  c o n c e n t r a t i o n  f o r  a g iven  s p e c i e s  was 

f i x e d  by c r i t e r i a  1) o r  2)  w h i l e  t h e  minimum c o n c e n t r a t i o n  was 

de termined by c r i t e r i o n  4) .  

Each test i n g o t  con ta ined  a n  e l e c t r i c a l l y  a c t i v e  dopant ,  e i t h e r  

B o r  P, 2s w e l l  a s  t h e  secondary  m e t a l  c o n t a n i n a n t .  The t a r g e t  r e s i s t i v -  

i t  ies were 4-h i2 cn f o r  t h e  2-t ype B-doped i n g o t s  acd  1-3 2 cm f o r  t h e  

n-type P-bearing i n g o t s .  A l i m i t - J  number o f  0.2 Z c m  p  t y p e  i n g o t s  

were grown (+, Figure  ' : . a s  we l .1  a s  two 30 il cm p  t y p e  i n g o t s  c o n t a i n i n g  

Ti .  

3.2 Ineo t  P r e ~ a r a t  i o n  and Eva lua t ion  

3.2.1 C r y s t a l  Growth - 
A11 i n g o t s  s ave  f i v e  which were f loa t - zoned  were p repa red  by 

C z o c h r a l s k i  p u l l i n p .  T h i s  method o i f c r s  s e v e r a l  advan tages  i n c l u d i n g :  

1 )  a  r e l a t i v e l y  f J~ doping p r o f i l e ,  2)  t h e  a d d i t i o n  o f  i m p u r i t i e s  

e i t h e r  b e f o r e  o r  a f t e r  nelt-down, 3) t h e  a b i l i t v  t o  s i g n i f i c a n t l y  v a r y  

growth c o n d i t i o n s  and 4) t h e  p o s s i b i l i t y  t o  sample t h e  m e l t  a t  t h e  

comple t ioq  o f  c r y s t a l  growth t o  de t e rmine  m e l t  impur i ty  c o n c e n t r a t i o n .  

Two c r y s t a l  growth f u r n a c e s  were used d u r i n g  t h e  progran,. Phase  I 

i n g o t s  were prepared  i n  a n  NRC-2805 c r y s t a l  growth fu rnace .  To p rov ide  

more material : .bsequent i n g o t s  were grown i n  t h e  HAMCO CG-800 c r y s t a l  

growth fu rnace .  The c h a r a c t e r i s t i c s  of b o t h  p i e c e s  o f  equipment a r e  

summarized i n  Tab le  1. 

A new q u a r t z  c r u c i b l e  was used f o r  each  i n g o t .  P r i o r  t o  

l o a d i n g  t h e  c r u c i b l e  i n t o   he fu rnace ,  t h e  g r a p h i t e  h e a t i n g  element  

and g r a p h i t e  fu rnace  p a r t s  a r e  baked-out f o r  a  pe r iod  of  f o u r  hour s  a t  



Table 1. Crystal Growth Furnace Characteristics 

Furnace Type 

Charge Wt . 
Crucible Size 

Ingot Dia . 
Ingot Length 

Growth Atmosphere 

Gas Flowrate 

Seed Rot. 

Crucible Rot. 

Pullrate 

Crucible Liferate 

NRC 2805 

0.85-1.2kg 

10.2 x 12.6cm 

2-5cm 

15-20cm 

1 Atm. Argon 

10 llmin. 

13-22 rpm. cw 

3-5 rpm. ccw 

2.5-20 cmlhr. 

variable 

Hamco-800CG 

1.2-5.0kg 

15.2 x 12cm 

1.0-8.5cm 

20-30.5cm 

1 Atm. Argon 

50 llmin. 

10-15 rpm. cw 

3-6 rpm. ccw 

2.5-15 cm/hr . 
variable 



1500 degrees cent igrade.  Vacuum bake-out is employed wi th  t h e  NRC 

furnace while an argon ambient is  used with t he  HAMCO CG-800. 

Number-one Dow Coming semiconductor grade s i l i c o n  nuggets o r  

one piece c ruc ib l e  charges were used throughout t he  e n t i r e  program. 

Typical c h a r a c t e r i s t i c s  of t h i s  mater ia l  can be found i n  Section 4.2. 

The impur i t i es  i n  the  polycrystal ' ine  s i l i c o n  a r e  s u f f i c i e n t l y  low i n  

concentration t h a t  t h e i r  presence does not a f f e c t  s o l a r  cell  performance. 

Numerous undoped base l ine  audi t  ingots  were prepared throughout t h e  

program t o  eva lua te  both the  charge mater ia l  and po ten t i a l  contamination 

from t h e  growth furnaces. No degradation i n  t h e  c e l l  performance of 

devices made from these  ingots  has heen observed. 

High pur i ty  (99.99X o r  b e t t e r )  metal dop2nts were employed 

throughout t h e  program. The form, pur i ty ,  and melt ing points  of t he se  

mater ia l s  a r e  l i s t e d  i n  Section 4.3. Impur i t i es  with high melting po in t s  

and low vapor pressures  a r e  added t o  t h e  c ruc ib l e  charge p r i o r  t o  m e l t -  

down. Impuri t ies  melting a t  temperatures below s i l i c o n , o r  which exh ib i t  

high vapor p r e s s u r g a r e  added t o  t he  molten s i l i c o n  p r io r  t o  i n i t i a t i o n  

of c r y s t a l  growth. The amount of impurity added t o  t h e  m e l t  was based 

on t h e  t a r g e t  h ipur i ty  corlcentration in t h e  ingat  and t h e  bes t  ava i l ab l e  

value fo r  t h e  e f f e c t i v e  segregation coe f f i c i en t  . 
The e f f e c t i v e  ;egregat ion coe f f i c i en t  f o r  each metal contaminant 

was determined a s  follows. The melt was purposeiy doped with a c a r e f u l l y  

weighed amount of metal. A s i ng l e  c r y s t a l  ingot was grown and then 

analyzed by a combination of spark source mass spectroscopy and neutron 

ac t i va t ion  (see sec t ion  3 . 2 . 2 ) .  A r ap id ly  quenched sample of t he  

res idua l  melt was extracted and analyzed by atomic absorpt ion spectroscopy. 

The r a t i o  of t he  so l id  ( ingot )  impurity concentrzt ion CS and l i q u i d  

impurity concentration C gives  k II e f f '  The va lues  of keff a r e  tabulated 

in Section 4.4. 

Growth condi t ions varied l i t t l e  from ingot t o  ingot .  Unless 

noted otherwise,  pu l l  speed ranged between 7 and 8.5 cm/hr; c r y s t a l  

r o t a t i on  r a t e  was about 1.0 rpm and c ruc ib l e  ro t a t i on  r a t e  about 3 rpm. 



The m j o r i t y  of t h e  ingots  had 3 cm diameters;  severa l  Phase 111 ingots  

were grown with more conventional 7.6cm diameters. A l l  t h e  c r y s t a l s  were 

0rier.tc.d along <Ill> and grown i n  an argon atmosphere. Limited experi-  

n , n ts  dere conducted a t  pu l l  r a t e s  a s  low a s  2 cm/hr. o r  a s  high a s  15  

-m/ht . Far t h e  rapidly-pulled ingots  w e  found t h e  segregat ion 

ccr!fficient increased by about a f a c t o r  of 1.5 compared t o  ingots  g r o m  

a t  7 cm/hr. Spec i f ic  information on growth condi t ions  f o r  each ingot 

a r e  kept i n  a master f i l e  of ingot da t a  shee ts  and is ava i l ab l e  on 

r eque: t . 
Five ingots  were grown by t h e  f l o a t  zone method using a 

Yiemens VZA-3 f l a a t  zone. One base l ine  ingot was grown using a 

previously grown Czochralski ingot a s  feedstock. The o the r  four  ingots  

were prepared from doped polycrys t a l l i n e  s i l i c o n .  Chromium and aluminum 

metals were used 20 dope two of t he se  ingots  without experimental 

d i i f icu- l ty .  iTse of t i tanium metal d i r e c t l y  a s  a dopant caused l o s s  of 

zon? s t a b i l i t y  and t h e  formation of po1;~crystal l ine s t ruc ture .  A 

vac.lum c a s t  heavily doped po lyc rys t a l l i ne  s i l i c o n  rod was subsequently 

p re , a r ed  and welded i n t o  t he  pe lyc rys t a l l i ne  feedstock t o  be  zone ref ined.  

This t~!cr~nique pro ed suc.cessful, and a t i tanium doped ingot was grown. 

Besides t h e  near ly  200 s i l i c o n  ingots  produced s o  f a r  a s  par t  
8 

of  t he  program, about 60 dendr i t i c  web growth runs have a l s o  been 

ca r r i ed  out  t o  evaluate  impurity e f f e c t s  i n  ribbon-type s i l i c o n  mater ia l s .  

These ct-ystals ,  up t o  4 cm i n  width, were grown from 60g (Phase I and 11) 

and 180g (Phase ITI) melt charges a t  speeds ranging between 79 and 120 

cm/hr. Tha same t )?e  metal dopants and po lyc rys t a l l i ne  feedstock used 

f o r  t h e  CzocF-a-ski ingots  were a l s o  used t o  grow web c r y s t a l s .  

~ 1 1  ingots  were cen t e r l e s s  ground t o  t h e  nominal 3 o r  7.6 cm 

d iamet - r  a f t e r  growth, and then etched (7 p a r t s  HN03/1 par t  HF) t o  remove 

su r  ,ce d.nrr.age. The web c r y s t a l s  were cleaned by swabbing with HF t o  

.emove oxide depos-ted on the sur face  during growth. 



3.2.2 Ingot Charac te r iza t ion  - 
Severa l  complementary a n a l y t i c a l  methods were employed t o  

c h a r a c t e r i z e  t h e  c r y s t a l  q u a l i t y ,  chemist ry  and e l e c t r i c a l  p r o p e r t i e s  

o f  t h e  as-groh ingots .  The sampling procedure is dep ic ted  i n  Figure  2. 

Specimens f o r  e t c h  p i t  d e n s i t y ,  I R  t ransmiss ion,  spark  source  mass 

spectroscopy (SSMS) , and neutron a c t i v a t i o n  (NAA) were taken p r i m a r i l y  

from region (1) al though some a n a l y s e s  were a l s o  performed on m a t e r i a l  

from region (3). A l l  wafers  came from reg ion  (2). The weight of ingo t  

used through t h e  seed end a n a l y t i c a l  m a t e r i a l  and s o l a r  c e l l  blank 

s l i c e s  was l i m i t e d  t o  no more than 25  percent  of m e l t  weight. Th i s  

assured  small v a r i a t i o n s  of t h e  impurity concen t ra t ion  a long t h e  l e n g t b  

of m a t e r i a l  evaluated.  Neutron a c t i ~ r a t i o n  a n a l y s e s  of seed and t ang  

end samples from s e v e r a l  doped ingo ts  ind ica ted  t o t a l  changes i n  

impuri ty  concen t ra t ion  a long t h e  l e n g t h  o f  t h e  ingot  t o  be  a maximum o f  

47 percent  ( i . e ,  i n  t h e  c a s e  3f manganese). Var ia t ion  w i t h i n  t h e  r e g i o n  

devoted t o  s o l a r  c e l l  b lanks  was s i g n i f i c a n t l y  l e s s  than t h i s  extreme. 

During Phase I a t o t a l  of 75 s o l a r  c e l l  b lanks  were c u t  from 

each ingot ;  i n  Phase I1 and IIi t h i s  number was increased t o  150. 

A m l y t i c a l  samples taken from Phase I m a t e r i a l  were l i m i t e d  t o  s l i c e s  

f o r  SSMS measurements, i n f r a r e d  absorp t ion ,  r e s i s t i v i t y ,  and f o r  e t c h i n g  

experiments t o  determine d i s l o c a t i o n  dens i ty .  Addi t ional  s l i c e s  f o r  

neutron a c t i v a t i o n  a n a l y s i s ,  l i f e t i m e  measurements, and independent 

JPL t e s t i n g  were c u t  fro;, Phase I1 and 111 ingots .  Ana ly t i ca l  s l i c e s  

were excised w i t h  an  OD diamond s s w ,  whi le  a l l  s o l a r  c e l l  b lanks  were 

c u t  wi th  an I D  diamond saw. A tapered bevel  was ground a long  t h e  l e n g t h  

of each ingot  producing a f l a t  a t  t h e  circumference of each wafer.  The 

l eng th  of t h i s  f l a t  increased from t h e  seed t o  tang end of an  ingot  so  

t h e  r e l a t i v e  p o s i t i o n s  of each wafer could be i d e n t i f i e d .  

R e s i s t i v i t y  

R e s i s t i v i t y  was measured on t h e  seed and tang end of eac? 

ingot with a Sil tec-1000 four  point  probe. Longi tudinal  r e s i s t i v i t y  

measurements were a l s o  made a t  1 cm i n t e r v a l s  a long t h e  ingot  l eng th .  



( 1). 3 c m  Seed Analytical Material ( IR, SSMS, NAA, etching) 

(2). 12. 5 cm Solar Cell Blank Material 

( 31. 3 c m  Tang Analytical Mdterial( SSMS, NAA, etching) 

Ingot Wt. 0. 3-0. 6 kg. 13cmdia. ) ,  2. 8-3.  3 k g ( 7 .  6cmdia.  1 

Charge Wt. 0. 85 -1 .  5 kg. ( 3  cm dia.), 2. 8-3.  3 kg ( 7 .  6 cm dia. 1 

Figure 2 S i l i c o n  Ingot Sampling 



The ta rge ted  and measured r e s i s t i v i t i e s  f o r  a l l  ingots  a r e  co l l ec t ed  i n  

Section 4.5. Except f o r  a few ingots  where suspected metal-boron in t a r -  

a c t i c n s  produced r e s i s t i v i t i e s  up t o  9 Rcm, t h e  t a r g e t  4 t o  6 Qcm (NA = 
15 03 

4x10 cm ) r e s i s t i v i t y  was achieved with no d i f f i c u l t y .  Ingots  compen- 

sat2d with phosphorus a l s o  produced higher  r e s i s t i v i t i e s ,  a s  expected. The 

n-type ingot r e s i s t i v i t i e s  f e l l  i n  t h e  t a r g e t  range 1 t o  3 R c m  (N = 
5 -3 D 

4x10 cm . 
Etch F i t  Density --- 

The e t ch  p i t  dens i t y  was measured on seed and tang specimens 

following S i r t l  etching.' The s l i c e s  examined w e r e  taken from t h e  

extreme ends of regions (1) and (31, Figure 2 .  The e t ch  p i t  dens i ty  of 

t he  s o l a r  c e l l  blanks was most comparable t o  t h a t  of t h e  seed mater.31, 
3 -2 t y p i c a l l y  10 cm o r  l e s s ,  a s  can be seen from th2  da ta  compilation i n  

5 6 Section 4.5. Tang and d e n s i t i e s  sometimes reached 1 0  t o  10  d i s loca t ions  
-2 

cm when s t r u c t u r a l  breakdown occurred due t o  impur i t i es  (see Volume 2 ) .  

A s  high a s  30 percent of t h e  ingots  were dis!-ocation f r e e  although no 

spec i a l  e f f o r t  was taken t o  achieve t h i s  r e s u l t .  

Carbon and Oxygen Analysis 

Carbon and oxygen concentrat ions were measured by inf ra red  
-1 

absorption. The amplitude of t h e  absorpt ion peak f o r  carbon a t  606 cm 
-1 

and oxygen a t  1107 cm a r e  proport ional  t o  t h e  elemental concentrations.  

Constants of proport ional ly  f o r  t h i s  work were 2 . 2  f o r  carbon and 9.6 

f o r  oxygen. A s  can be seen from t h e  t abu la t i on  i n  Sect ion 4.6 t he  

carbon and oxygen contents  of t h e  ingots  w e  sampled f e l l  i n  t h e  t yp i ca l  
17 -3 

ranges f o r  Czochralski c r y s t a l s :  2.5x1016 t o  5x10 cm f o r  c a r b ~ n  and 
18 -3 

5x1017 t o  1 . 5 ~ 1 0  em f o r  oxygen. In two purposely-doped ingots  

gre- ter carbon concentrat  ions were achieved. 

Impurity Analysis 

Precise  and accura te  determination of impurity concentrat ions 

is fundenental t o  t h e  success of t h e  program. The maximum m e l t  concen- 

t r a t i o n  which could be achieved f o r  t h e  majori ty  of elements s tud ied  w a s  
20 -3 2 0 - 3 

in the  range of 1x10 atoms cm t o  4x10 atoms cm . Higher melt 

  on cent rations r e su l t ed  i n  po lyc rys t a l l i ne  ingot  growth. This  concentrat ion 



limit coupled w i t h  t h e  extremely small  e f f e c t i v e  s e g r e g a t i o n  c o e f f i c i e n t s  

f o r  many of  t h e  i m p u r i t i e s  (Sect ion 4.4) means t h a t  ingo t  c o n c e n t r a t i o n s  
12 -3 1 6  -3 

ranging from below 1 0  cm t o  as high a s  1 0  cm a r e  encountered.  

The corresponding detection l i m i t s  f o r  chemical  a n a l y s i s  a r e  t h u s  from 

about 0.02 p a r t s  pe r  b i l l i o n  t o  200 p a r t s  per  b i l l i o n ,  ranges  g e n e r a l l y  

a c c e s s i b l e  on ly  by spa rk  source  mass spect roscopy o r  neu t ron  a c t i v a t i o n  

a n a l y s i s ,  a s  suggested i n  Table  2. Chemical s e p a r a t i o n  combined w i t h  

neutron a c t i v a t i o n  a n a l y s i s  provides  t h e  lowest- d e t e c t  ion l i m i t s ;  however, 

budgetary l i m i t a t i o n s  and t h e  longer  turnaround t imes  on t h e  measure- 

ments l i m i t e d  t h e  number of  i n g o t s  we analyzed t h i s  way. 

Each ingo t  was analyzed by SSMS, NAA o r  by b o t h  methods. A 

vacuum c a s t  sample, c o l l e c t e d  from t h e  r e s i d u a l  a e l t  o f  each growth run,  

was analyzed by emission spectroscopy o r  atomic a b s o r p t i o n  t o  provide  

t h e  melt impurity concen t ra t ion .  Segregati--  c o e f f i c i e n t s  determined 

f o r  t h e  most h e a v i l y  doped i n g o t s  were used t o  c a l c u l a t e  t t  ingo t  

i a p u r i t y  c o n c e n t r a t i o n  i n  c a s e s  where t h e  ingo t  impuri ty  l e v e l  f e l l  

below t h e  d e t e c t i o n  l i m i t s  of a l l  t h e  a n a l y t i c a l  methods. 

Ana ly t i ca l  s l i c e s  f o r  SSMS o r  NAA (F igure  2) were given a 

double s e q u e n t i a l  e t c h  i n  a  1HF: 1HN03 s o l u t i o n .  Excess n i t r i c  a c i d  was 

used t o  t e rmina te  each e t c h  c y c l e  and samples were then  r i n s e d  i n  

deionized water.  SSMS a n a l y s i s  of  updoped samples prepared i n  t h i s  

manner produced pho top la tes  c l e a r  of any of  t h e  i m p u r i t i e s  under 

i n v e s t i g a t i o n .  S l i g h t  t r a c e s  a t  m/e = 40, and 20 ( a t t r i b u t e d  t o  argon,)  

and a  t r a c e  a t  m/e=4S (asc r ibed  t o  t h e  oxygen molecale)  were, however, noted.  

The measured c o n c e n t r a t i o n s  of  t h e  i n t e n t i o n a l l y  added im-  

p u r i t i e s  a r e  compiled i n  Sec t ion  4.7. I n  t h e  t a b l e s  t h e  t a r g e t  con- 

c e n t r a t i o n  is  der ived by mul t ip ly ing  t h e  melt  c o n c e n t r a t i o n  (based on 

atoms of melt and atoms o f  impuri ty  element added) times 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 .  The t a r g e t  va lues  shown i n  Sec t ion  4 . 7  have 

been updated t o  r e f l e c t  t h e  b e s t  a v a i l a b l e  v a l u e s  o f  k e f f .  The 

c a l c u l a t e d  c o n c e n t r a t i o n s  r e p r e s e n t  t h e  product of measured mel t  con- 

c e n t r a t  ion  c o r r e c t e d  f o r  t h e  amount of  melt  s o l i d i f i e d  and 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 .  Measured c o n c e n t r a t i o n s  a r e  averaged SSMS d a t a ;  



Table 2 .  Typica l  Detection Linits of Analytirzl Tc-cirnirucs 
Employed in this Invest igotion 
(References 6 and 7) 

Method of Analysis Resistivity Infrared Elass Spec K M  (ppba)/ 
Impurity (ppba) (ppba) (ppba) Routine (ppba) 

Aluminum 4 50 -- 
Boron < 1 3 -- 
Carbon ~5 x 10 500 -- 2 

Chromium 

Cobalt 

Copper 

Iron 

Magnesium 

Manganese 

Molybdenum 

Nickel 

Niobium 

Ow3en 

Palladium 

Silver 

Tantalum 

Tin 

Titanium 

Tungsten 

Vanadium 

Zinc 

Zirconium 



t h e  f i g u r e s  i n  p a r e n t h e s i s  a r e  NAA da ta .  The N/A e n t r i e s  i n d i c a t e  t h a t  

no impurity,  save t h e  d e s i r e d  donor o r  accep tor ,  was added t o  t h e  ingot .  

Some e f f o r t  a l s o  was expended t o  provide assurance  t h a t  

u n i n t e n t i o n a l l y  added i m p u r i t i e s  were n o t  present  i n  doped and undoped 

ingots .  Since  t h e  s e n s i t i v i t y  of t h e  SSblS measurements is inadequate  

t o  d e t e c t  t h e  major i ty  of p o t e n t i a l  contaminants below t h e  concen t ra t ion  
14 - 3 t 

of  approximately 1 . 5 ~ 1 0  atoms cm , NAA w a s  used t o  survey over  20 

s e l e c t e d  ingo ts .  Typical  concen t ra t ions  of t h e  unintent ional ly-added 

i m p u r i t i e s  a r e  given i n  Table 3. Note t h a t  a l l  de tec ted  impurity 

concen t ra t ions  a r e  we l l  below c o n c e r t r a t i o n s  which would have any 

impact on s o l a r  c e l l  performance. 

An eva lua t ion  of t h e  s t a t i s t i c a l  s i g n i f i c a n c e  of t h e  chemical  

a n a l y s i s  d a t a  is presented i n  Volume 2 of t h i s  r e p o r t .  However, w e  n o t e  

he re  t h a t  good agreement e x i s t s  between t h e  t a r g e t  and c a l c u l a t e d  

concen t ra t ions  i n  Sec t ioz  4.7 except f o r  i m p u r i t i e s  lil-l- Zn which 

vapor ize  e a s i l y  dur ing growth. While we considered t h e  melts 

proper ly  doped when t h e  c a l c u l a t e d  va lue  wss wi th in  - + 60 per  c e n t  o f  t h e  

t a r g e t  value ,  agreement was u s u a l l y  much b e t t e r  than t h i s .  

Based on t h e  t o t a l i t y  of t h e  a n a l y t i c a l  d a t a  and t h e  measured 

segrega t ion  c o e f f i c i e n t s  f o r  each impurity,we have der ived a  b e s t  

e s t i m a t e  of t h e  impurity concen t ra t ion  f o r  each ingot  produced dur ing  

t h e  program. These b e s t  e s t imates ,  Sect ion 4.8, a r e  used a s  a  b a s i s  

t o  eva lua te  t h e  e l e c t r i c a l  and s o l a r  c e l l  d a t a ,  t o  compare impuri ty  

behavior,  and t o  formulate conclus ions  wi th  respec t  t o  s o l a r  grades  of 

s i l i c o n .  

3.3 E l e c t r i c a l  Charac te r iza t ion  of Impurity-Doped S i l i c o n  

Since a  major o b j e c t i v e  of t h i s  program is  t o  quan t i fy  t h e  

r e l a t i o n s h i p s  between t h e  impurity content  and e l e c t r i c a l  c h a r a c t e r i s t i c s  

of contaminated s i l i c o n ,  we have developed and u t i l i z e d  s e v e r a l  s o p h i s t i c a t e d  

*Neutrsn a c t i v a t i o n  a n a l y s i s  was performed a t  General 

Ac t iva t ion  Analysis,  San Diego CA, and Kraffwerk Union A.G., Erlangen, 

FDR. 



TABLE 3 . Concentrations of Unintentionally.-added Impurities - 
Impurity 

Antimony 

Arsenic 

Chromium 

Copper 

Gallium 

Gold 

Iron 

Nickel 

Titanium 

Zirconium 

Con entration 
Atomslcm S 

(ppba.1 

8.1 x 10 11 (0.0026) 

7 x 10 
12 

(0.14) 

2 x 1012 (0.04) 

5 x 10l2 (0 1) 
2.5 x 1012 (0.07) 

- - -  - 

* Iron was detected at concentrations of 1 x 1014 - 1.7 x 1014 atomslcn 3 

in ingots heavily doped with nickel. 



techniques  t o  e v a l u a t e  t h e  e f f e c t s  of  t r a c e  amounts of  i m p u r i t i e s .  I n  

t h e  s e c t i o n s  t h a t  fo l low we d e s c r i b e  how such methods as deep l e v e l  

spectroscopy, d e t a i l e d  I-V a n a l y s i s  photoresponse,  recombination l i f e -  

t ime measurement, and l a s e r  spo t  scans  can be  coupled w i t h  s t andard  

s o l a r  c e l l  I-V measurements t o  b u i l d  up a d e t a i l e d  p i c t u r e  of impuri ty  

behavior  i n  s h g l e  and pol  ycrys  t a l l i n e  i n g o t s  . Evaluat ion,  c o x e l a t  iori, 

and nodel ing of t h e  d a t a  c o l l e c t e d  is  t h e  s u b j e c t  of Volume 2 of n he 

r epor t .  

3.3.1 Impurity Analys is  by Deep Level Trans ien t  Spectroscop? 

Deep l e v e l  t r a n s i e n t  spect roscopy provides  a means t o  

e v a l u a t e  t h e  type  and concen t ra t ion  of  e l e c t r i c a l l y  a c t i v e  contaminants 

p resen t  i n  s i l i c o n  a t  l e v e l s  w e l l  below t h e  l i m i t s  a c c e s s i b l e  by 

s tandard chemical methods l i k e  those  desc r ibed  i n  Sec t ion  3.2. The 

method can be  used t o  e v a l u a t e  both  s i l i c o n  i n g o t s  and s o l a r  c e l l s ,  as 

we l l  a s  t o  observe changes i n  impuri ty  a c t i v i t y  due t o  thermal 

processing.  We o u t l i n e  below t h e  manner i n  which DLTS measurements a r e  

made, a n a l y s i s  of t h e  d a t a ,  and procedures f o r  specimen p repara t ion ;  

t y p i c a l  impuri ty  s p e c t r a ,  t a b u l a t i o n s  of deep l e v e l s  and t r a p  d e n s i t i e s  

i n  i n g o t s  and c e l l s ,  and c a p t u r e  c r o s s  s e c t i o n  d a t a  can t e  examined i n  

Sec t ions  4 . 9  t o  4.12. 

3 . 2  1.1 Background 

Deep c . e l s  p lay  a s i g n i f i c a n t  r o l e  i n  c o n t r o l l i n g  t h e  c a r r i e r  

l i f e t i m e  ir. semiconductors. I m p u r i t i e s  in t roduce  recombination c e n t e r s  

i n  s i l i c o n  and, thereby,  degrade s o l a r  c e l l  performance. I n  t h e  absence 

of recombination c e n t e r s , c a r r i e r s  recombine by t h e  p rocess  of band t o  

band recombination and l i fe ' i r le  i s  f a i r l y  long.  Deep l e v e l s  a c t  a s  

"stepping s tones"  f o r  t h e  recombination process  and t h e  l i f e t i m e  is 

reduced. In t h e  presence of a deep l e v e l  t h e  c a r r i e r  l i f e t i m e  becomes a 

func t ion  of t h e  energy (ET), d e n s i t y  ( N  1, and t h e  c a p t u r e  c r o s s  s e c t i o n  
T 

( 0 )  of t h e  impuri ty  l e v e l .  



Deep l e v e l  t r a n s i e n t  spect rosccgy h a s  become a n  a t t r a c t i v e  

and powerful technique t c  c h a r a c t e r i z e  t h e  recowhinat ion c e n t e r s  i n  

semiconductors because a )  i t  is capable  of providing i i ~ f o r m a t i o n  about 

energy, densi ty ,and t h e  c a p t u r e  c r o s s  s e c t i o n  of t h e  c e n t e r s ,  L j  :L 

can be used t o  d i s t i t l g u i s h  between t h e  m a j o r i t y  and minor i ty  c a r r i e r  

t r a p s ,  c )  it is very  s e n s i t i v e  ( d e t e c t i o n  l i m i t s  w e l l  below chemical 

methods), r ap id  and s t r a i g k t  forward t o  ana lyze  and d) it can d e t e c t  both  

r ~ d i n r i v e  and non-radia t ive  c e n t p r s  eve:- a wide range w i t h i n  t h e  bandgap. 

Th i s  techuique was developed by ~ a n ~ ' '  and i s  w e l l  d o c u ~ e n t e d  i n  t h e  
11 

l i t e r a t u r e  . Because t h e  method i r  so u s e f u l  we d e s c r i b e  it  i n  some 

d e t a i l  be: ow. 

3 . 3  .l. 2 Generation of Capacitance T r a n s i e n t s  

The DLTS technique is  a capac i t ance  t r a n s i e n t  t iermal scanning 

technique.  Figures  3 and 4 i l l u s t r a t e  p i c t o r i a l l y  how capac i t ance  t r a n s -  

i e n t s  a r e  genera ted t o  s tudy t h e  t r n p s  i n  t h e  j u n c t i o n  of a semiconductor 

device.  A r e v e r s e  b iased dev ice  i s  pulsed t o  f i l l  t h e  t r a p s  i n  t h e  

d e p l e t i o n  region.  A t  t h e  end of t h e  pulse ,  thc capac i t ance  does n o t  re- 

t u r n  t o  i t s  o r i g i n a l  vz lue  because of  t h e  trapped charges .  A t  tempe,atures 

where s u f f k i e n t  e x c i t a t i o n  energy i s  p r e s e n t , t h ? s e  charges  a r e  r e l e a s e d  

by thermal eraission, producing a capac i t ance  t r a n s i e n t .  I n  t h i s  technique 

t h e  device  temperature is r a i s e d  from l i q u i d  N temperature  t o  va ry  t h e  2 
emission r a t e  o r  t h e  t ime cons tan t  of t h e  t r a n s i e n t ,  F igure  5. These 

t r a n s i e n t s  a r e  processed by a s i g n a l  averager  t o  p rov ide  an  ou tpu t  s i g n a l  

as a func t ion  of dev ice  temperature  which passes  through a maximum. The 

s i g n  of each peak i n d i c a t e s  t h e  h o l e  a r  e l e c t r o n  t r a p .  The proper cho ice  

of experimental  parameters can g i v e  t h e  a c t i v a t i o n  energy,  d e n s i t y ,  con- 

c e n t r a t i o n  p r o f i l e  and t h e  c a p t u r e  r a t e  of t h e  t r a p .  

Major i ty  c a r r i e r s  a l o n e  can be i n j e c t e d  by a m a j o r i t y  c a r r i e r  

p u l s e  which reduces  t h e  r e v e r s e  b i a s  a s  w e l l  a s  t h e  d e p l e t i o n  region 

width F i g u r e  3. I n  o r d e r  t o  s tudy  i r o r i t y  c a r r i e r  t r a p s , a n  i n j e c t i o r  

p u l s e  i s  a p p l i e d  e i t h e r  5y forward b i a s i n g  t h e  d e v i c e  o r  by photo 

i n j e c t i o n ,  (Figure  4 )  An i n j e c t  ion  pu l se  i2 t roduces  both  naj0r j . t  y and 

minor i ty  c a r f i e r s  and t h e  r e s u l t i n g  popula t ion of t h e  s t a t e s  i s  



Figure 3 Capacitance Transient Due t o  M i : , ~ r i t y  Carrier Trap 
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Figure 4 Capacitance Transient Due to  )la jor i ty  Carrier Trap 
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Figure 5 Evolution of a c d p a c i t n n c e  t r a n s i e n t  ~ i t h  t h e  and temperature 



determined by t h e  competition f o r  t h e  cap ture  of t h e  two types of 

c a r r i e r s .  The r e l a t i v e  r a t i o  of t h e  in jec ted  minority and majori  y 

c a r r i e r s  can be var ied by con t ro l l i ng  t h e  magnitude of t h e  injection 

cur ren t .  Under high l e v e l  i n j e c t i o n  [maj ] / [min] approaches un i ty  and 

t h e  trapped minori ty  c a r r i e r  population approaches omin/ ( omin* . mai 
The minority c a r r i e r  capture  measurements a r e  general ly  less r e l i a b l e  

and more complicated than the  majori ty  c a r r f e r  measurements because t h e  

in jec ted  c a r r i e r  dens i ty  must be determined by a de t a i l ed  a n a l y s i s  of 

i n  j ec t ion mechanism 
10,12 

3.3.1.3 Experimental krangement f o r  DLTS Measurements 

The DLTS measurement system c o n s i s t s  of a s e n s i t i v e  capaci tance 

m e t e r  wi th  good t r ans i en t  response, pulse  generators ,  a s igna l  i n t eg ra to r ,  

an X-Y recorder and a va r i ab l e  temperature c ryos t a t .  Previously we 
2,13 described a DLTS system which used a double boxcar i n t eg ra to r  . 

Since then w e  have developed a DLTS system which u t i l i z e s  a lock-in 

ampl i f ie r  a s  t h e  in tegra tor .  

The system, Figure 6, c o n s i s t s  of  a time base generator  which 

provides t h e  re fe rence  s igna l  f o r  t h e  lock-in ampl i f ie r ,  a hold s i g n a l  

f o r  a sample and hold module, and a t r i g g e r  pu lse  f o r  t h e  b i a s  pu lse  

generator.  A l l  of these  s i g n a l s  a r e  derived by d i g i t a l  counting c i r c u i t s  

from a c r y s t a l  cont ro l led  clock. Figure 7 i l l u s t r a t e s  how t h e  s i g n a l s  

a t  var ious s t a t i o n s  of t h e  system a r e  r e l a t ed .  The t r i g g e r  pu lse  can 

be moved anywhere within t h e  holding i n t e r v a l  2X, where X = 0.02N msecs 

and N can be se lec ted  on the  t i m e  base generator ranging from 0-8000. 

The D.C. b i a s  is appl ied through t h e  capaci tance meter; t h e  b i a s  pu lse  

t o  i n j e c t  t h e  c a r r i e r  is appl ied through a pulse  transformer,  Figure 8. 

The t r a n s i e n t s  a r e  sen t  f i r s t  t o  a capaci tance meter. The 

output of t h e  capaci tance meter is t ransmit ted t o  a sdmple and hold 

module, p r i o r  t o  t h e  lock-in, which funr r ions  t o  blank out  t h e  l a r g e  

output t r a n s i e n t  caused by t h e  b i a s  pulse  and its subsequent recovery. 

The output of t h e  lock-in ampl i f ie r  given by equation ( I ) ,  is displayed 

on an x-y recorder  a s  a funct ion of t h e  device temperature. 



Figure 6 Schematic Diagram of the DLTS Apparatus 
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where T = lox, % is t h e  gain of t h e  ampl i f ie r ,  W(t) is t h e  weighting B 
funct ion o r  t h e  re fe rence  s igna l  aad S!t) is t h e  output of sample and 

hold module. The sample and hold module g ive  a constant  output during 

t h e  holding in t e rva l .  

Assuming exponential  t r a n s i e n t s  inputs  t o  t h e  lock-in can be 

written as ( see  Figure 9) : 

( K  f o r  0 < t ' 0.1 TB 

I K f o r  C.9TB < t < T  
\ B 

and 

where G is the  gain of t h e  capaci tance meter, AC is t h e  capaci tance 
C 0 

change a t  t h e  end of t h e  b i a s  pulse,  and t h e  delay time Td is t h e  

i n t e rva l  between t h e  end of t h e  b i a s  pulse  and the  end of t h e  holding 

in te rva l .  

Equations (I), (2) ,  and (3) give 

n 

where T, = 0.8 TB 

The time constant  of the t r ans i en t  f o r  which t h e  output is maximum (r  

is obtained by dL/dr = G which gives  
d 



Figure 9 Schematic Diagram of  t h e  Weighting Function and the  Input 
Signal to t h e  Lock-in Amplifier 



This  t r anscenden ta l  equat ion is solved f o r  T by Newton's method us ing  a 
P 

computer program. Figure  10 d e p i c t s  t h e  r e l a t i o n s h i p  between T and TB 
P 

f o r  Td = 1 msec. Thus t h e  emission r a t e  o r  t h e  time conatant  of t h e  
1 

t r a n s i e n t  ( e  = - ) a t  t h e  peak temperature  is f i x e d  by t h e  cho ice  of TB 
T 

and Td. 

3.3.1.4 Determination of Trap Parameters 

Ac t iva t ion  Energy of t h e  Trap: - A d i f f e r e n t  va lue  o f  TB is 

s e l e c t e d  f o r  each scan which moves t h e  peak t o  a d i f f e r e n t  temperature  

Figure  1k Typical  impurity s p e c t r a  i o r  o t h e r  i m p u r i t i e s  appear  i n  

Sec t ion  4.9). Each peak g ives  an  emission r a t e  a t  t h e  peak temperature.  

me emission r a t e  is given by 

where g i s  t h e  degeneracy of t h e  l e v e l ,  Nc ( o r  Nv) is  t h e  e f f e c t i v e  

d e n s i t y  of s t a t e s  i n  t h e  band w i t h  which t rapped c a r r i e r s  communicate. 

If t h e  c a p t u r e  c r o s s  s e c t i o n  (a) is independent of temperature,  then  t h e  

a c t i v a t i o n  energy (BE) r e p r e s e n t s  t h e  dep th  o f  t h e  tra? from t h e  band 

edge t o  which c a r r i e r s  are emitted.  For o = o ~ ' a ' ~ ~ ,  t h e  t r a p  dep th  
0 

is given by AE-E,. The product Nc 
2 

-V th  is propor t iona l  t o  T , t h e r e f o r e ,  

t h e  a c t i v a t i o n  energy of t h e  t r a p  Is determined from t h e  Arrhenius p l o t  

of l o g  e / ~ ~  v e r s u s  1/T, a s  i l l u s t r a t e d  f o r  vanadium in Figure  12.  

Trap Density The d e n s i t y  of t h e  t r a p  c e n t e r  (N ) can be  
T 

obta ined from t h e  knowledge o f  ACo provided t h e  p u l s e  is l a r g e  enough 

t o  f i l l  a l l  t h e  t r a p s ,  t h e  t r a p  and t h e  doping d e n s i t y  is  s p a t i a l l y  

uniform and N << N -N For t h e s e  c o n d i t i o n s  
T D A' 

where 2 is  t h e  capac i t ance  of t h e  r e v e r s e  biased d e p l e t i o n  region and 

N -N is t h e  n e t  doping ( f o r  c-type m a t e r i a l ) .  Equation (7)  can be 
D A 

der ived from t h e  r e l a t i o n s h i p  between t h e  capac i t ance  and t h e  charge i n  

t h e  dep le t ion  region.  ACo is obta ined from equat ion (4)  by s u b s t i t u t i n g  
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Figure  1 2  Vanadium-Induc ed Deep Levzl~ i n  S i l i c o n  



t h e  va lues  o f  T obta ined  from t h e  equht ion ( 5 ) .  and t h e  measured peak 
a' 

height  (Lmax). A more genera l  and art71ir:e express ion  f o r  N i s  given T 
by 10.11 

where 6 [ % ] is the  incrementa l  change i n  relative c a p a c i t a n c e  s i g n a l  

when a  smail change 6V is made i n  t h e  b i a s  p u l s e  of  ampl.itude V. X is 

t h e  d e p l e t i o n  width dur ing  t h e  b i a s  p u l s e  of ampl i tude V,and W and N 

a r e  t h e  d e p l e t h n  l a y e r  width and t k e  doplng d e n s i t y  a t  t h e  edge o f  t h e  

d e p l e t i o n  l a y e r  when no b i a s  p u l s e  is app l i ed .  Deep l e v e l s  and t r a p  

d e n s i t i e s  measured on a s  grown i n g o t s  and s o l a r  c e l l s  s t u d i e a  dur ing  t h e  

program are compiled i n  S e c t i o n s  4.10 and 4.11 r e s p a t i v e l y .  

Capture Pate.  The c a p t u r e  process  i n t o  .?n i n i t i a l l y  empty 

t r a p  is descr ibed by 
I 1 

where N(t)  is t h e  d e n s i t y  of t r a p s  f i l l e d  by a  b i a s  pulsd . .- . -  ; 3 t. 

N i s  t h e  t o t a l  t r a p  d e n s i t y  and c  is t h e  c a p t u r e  r a t e  of t h e  :rap. 
T 

N(t) va lues  are obta ined from t h e  peak h e i g h t s  as t h e  b i a s  p u l s e  width 

is a l t e r e d ,  a s  shown i Figure  13. E!T i s  ob ta ined  from t h e  he igh t  of t h e  

s a t u r a t i n g  pu l se  width. Tile c a p t u r e  r a t e  is ob ta ined  from t h e  p l o t  of  Ln 
NT-N ( f * -- versLs t ,  Figure  14 .  The captt lre c r o s s  s e c t i o n  is d e t e m i n e d  

N~ 
from t h e  re1a;ionship c = o N Vth where 1- is  t h e  i n j e c t e d  c a r r i e r  d e n s i t y  

and Vth i s  t h e  thermal v e l o c i t y .  N is equa l  t o  t h e  doping d e n s i t y  f o r  

t h e  major i ty  c a r r i e r  p u l r e  but  ' f o r  t h e  minor i ty  c a r r i e r  i n j e c t i n g  p u l s e  

is may be d i f f i c u l t  t o  determine.  Measured v a l u e s  of  m a j o r i t y  and 

minor i ty  c a r r i e r  c r o s s  s e c t i o n s  f o r  t h e  impuri ty  l e v c i s  observed i n  a s  

grown i n g o t s  a r e  t a b u l a t e d  i n  Sec t ion  4.12. 

* 
It should be  recognized t h a t  whi le  DLTS provides  m a j o r i t y  c a r r i e r  c a p t u r e  
c r o s s  s e c t i o n s ,  t h e r e  is no necessary  r e l a t i o n s h i p  t o  t h e  minor i ty  c r o s s  
s e c t i o n  which c o n t r o l s  t h e  s o l a r  c e l l  performance. The e f f e c t i v e  re- 
combination c r o s s  s e c t i o n s  f o r  minor i ty  c a r r i e r s  can be  deduced by means 
of  t h e  impurity-performance model a s  desc r ibed  i n  Volume 2 of t h i s  r e p o r t .  
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Figure 14 Capture Rates  of V-Induced Traps 



3.3.1.5 - Sample Prepara t ion  f o r  DL- 5 

Both a s  grown ingo ts  and s o l a r  c e l l s  were evaluated by DLTS. 

Thirty m i l  d iameter  Tf-Si Schot t ky b a r r i e r  d iodes  were f a b r i c a t e d  on 

p type  v a f e r s  by e l e c t r o n  beam evaporat ion.  The 300i Ti l a y e r  was 
0 

overcoated w i t h  2000A of Au t o  form a f r o n t  c o n t a c t ;  t h e  back c o n t a c t  

was T i  ' (1500~) .  Pd (500;). and Ag (20,000i). On n-base wafers t h i r t y  mil 

Al-Si Schottky b a r r i e r s  were formed by evapora t ing  1 )im o f  A l  o n t o  t h e  

s i l i c o n  s u r f a c e  followed by a h a l f  hour annea l  o f  t h e  wafer at 450°C. i n  N,. 
L 

The back c o n t a c t  was a l s o  a 1 11m t h i c k  A 1  layer. 

To ana lyze  t h e  s o l a r  c e l l s  t h e  f r o n t  metal  con tac t  (Ti-Pd-Ag 

g r i d )  was removed c h i l e  t h e  back con tac t  was re ta ined .  T i  and Au were 

then evaporated on t h e  f r o n t  su r face .  (E lec t ron  beam evaporat ion vas 
0 0 

used t o  evaporate  300A T i  a r k  then 2000 A Au on t o p  of it) A n  a r r a y  of 

t h i r t y  m i l  d o t s  was mesa e tched us ing  t h e  p h o t o r e s i s t  technique. 

For t e s t i n g  t h e  d iodes  were mounted on a TO5 header ( ~ i g u r e  

1% I n  t h i s  way t h e  dev ices  were e l e c t r i c a l l y  i s o l a t e d  bu t  were i n  

good thermal con tac t  with t h e  header. 

3.3.2 Detai led  Dark I V Analysis o f  Impurity-Doped S o l a r  Cells 

Detai led dark I-V a n a l y s i s  has  proved a powerful t o o l  f o r  

separa t ing  and analyzing t h e  e f f e c t s  introduced by i m p u r i t i e s  is t h e  

junc t ion  and base  rey ions  of t h e  s o l a r  c e l l .  This approach is p a r t i c u l a r l y  

h e l p f u l  i n  c h a r a c t e r i z i n g  t h e  behavior o f  i m p u r i t i e s  l i k e  Cu, N i  and Fe 

which produce non l i n e a r  e f f e c t s  no t  r e a d i l y  desc r ibed  by our  impurity- 
2 

performance modd. An abbrevia ted d e s c r i p t i o n  o f  t h e  method appears  i n  

t h i s  sec t ion ;  a more d e t a i l e d  account can be reviewed i n  the last summary 
9 

Detai led examination of dark  I-[' d a t a  can g ive  reasonably 

a c c u r a t e  shunt and s e r i e s  r e s i s t a n c e s ,  a good e s t i m a t e  tf t h e  c u r r e n t  l o s s e s  

i n  the  d e p l e t i o n  regi,n an6 i n  t h c  bulk of the device .  In t h e  

a n a l y s i s , t h e  shunt r e s i s t a n c e  can be approximatelv determinedfrom a r e v e r s e  
14 

b i a s  measurement a t  V R o f  0.5 t o  1 c o l t s .  
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Figure 15 Schematic diagram of the  sample arrangement used for  DLTS 
measurement S.  



The s e r i e s  res i s tance ,  Rs' 
can be obtained from l igh ted  and dark I-V data.  

The I-V r e l a t i o ~ s h i p  under i l luminat ion can be approximated by 

and in .  t he  dark by 

where V and I a r e  the  magnitude of terminal voltage and cur ren t .  Under 

t he  open c i r c u i t  condi t ions ,equation (11) becomes 

and in dark i f  we measure V a t  I = I equation (12) becomes 1 L 

equations (13) and (14) give 

Having determined R and R t h e i r  e f f e c t  can be removed by the  
sh s' 

following transformat ions 

V' = V-IRs and I 

The dark c h a r a c t e r i s t i c s  can now be approximated by the sum of two 

exponential funcations, one represent ing the  base cont ro l led  cur ren t  

( Ib)  and other  I associated with the junction deplet ion region. The 

base component 16j ' 



01 
f o r  n'p dev ice  wi th  v i d e  base. Not ice  t h e  where I = - 

N~ n 
17 

I d e a l i t y  f a c t o r  n is u n i t y  i n  accord wi th  theory  . 
The junc t ion  c u r r e n t  

I = Ia2 (exp (V/nVT) - 1 )  
j 

For a recombination c e n t e r  i n  t h e  middle cif t h e  band gap 
15.17 

I02  = 

Aqni 'depI2 Tdep and n = 2. From t h e  double exponent ia l  Ib and I 
j 

can be separated numerically o r  g raLhica l ly l8  recognizing t h a t  below 

ebout  0.3 v o l t s  t h e  t o t a l  c u r r e n t ,  
I X  

is n e a r l y  I s o  I can be  obta ined 
1 b 

by e x t r a p o l a t i n g  I and s u b t r a c t i n g  i t  from I 
j x - 

Ib(V) = Ix (V) - I. (V) f o r  V > 0.3 v o l t s  
3 

(19) 

The opera t ing  p i n t  of a s o l a r  c e l l  l i e s  n e a r  0.5 v o l t s  s o  

t h a t  a s l i g h t  displacement of t h e  bu lk  c u r r e n t  component on t h e  l o g  

I-V p l o t  can s i g n i f i c a n t l y  a l t e r  c e l l  performance. This  s h i f t  o f  t h e  

upper segment of t h e  curve t o  t h e  l e f t  r e f l e c t s  2 reduc t ion  in t h e  bu lb  

c a r r i e r  l i f e t i m e  of t h e  m a t e r i a l  due t o  t h e  impuri ty  p resen t .  I n  

contras t ,changes  i n  I c h a r a c t e r i z e d  by an  upward displacement o f  t h e  
3 ' 

lower segment of t h e  I-V curve,  mst be  considerably  g r e a t e r  t o  produce 

an  . a f f e c t  on c e l l  performance comparable t o  I 
b ' 

The f e a t u r e s  descr ibed i n  t h e  foregoing d i scuss ion  a r e  i l l u s t r a t e d  

w e l l  i n  Figure  16, transformed I-V curves  f o r  s o l a r  c e l l s  purposely 
14 -3 

contaminated wi th  Fe. A t  lower concen t ra t ions  (9x10 cm ) Fe reduces  

bulk l i f e t i m e , d i s p l a c i n g  t h e  upper I - V  segment r e l a t i v e  t o  t h a t  o f  t h e  
1 5  -3 

uncontaminated b a s e l i n e  c e l l .  A s  more Fe ( 1 . 5 ~ 1 0  cm ) is added t o  t h e  

s i l i c o n ,  p r e c i p i t a t e s  form i n  t h e  junc t ion  region o f  t h e  device;  t h e  

junct ion cur ren t  inc reases  and a cons iderab le  upward s h i f t  i n  t h e  lower 

segment of t h e  I - V  curve t akes  place.  

Transformed I-V p l o t s ,  c o n s i s t i n g  of Ib and I have been used 
3 

t o  examine impurity e f f e c t s  on t h e  junc t ion  and t h e  bulk reg ions  o f  msny 

of t h e  dev ices  we have s tud ied .  A d e s c r i p t i o n  of t h e  r e s u l t s  forms p a r t  of 

Volume 2 of t h e  r e p o r t .  

3 8 



Figure 16 Transformed Dark I-V Curves for Fe-Doped 4 Q-cm S i l i con  
Solar Cel ls  



3 .3 .3  Spectra: Response Measurements 

Special  equipment has been designed and assembled a t  

Westinghouse t o  f a c i l i t a t e  severa l  types  of o p t i c a l  measurements on 

so l a r  c e l l s  o r  t h e i r  cons t i tuen ts .  The equipment inc ludes  a tungsten 

halogen l l g h t  source, monochromator and s i l i c o n  photodetector t o  

proyride measurements of r e f l e c t i v i t y  and photoresponse over t h e  s i l i c o n  

photosensi t ive wavelength range from less than 0.4 micron t o  g rea t e r  

than 1.1 micron. The use of a galvanometer dr iven mirror  t o  d e f l e c t  

t h e  monochromatic l i g h t  beam i n t o  var ious  o p t i c a l  channels  a l lows g rea t  

f l e x i b i l i t y  in app l i ca t i on  of t h e  equipment. I n  its ref lectometer  mode, 

t he  d i r e c t  and spec irnen-ref l e c t ed  beams a r e  conpared automatical ly  and 

ra t ioed  i n  an analog m u l t i p l i e r  t o  g ive  a d i r e c t  readout o f  r e f l e c t i v i t y  

as a function of  wavelength. In  t h e  s p e c t r a l  response m d e ,  photocurrent 

frcm a photosensi t ive specimen is compared automatical ly  t o  t h a t  from a 

standard de tec tor  of ca l i b r a t ed  spec t r a l  response. 

The equipment has been used t o  measure and compare changes i n  

t he  spec t r a l  response of s i l i c o n  s o l a r  c e l l s  a s  a funct ion of impurity 

content and wafer substructure ,  e spec i a l l y  f o r  Ti-doped s i n g l e  c r y s t a l  

and po lyc rys t a l l i ne  n a t e r i a l .  

3.3.4 Laser Scanned Photoresponse Character izat ion 

T,as~i  spot  scanner apparatus  has  been assem5led a t  t h e  Westing- 

house R&D Center t o  study a v a r i e t y  of s o l a r  c e l l s  as wel l  a s  o ther  

photosensi t ive devices. The equipment c o a s i s t s  e s s e n t i a l l y  of  a l a s e r  

source and a p a i r  of galvanometer-driven de f l ec t i on  p i r r o r s  capable of 

providing a r a s t c r  scan of t he  focused l a s e r  beam over a convenient 

f i e l d  of view. For t h e  main o p t i c s  a conventional microscope is used, 

providing t h e  standard reso lu t ion  ava i l ab l e  i n  such systems, i .e . ,  down 

t o  t he  micron l e v e l .  Figure 17a shows t h e  l i g h t  spot  scanner, with t h e  * 
He-Ne (5330A wavelength ) low power l a s e r ,  scanning mirrors ,  o p t i c a l  

microscope, and a u x i l i a r y  op t ics .  Figure 17b i.s a schematic of t h e  

o p t i c a l  arrangement. 

* 
In s i l i c o n ,  l i g h t  of t h i s  wavelength pene t ra tes  about 2 pm. 

4 0 



Figure  17a Helium neon laser. Equipment c o n s i s t s  of an o ~ t i c a l  bench 
wi th  mi r ro rs ,  two galvanometer d r iven  scan m i r r o r s  (cen te r )  
which sweep l a s e r  bear  i n  a r a s t e r  p a t t e r n  through t h e  
microscope ( r i g h t )  where i t  i s  imaged i~ a 2 r.m spo t  on t h e  
s u r f a c e  of a c e l l  i n s z r t e d  i n t o  t h e  ho lder  mounted on a n  
X-Y micro-manipulator s t age .  

X Y Scan 
Beam 
Focusing Lens 

Barrel Deflected 
Beam 
Collecting 
Lenses 

Figure 17b Diagram of t h e  o p t i c s  of t h e  West inghouse r a s t e r  scanned 
l i g h t  spo t  system f o r  s tudying semiconductor devices .  
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The d i s p l a y  u s u a l l y  c o n s i s t s  of a TV t y p e  image on a CRT, 

wi th  t h e  video information provided by t ransduc ing  as necessary  any of 

s e v e r a l  inpu t s ,  such a s  l i g h t  r e f l e c t e d  from t h e  specimen, l i g h t  

t r ansmi t t ed  through t h e  specimen, and photocurrent ,  i f  any, induced i n  

t h e  specimen. The f i r s t  two modes provide images of t h e  t y p e  t h a t  

would be  obta ined i n  a convent ional  o p t i c a l  microscope. These are u s e f u l  

as l o c a t i o n  re fe rences  f o r  t h e  main use  of t h e  system, which is under 

t h e  t h i r d  mode. For q u a n t i t a t i v e  d a t a  on r e f l e c t i o n ,  t ransmiss ion o r  

photocurrent,  s i n g l e  l i n e  t r a c e s  of s i g n a l s  p ropor t iona l  t o  t h e s e  

q u a n t i t i e s  can a l s o  be displayed.  

This equipment has  proven very v a l u a b l e  in t h e  s tudy  o f  

impurity-grain boundary i n t e r a c t i o n s  i n  p o l y c r y s t a l l i n e  s o l a r  c e l l s  by 

a l lowing q u a n t i t a t i v e  assessment of suppressed photocurrent  c o l l e c t i o n  

i n  t h e  v i c i n i t y  of g r a i n  boundaries. 

3.3.5 Recombination L i f e t i ~ e  Measurements - 
3.3.5.1 Photoconductive Decav (PCD) Life t ime Determination 

PCD measurements. r e q u i r e  on ly  low temperature  specimen 

prepara t ion  and c o r r e l a t e  we l l  w i t h  s o l a r  c e l l  performance.1 Thus w e  

have ased t h e  technique ex tens ive ly  t o  t r a c k  t h e  respcnse  of impurity- 

doped s i l i c o n  t o  va r ious  thermal and g e t t e r i n g  t rea tments  and t o  compare 
2 

t h e  p r o p e r t i e s  of as-grown and d i f f u s e d  wafers.  I n i t i a l l y  we used an  LPE 

GaAs I R  emi t t ing  diode a s  t h e  pulsed l i g h t  source  f o r  measurements.' That 

approach suf fe red  from t h e  r e l a t i v e l y  high absorp t ion  of t h e  0.94 pm 

r a d i a t i o n  i n  s i l i c o n ,  t h e  low r a d i a t i o n  i n t e n s i t y  of t h e  source ,  and t h e  

r a t h e r  l cng  r a d i a t i o n  decay t ime of t h e  pulse .  We replaced t h e  LEI! w i t h  

a YAG:Nd l a s e r  t o  f a c i l i t a t e  t h e  a r ~ a l y s i s  of low r e s i s t i v i t y  and low 

l i f e t i m e  specimens produced l a t e r  i n  t h e  program. 20 

The diagram i n  Figure  18 d e p i c t s  t h e  main f e a t u r e s  of t h e  

l a s e r  e x c i t e d  PCD apparatus .  The monochromatic r 2 d i a t i c n  wavelength is  

1.06 pm, a s p e c t r a l  l o c a t i o n  f o r  which t h e  absorp t ion  c o e f f i c i e n t ,  a ,  

f o r  h igh p u r i t y  s i l i c o n  is 11.70 cm-I a t  2 9 8 ' ~ . ~  The l / e  depth  f o r  

i n t r i n s i c  s i l i c x  i s  0.85 mn (34 q i l s )  and t h e  t r ansmi t t ed  r a d i a t i o n  



a f t e r  passing through a 10 m i l  wafer is 75 percent of t h a t  a t  t h e  

incident surface. Absorption due t o  f r e e  c a r r i e r s  is small a t  1.06 urn 

and may be neglected f a r  r e s i s t i v i t i e s  g rea t e r  than 0.07 ohm-cm. The 

absorption coe f f i c i en t  does, however, increase  wi th  temperature. 

The most recent  refinement t o  t he  systenl was an improvement 

t o  the  t r a p  l i g h t  t o  handle a higher dens i ty  of t r a p s  in  the  s i l i c o n .  i 9 

A GE type H7635, 160,000 CP, 50 watt quartz halogen cycle  sealed beam 

lamp was i n s t a l l e d  t o  assure  t h a t ,  even f o r  high concentrat ions of 

shallow l eve l s ,  a l l  t r a p s  w i l l  be f i l l e d  during the  PCD measurement. 

Radiation from t h e  lamp, collimated by an e l l i p s o i d a l  r e f l e c t o r  i s  

focussed by an f = 1 ( f . l . =  15cm) double convex l e n s  onto t h e  s i l i c o n  

sample. A C.2Smm t h i ck  s i l i c o n  wafer f i l t e r s  t he  incident  rad ip t ion  t o  

reduce sample heating and promote uniform t r a p  f i l l i n g .  

In  p rac t i ce  t he  system was ca l ib ra t ed  by measuring t h e  
1 

e f f ec t ive  bulk l i f e t i m ~  T a s  a funct ion of thickness  f o r  a number of 
r 

specinens then determining S, the surface recombination ve loc i ty  
2 

mathematically from a curve f i t  of t he  data.  Experimental condi t ions 

a r e  then chosen t o  minimize e r r o r s  from the  decay of higher order  bulk 

modes and obtain t h e  cor rec t  i n j ec t ion  l eve l s .  For example, e r r o r s  due 

t o  t he  e l e c t r i c  f i e l d  w i l l  be l e s s  than 5% when t h e  f i e l d  is  l imi ted  t o  

1.0 volt/cm. Errors  due t o  i n j ec t ion  l e v e l  w i l l  '-4 l e s s  than 5% when t h e  

in jec t ion  r a t i o  is  l imited t o  5x10-~.  Errors  due t o  t h e  e f f e c t s  of 
1 

higher modes [ r r  = ( r  l/2-rl/4 1 /1ln2] : an be kept i n  t he  range + 0-50% 

when the  r a t i o  ( l / ~ ) / ( l / r ~ ~ ~ )  is  g rea t e r  than 1.O.With the  leeway allowed 
1 

in  the  e l e c t r i c  f i e l d  and tn j ec t ion  l eve l  T can be accura te ly  determined r 
a f t e r  t h e  higher modes have decayed or  t he  s igna l  has decayed t o  l e s s  

than 10% of i n i t i a l  s igna l  a t  t = o. From t h e  surface recombination 
* 

veloc i ty  and the  measured T r e l i a b l e  values of t h e  bulk recombinatfon r 
l i f e t ime  rr  can be derived. For fu r the r  d e t a i l s  reference 20 may be 

consulted. 
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PCD l i f e t i m e  measurements f o r  a l l  t h e  i n g o t s  and s o l a r  c e l l s  

evaluated dur ing t h i s  program a r e  t abu la ted  i n  Sect ion 4.13. The Ljrmat 
1 , 2  of t h e  d a t a  t a b l e s  has  been changed somewhat from t h a t  esployed e a r l i e r .  

Diffus ion l e n g t h  a s  w e l l  a s  bulk  recombination l i f e t i m e  is now l i s t e d  

f o r  most of t h e  specimens, r e f l e c t i n g  t h e  f a c t  t h a t  d i f f u s i o n  l e n g t h  is  

t h e  c r u c i a l  parameter control - l ing c a r r i e r  c o l l e c t i o n .  Ind iv idua l  v a l u e s  

of s tandard d e v i a t i o n  have been d e l e t e d  from t h e  t a b l e s ,  t h e  p r e c i s i o n  

of t h e  PCD measurements having been shown t o  have a probable e r r o r  of 

5.7 percent .  1 ,2  

3.3.5.2 Open C i r c u i t  Decay 

I n  a d d i t i o n  t o  t h e  pho tovo l ta ic  I -V d a t a  c o l l e c t e d  by t h e  

methods descr ibed i n  t h e  next  s e c t i o n ,  measurements were made 02 ra -nor i ty  

c a r r i e r  l i f e t i m e  i n  t h e  s o l a r  c e l l s  themselves. The measurements were 

made us ing t h e  open c i r c u i t  v o l t a g e  decay method.' Data a r e  taken 

us ing a  Tektronix type-S plug-in. The forward c u r r e n t  i n j e c t i o n  l e v e l  
2  

was s e t  a t  20 mA/cm which r e s u l t s  i n  a base  c a r r i e r  concen t ra t ion  

approximately equa l  t o  t h a t  produced by 100 mw!".m2 i l lumina t ion .  Under 

t h e s e  cond i t ions  w e  obta ined r e l i a b l e  base  l i f e t i m e  d a t a  which were i n  

good agreement wi th  those  obtained us ing t h e  photoconductive decay 

method. 
1 

3.4 So la r  Cell Measurements 

A c d n t r a l  purpose of t h e  program is  t o  determine t h e  e f f e c t s  

of v a r i o u s  i m p u r i t i e s  and process  i n t e r a c t i o n s  on s o l a r  c e l l  performance. 

To t h i s  end, a s o l a r  c e l l  and a number of test s t r u c t u r e s  were designed. 

The f a b r i c a t i o n  sequence and c e l l  des ign were optimized no t  f o r  h igh 

e f f i c i e n c y  per - se but f o r  e a s e  of process ing,  r e p r o d u c i b i l i t y ,  and t o  

provide an accep tab le  d iagnos t i c  f o r  c h a r a c t e r i z i n g  t h e  impuri ty  

e f f e c t s .  Coated c e l l  e f f i c i e n c y  f o r  uncontaminated b a s e l i n e  dev ices  a r e ,  

however, about 14% AM1, a s  noted below. 



3.4.1 C e l l  Fabricat ion 

- I 
Solar  c e l l s  were fabricated by two conventional processes.  . 

T3e precleaned wafers were phosphorus d i f fused  a t  8Cf90C f o r  50 minutes 

f o r  n+p c e l l s ;  p+n c e l l s  were boron diffused a+  875OC f o r  30 mir~utes .  

This  r e su l t ed  i n  a junct ion depth of 0.35 um f o r  both n and p-base 

cells. The corresponding sheet  r e s i s t ances  wc e 60 and 90 ohms/square. 
2 

The 1.03 cm a c t i v e  a r ea  of t h e  c e l l s  is def inedby a mesa e tch ,  5 t o  8 bm 

in depth. The Front contact  g r id ,  a Ti-Pd-Ag me ta l l i z a t i on ,  is a f i v e  

f  lnger pa t te rn ,  Figure 19, with a 5.4% a rea  coverage. The test 

s t r u c t u r e  a l s o  includes s i x  van der  Pauw pa t t e rns  f o r  measuring diffrised 

l aye r  sheet  res i s tance ;  six smali test diodes; four  small s o l a r  c e l l s  
2 

(0.0576 cm act ivt .  a rea) ;  and a test pa t t e rn  f o r  measuring t h e  s p e c i f i c  

contact  res i s tance .  The master masks were generated and a r e  s tored  i n  

a comFuter graphics system which g r e a t l y  f a c i l i t a t e s  any needed mod- 

i f i ca t i ons .  The test s t r u c t u r e  Fs truncated when used t o  evaluate  

rectangular  pieces  of s i l i c o n  web, Figure 20. 

Contacts were s in t e r ed  a t  550°C f o r  15 minutes i n  hydrogen. 

The average e f f ic iency  of hnse-line cells (no addzd impuri t iez)  was 

abodt 10% without ant i - ref  l e c t  ion coatings.  With coa t ings  t'ne average 

efr ' iciency was 14.1%. The risual experimental run c o n s i s t s  of 15 t o  25 

wafers from t h e  metal-doped ingots  along with 5 t o  P uncontaminated 

base l ine  wafers. 

3.4.2 Solar  Cell Character izat ion 

Current-voltage measurements were made under i l luminat ion from 

a quartz-iodine (ELH) simulator.  The l i g h t  l e v e l  was set a t  91.6mW;cm 2 

f o r  the  AMI spectrum based on t h e  c a l i b r a t i o n  of a NASA standard c e l l  

(JPL c e l l  no. S/N005). An air-cooled hea t  s i nk  was used t o  hold t h e  c e l l  

samples; it included a ca l i b r a t ed  secondary reference c e l l  wi th  which 

the  l i g h t  l e v e l  was checked during each set of measurements. The l i gh t ed  

I-V datawere obtained d i g i t a l l y  and s tored  i n  a zomputer da ta  base.  A 

number of da ta  reciaction pr0graxr.s were used t o  examine var ious c e l l  

propert ies .  The primary method of ana lys i s  was based on t h e  s ingle-  

exponential  model: 



0.050-4 I t .  .A Dimensions in Centimeters I 

4 . k0.w 

Eigure 19 Standard Solar Cell and Test Pattern Design 



Figure 20 Czochralski  and S i l i c o n  Web Diagnost ic  Cells and T e s t  
S t r u c t u r e s  



1 

vhere  VT is t h e  thermal vol tage.  The f i t  g i v e s  t h e  parameters I 
0 4  

and n. The peak power po in t  (I ) was determined by s o l u t i o n  of t h e  
P 

following condi t ion:  

V is obtained from Eq. (20) and t h e  c e l l  e f f i c i e n c y  was then  determined 
P 

by : 

where A is t h e  t o t a l  area of t h e  c e l l .  The curve  f i l l  f a c t o r ,  (FF), is 
0 

given by: 

(23) FF = Eff /(VocIsc) 

3.4.3 So la r  C e l l  Data Base 

More than 10,000 d e v i c e s  have been evaluated dur ing t h e  

program. The l a r g e  amount o f  d a t a  gathered has  n e c e s s i t a t e d  t h e  use  o f  

a computer f o r  d a t a  s to rage ,  r educ t ion  and a n a l y s i s .  A d a t a  b a s e  system 

was developed which c o n t a i n s  t h e  measured c z l l  d a t a  and ingot  

a n a l y s i s  a long wi th  necessary  sample and run i d e n t i f i e r s .  

S u f f i c i e n t  coding is  provided t o  permit address ing d a t a  by con ten t  o r  

by loca t ion .  An e d i t i n g  program a l s o  was developed so  d a t a  can b e  

modified, cor rec ted  o r  ed i t ed .  

Dat n s h e e t s  f o r  each impurit  y-doped ingo t ,  have been p r i n t e d  

from t h e  d a t a  base. These form t h e  bulk of Sect ion 4.14 where they  can 

b t  used f o r  ready re fe rence .  



4. DATA BASE FOR IHPURI'IT EFFECTS I N  SILICON AN!) SILICON SOLAR CELLS 

4.1 Amlys is  of Metal lurgical  Grade S i l i con  

Listed below a t e  t yp ica l  coticentrations o f  impuri t ies  found 

i n  metal lurgicai  grade s i l i c o n  formed by the  carbother r ic  reduction of 

s i l i c a  sand i n  an a r c  furnace. The impur i t ies  present a r e  mainly 

t r a n s i t i o n  metals with A l ,  Fe, Cr ,  Ca, T i  and V t h e  dominant species. 

The da ta  are from reference 2, a study conducted by Dou Corning 

Corporat ion. 

T4BLE 4 TYPICAL IMPURITY CONCENTRATIOHS I N  METALLURGICAL SILICON 

Imrmritv Element Concent rat ion ( ppeu) 

1300 

11 

250 

390 

60 

4200 

< 5 

120 

100 

1 0  

500 

2 30 

30 



4.2 Residual Impur i t i s s  i n  Po lyc rys t a l l i ne  S i l i con  

The s t a r t i n g  mater ia l  f o r  a l l  ingobwas Dow Coming Semi- 

conductor Grade po lyc rys t a l l i ne  s i l l  ,. A t yp i ca l  ana lys i s  of t h e  

r e s idua l  impur i t i es  i n  t h i s  mater ia l ,  Table 5 below, shows t h a t  t h e  

metals are undetectable by spark source mass spectroscopy, and a r e  

present a t  f r a c t i o n s  of a pa r t  per b i l l i o n  with t h e  exception of  A l .  

A t  t he se  concentrat ions t h e  r e s idua l  impur i t i es  have no e f f e c t  on s o l a r  

c e l l  performance. 

T B L E  5 POLYCRYSTALLINE SILICCN ANALYSIS 

- -- - - - - - - - - -  - - 

Analyt ical  Met hod NAA Mass Spec Mass Spec/Freeze Out 
Impurity ( ppba ( ppba) (ppba) 

bkss Spec/Freezeout 

A 1  % 4.8 ppba; Carbon 100 ppba - 500 ppba 



4.3 Dopants f o r  Controlled Metal Additions t o  S i l i con  

The form, pu r i t y  and melting temperature of each metal used t o  

dope the  s i l i c o n  ingots  and web c r y s t a l s  a r e  l i s t e d  in Table 6. Where 

possible ,  four n ines  pu r i t y  (or  b e t t e r )  grades of metal were chosen, V, 

N i  and Mo being notab le  exceptions. I n  t h e  worse ca se s  t r a c e  impur i t i es  

a r e  expected t o  be no g rea t e r  than 1/1000 t h e  concentrat ion of t h e  

primary metal dopant. 

TABLE 6 CMRACTERISTICS OF DOPANT MATEFtIALS 

Impurity Elemeut 

Aluminum 

Calcium 

Carbon 

Chromium 

Cobalt 

Copper 

I ron  

Magnesium 

Manganese 

Molybdenum 

Nickel 

Niobium 

P u r i t y  ( X )  

99.99 

99.9 

99.999 

99.999 

99.99 

Form 

wire  

block 

g raph i t e  rod 

p e l l e t s  

polycrys t a l  
rod 

zone re f ined  
ingo t s  

sponge 

ingot  

f l a k e  

p e l l e t s  

sponge 
wire 

po lycrys ta l  
rod 

Melting Poin t  (=c) 

660 

351 

3550 

1900 

1555 



TABLE 6 CHARACTERISTICS OF DOPANT MATERIALS (Cant . ) 

Impurity Element 

Palladium 

Silver 

Tantalum 

Tin 

Titanium 

Tungsten 

Vanadium 

Zirconium 

Purity ( % )  Form Melting Point ( O C )  

polycrystal 1555 
rod 

polycrystal 960.8 
rod 

polycrystal 2996 
rod 

polycrystal 232 
rod 

crystal 1668 

polycrystal 3410 
rod 

dendrite 2190 

foil 



4.4 Segregation Coefi icients  of Metal Impurities During Czochralski Si l icon 
Growth 

Listed in  Table 7 are our best estimates of the  segregation 

coeff ic ients  fo r  elements studied during t h i s  program. The e f fec t ive  

segregation coeff ic ient  is defined a s  kef = CS/Ce where C is the impurity S 
concentration in the  sol id  s i l i con  ingot and C is tha impurity content of e 
the l iquid from which the  ingot grew. Values of CS arederived froo t h e  

weighed average of SSB and NAA analyses of t h e  ingots while C t  is 

obtained by atomic absorption o r  emission spectroscopic analys is  of a 

vacuum cost  m e l t  sample (see sect ion 3.2). 

The data in Table 7 represent current  values of keff f o r  each 

impurity; some revisions have been made t o  e a r l i e r  values a s  t h e  ana ly t i ca l  

base has improved. 

TABLE 7 .  Segregation Coefficients  

Element 

Al 

B 

C 

Ca 

Cu 

C r  

Fe 

Mg 

Mn 

Mo 

Ni 

P 

Segregation Coefficient 

3 (2.8 



TABLE 7 Segregat ion Coefficients 

Segregation Coefficient 



4.5 R e s i s t i v i t y  and Defect Density of  Czochralski Ingots  

Columns one and two of Table 8, show t h e  t a r g e t  and measured 

values  a f  r e s i s t i v i t y  f o r  a l l  t h e  ingots  grown on t h i s  program. A 

nominal value of 4 t o  6 Q-cm f o r  p type and 1 t o  3 0-cm fo r  n-type 

mater ia l  was expected. Most measured r e s i s t i v i t i e s  f a l l  in these  ranges. 

A few ingots  g romto  examine r e s i s t i v i t y  e f f e c t s  themselves had 

r e s i s t i v i t i e s  in t h e  range 0.1 t o  12-cm o r  near  309-cm. The t h i r d  

column of t h e  t a b l e  is t h e  e t ch  p i t  dens i t y  obtained by counting t h e  

number of p i t s  per u n i t  a r ea  on wafers which had been S i r t l  etched. 

Typical wafers made i n t o  s o l a r  c e l l s  exhibi ted d e n s i t i e s  less than 10 3 

-2 
cm (wafers taken from t h e  tang  ends of  ingots  o f t e n  show considerably 

higher defec t  d e n s i t i e s  due t o  t h e  onset  of s t r u c t u r a l  breakdown). 

TABLE 8 SUMMARY OF ELECTRICAL AN5 DEFECT CHARACTERISTICS FOR ALL INGOTS 

Ingot 

I d e n t i f i c a t i o n  

TGT 
R e s i s t i v i t y  

(ohm-cm) 

4.0 (B) 

4.0 (B) 

4.0 (B) 

4.0 (B) 

4.0 (B) 

4.0 (B) 

4.0 (B) 

4.0 (B) 

4.0 (B) 

4.0 (B) 

4.0 (B) 

Actual  
Resis  t i v i t v  

(ohm-cm) 

Etch 
P i t  D p s i t y  
( Icm 1 



TABLE 8 (continued) 

4.0 (B) 

4.0 (B) 

4.0 (B) 

4.6 (B) 

4.0 (B) 

4.0 ( 5 )  

4.0 (B) 

4.0 (B) 

4.0 (B) 

0.2 (B) 

4.0 (B) 

4.0 (B) 

4.0 (B) 

4.0 (B) 

4.0 (E) 

4.G (B) 

4.0 (B) 

h . 0  (B) 

4.0 (B) 

4.0 (B) 

4.0 (b> 

4.0 (8) 

4.0 (B) 

4.0 (B) 

4.0 (Al) 

4.0 (B) 

4.0 (B) 

4.0 (B) 

4.0 (B) 

0.25-0.5R 

1.5-2K 

0.5-30K 

0.5 - Gross Lineage 
0-0.75R 

2-30K 

1- Cross Lineage 

1-50K 

1.5-1.5K 



TABLE 8 (continued) 

4.0 (B) 

4.0 (B) 

4.0 (B) 

4.0 (B) 

4 . 9  (B) 

4.0 (B) 

4.0 (B) 

4.0 (B) 

4.0 (B) 

4.0 (B) 

4.0 (B) 

4.0 (B) 

4.0 (B) 

4.0 (B) 

0.5 (B) 

0.2 (B) 

0.05 (E) 

1.5 (P) 

4.0 (B) 

1.5 (P) 

1.5 (P) 

3.5 (P) 

1.5 (P:l 

4.0 (Fi) 

4.0 !E) 

4 .o (B) 
4.0 (I)) 

~1.75-13.5~ 

0-90K 

0.5-15K 

0.5- Gross Lineage 

1.5-58 

0.5-40K 

0-2K 

0.5-O.5K 

0.5-Clusters 

4K-Gross Lineage 

N/A ( ~ 0 1 ~ )  

0-4.25 K 

0.5K-25K 

2.5K-10K 

0.5K - 1.25K 
0-0. ZK 

0-2K 

3-1K 

3 K-Clusters 

0.4-4K 

1K-40K 

i K - 3 K  

0-2K 

I K-4R 

1K-4li 

1K-51; 

0.4 1:- Gross L ~ . I I ? : L & ~  



TP.BLE 8. (cont hued)  

W-070-Al-003 4.0 (B) 2.2-1.1 

W-071-00-000 4.0 (B) 4.1-3.3 

'*I-072-Cr-005 4.0 (B) 5.0-4.5 

~ - 0 7 3 - ~ r / M n / ~ i / ~ i / V - 0 0 1  4.0 (B) 5.0-3.8 

~ - 0 7 4 - ~ r / ~ n / ~ r / T i / V - ~  4.0 (B) 4.4 

W-075-Ti/V-002 4.0 (B) 4.8-3.9 

W-076-Poly-002 4.0 (B) 4.8-3.0 

W-077-Mo-001 4.0 (B) 

W-078-00-000 4.9 (B) 

W-079-00-000 1.5 (P) 

W-080-Ph-001 4.0 (B) 

W-081-N/Ni-001 1.5 (P) 

W-082-N/V-001 1.5 (P) 

W-083-N/Fe-0~1 1.5 (P) 

W-084-N/tZl-001 1.5 (P) 

W-065-N/Zr-001 1.5 (P) 

W-086-C-001 4.0 (B)  

IJ-087-Ca.-001 4.0 (B) 

:J*-086-Cr-001 0.2 (B) 

W*-089-CU-001 0.2 (B) 

W*-090-Mn-901 0.2 (B) 

W-091-Cr/Mn-002 4.0 (B) 

W-092-Ph-002 4.0 (B) 

W -093-Ph-004 4.0 (B) 

W-094-Mn-005 (Poly) 4.0 (B)  

W-095-Mn-006 (F) 4.0 (B) 

W-096-?in-007 ( S )  4.0 (B) 

W-097-00-000 4.0 (3) 

W-098-Mo-002 4 .0  (B) 

W-099-Fz-001 4.0 (B) 

W-100-Cu/Ti-002 4.0 (B) 

!J-101-FZ-002 Lb.0 (R) 

W-102-Ti-006 (Poly) 4.0 (B) 

1J"-103-Ti-001 0.2 (B) 

W- 104-cu/'ri-003 4 .0  (8) 

WA-105-V-OOI 0.2 (B) 

\~1-106-?:/Al- a02 1 . 5  ( f ' )  

0-1K 

1K-4K 

0- 2K 

1K-40K 

400-?OK 

0-10K 

N/A (Poly) 

0-Gross Lineage 

0-80K 

1K-1OR 

0-5K 

1K-4K 

0-6K 

lK-Gross Lineage 

1K-80K 

1K-20K 

OK-201:' 

o* 
1K-20R 

0-20K 

1K-  3K 

o-Gross Lineage 

0-1K 

1K-5ii 

N/A 

0-12K 

0- 2K 

0 

0-10K 

5K- 20K 

0-Gross Lineage 

3K- 20K 

N/A 

0-30K 

2K-Gross Lincage 

3K-Gro:;s Linciigs 

0 



TABLE 8. (continued) 

W--i07-Fz/Al-001 

W-108-NIV-002 

W-109-C-002 

W*-110-Fe-001 

W-111-culv-001 

W-112-Ta-001 

W-113-Fz/Cr-001 

W-114-00-000 

W-115-N/S~-002 

W*-116-Ph-001 

W-117-00-000 

W-118-l'h-003 

W-119-N/Fe-002 

W-120-N/C~-002 

W-121-N/Ti-002 

W-122-Ti-007 

W-123-Ti-008 

W-124-Mo-003 

W-12 5-Mo-004 

d-126-Mult i-001 

d-127-Fz/Tl-001 

W-128-Ta-002 

W-129-00-000 (7.6 cm) 

W-130-00-000 (7.6 cm) 

W-131-Mn-008 (7.6 cm) 

W-132-Ta-003 

W-133-00-000 

W-134-Ti-009 

W-135-Fe-005 

W-136-Fe-006 

W-137-Ti-010 

W-138-Mo-005 

W-139-Mo-006 

W-140-Ti-011 (7.6 cm) 

~-141-Mo/Cu-001 

W*-142-00-000 

2.0 (B) 

1.5 (P) 

4.0 (B) 

0.2 (B) 

4.0 (B) 

4.0 (B) 

4.0 (B) 

0.2 (B) 

1.5 (P) 

0.2 (B) 

4.0 (B) 

4.0 (B) 

1.5 (P) 

1.5 (P) 

1.5 (P) 

4.0 (B) 

4.0 (B) 

4.0 (B) 

4.0 (B) 

4.0 (B) 

4.0 (B) 

4.0 (B) 

4.0 (B) 

4,O (B) 

4.0 (B) 

4.0 .B) 

4.0 (B) 

4.0 (B) 

4.0 (B) 

4.0 (B) 

4.0 (B) 

4.0 (B) 

4.0 (B) 

4.0 (B) 

4.0 (B) 

0.2 (B) 

6K-15K 

0 

0-'J 

1K 

1K 

0-Gross Lineage 

8K-Twin 

CI-4K 

2K-1OK 

0-50K 

G-Gross Lineage 

0-1K 

!'.-Gross J.ineage 

0-Gross Lineage 

2K-40K 

l0k-Gross Lineage 

0-20K 

0-Gross Lineage 

0-Gross Lineage 

3K 

0-3K 

1 It -Gross Lineage 

OK-Gross Lineage 

OK-Gross Lineage 

1 -20K 

OK-Gross Lineage 

0-10K 

0-Gross Lineage 

5K-G.oss Lineage 

!K-Gross Lineage 

0-3K 



TABLE 8. (continued) 

~-150-~/V-O03 

i,M*-151 -GO-000 

K**-152-Ti-001 

W-153-NjTi-003 

W-154-N/Cr-003 

1\'-155-~!H0-001 

W-156-N/No-002 

U-157-3/Ti/V-001 

W-158-:i/Ti/V/Cr-001 

~-159-~/Cr/~n/~i/V-001 

W*-160-Ti-001 

W**-161-Ti-002 

W-162-Ni/Ti-001 

W-163-N~/V-001 

W-164-Ni/Mo-OC1 

W-165-CO-002 

ld-166-Fe-007 

W-167-Nb-001 

W*-168-Ph-002 

W*-169-Ph-004 

W-170-Ph-005 

W-171-w-002 

W-i72-Cu-006 (7.6 cm) 

W-173-Fe-008 (7,6 cm) 

W-174-Ta-004 

w-175-W-0C3 

h'-176-00-000 

W-177-~/Cr/h-001 

h'-178-~/MnlTi-001 

0.2 (B) 

0.2 (B) 

4 (B) 

4 (B) 

1.5 (P) 

1.5 (P) 

1.5 (P) 

1.5 (P) 

30 (B) 

30 (B) 

1.5 (P) 

1.5 (P) 

1.5 (P) 

1.5 (P) 

1.5 (P)  

1.5 (P) 

1.5 (P) 

1.0 (B) 

30 (B) 

4.0 (B) 

4.0 (B) 

4.0 (B) 

4.0 (B) 

4.0 (B) 

4.0 (B) 

0.5 (B) 

1.0 (B) 

2.9 (B) 

4.0 (B) 

4.0 (B) 

4.0 (B) 

4.0 (B) 

4.0 (E) 

2.0 (P) 

2.0 ( P )  

2.0 (P) 

0.21-0.15 0-Gross Poly 

0.23-0.19 0-Cross Poly 

4.5-4.0 ZK-Cross Poly 

4.7-4.2 1K-Gross Poly 

1.9-1.4 2-15K 

2.5-2.1 1K-Gross Poly 

2.0-1.6 3K-Gross Poly 

1-5R 

O-5K 

0-Cross Poly 

0-10K 

3K-10K 

1-48 

3K-Gross Poly 

1-10K 

1K-gross Lineage 

I-2K 

2-8K 

I-15K 

OK-Clus ters 

1K-Clusters 

OK-Clusters 

0-5K 

OK-Gross Lineage 

OK-Poly 

3-1C)K 

OK 

1-3K 

0-2K 

0-10K 

3K-Poly 

OK-Twin 

0-10K 

OK 

OK-Poly 

2K-Poly 



TABLE 8. (continued) 

0.35 (0) 

0.5 (B) 

4.0 (B) 

4 . 0  (B) 

4 . c  (B) 

4.0 (B) 

4 . 0  (B) 

4.0 ( B )  

4 . 0  (B) 

4.0 (B) 

4.0 (R) 

4.0 (B! 

4.0 (B) 

4 . 0  (B) 

4.0 (B) 

4 . 0  (B) 

4.0 ( B )  

4.0 (B) 

4.0 (B) 

0-2K 

2-5K 

OK Clusters 

0-4K 

0-5K 

3-4K 

0-Poly 

0-2K 

Processing 

0-2K 

2-10K 

OK-Gross Lineage 

0-10K 

0-2K 

3-2K 

0-11 

2-5K 

0-2K 

0-2K 

* Low resitivity p-type ingot (< - 1 ohm-cm) 

** Use of double asterisk indicates 30 ohm-cm p-tvpe ingot 

*** This first figure is etch pit density of the seed; second figuce etch 
pit density of extreme tang end ~f ingot. The first value shown in 
indi:ative u f  dislocation density in slices used for cell fabrication. 
Structural degradation commonly occurs at the tang end of the most 
heavily-doped ingots due to constitutjonal supercooling. 

+ Twinning due to high carbon concentration occarred after approximately 
three inches of crystal growth 

+t Multiple crystal growth due probably to Ca0 formation 



4 .6  Carbon and Oxygen Analyses of S i l i con  Ingots  

The carbon and oxygen content of se lec ted  Czochralski ingots  

is t h e  subject  of Table 9. In f ra red  absorption measurements were used 

t o  ob t a in  t h e  concentrat ion values; f o r  a few low r e s i s t i v i t y  ingots  f r e e  

c a r r i e r  absorpt ion precludes using t h i s  approach. I n  general  t h e  neasured 

concentrat iocs  f a l l  i n  t he  ranges expected, and t y p i c a l l y  found, i n  

c r y s t a l s  grown by  t he  Czochralski technique. In  f l o a t  zoned ingots  t h e  

carbon and oxygen concentrat  ions f a l l  below de t ec t  ion lh~its as expected. 

Table 9 .  Carbon and Oxygen Concentrat ions f o r  Representa t ive  Ingo t s  

Ingot 
Number 

Carbon 
Con f 8 n t r a t i o n  

x 10 atoms/cm 3 



TABLE 9. (continued) 

Ingot Xunber 

W-041-Ni/Cr/Cu-001 

W-043-Fe/Ti-001 

W-045-Cr/Fe/Ti-001 

W -047-Cu/Ni/~r-001 

W-049-V-003 

Carbon Concentration 
x 1 0 ' ~  atoms/cm3 

9 

7.3 

10 

2.3 

10.3 

6.6 

39 

11.3 

*** 

Oxygen Concentration 
x atomilcm 3 

115 

159 

118 

140 

170 

166 

142 

118 

*** 



TABLE 9. (cont inua--:I l 

Ingot Number 

W-lll-culv-001 

W-113-FZICr-001 

W-115-NICU-002 

W-117-00-000 

W-119-~1Fe-002 

Carbon Concentration 
- x 10~~atoms/cm~ 

Oxygen Concentration 
x lo1 6atomslcm 

86 

< 5 
112 

160 

125 

121 

137 

128 

< 5 
202 

164 

117 

118 

134 

149 

156 

*** 
149 

157 

151 

154 

160 

183 

103 

183 

138 

128 

106 

130 

96 

86 

Incomplete 



Table 9. (continued) 

Ingot Number 
Carbon Concentration 
x lo1 6atoms/cm3 

Oxygen Concentration 
x lo1 6atomsIcm 

* Low resitivity ingot 

** High resitivity ingot 

*** Due to free carrier absorption infrared methods cannot be used for 
carbon and oxygen determination in these samples 



4.7 - Target and Measured Ingot Impurity Concentrat ions 

The th ree  columns i n  Table 1 0  s e t  fo r th ,  respect ively,  t h e  

t a rge t ,  ca lcu la ted  and measured values of t h e  impurity concentrat iocs  in 

each ingot grown during the  program. The t a r g e t  concentration is t h e  

product of t h e  melt concentrat ion (based on t h e  weighed amount of  metal 

and s i l i c o n  charge weight) and t h e  e f fcc t ive . segrega t ion  coe f f i c i en t .  

The ca lcu la ted  impurity concentrat ion is  derived by mult iplying t h e  

measured m e l t  impurity content (corrected :or t h e  amount of c r y s t a l  grown) 

by t h e  segregation coef f ic ien t .  The measured concentrations,  column 

three ,  a r e  t h e  average ,slue f o r  SSMS measurements and the  NAA r e s u l t  

( i n  pare l t bes i s )  . N/A ind ica tes  t ha t  no metal impurity was added. 

Table  10. Ingot  Irnpuri t y  Cor~cc~ntra t i on  

Ingot  
I d e n t i f i c a t i o n  

Target 
C n c e n t r a t i  n Y > fO atomslcm --- 

9 
Calculated 

Con n t r a t i o n  f f  
10  atomslcm 3 

Measured 
Conc n t r a t i o n  !i > 

10  atomslcm 3 - 



TABLE 10 (Continued) 

Ingot 
Ident i f  icat  ion 

W-017-Cu-002 

W-018-Fe-002 

W-019-Cu-003 

W-020-00-000 

W-02 1-Mg-001 

W-022-00-000 

W-023-00-000 

W-024-Mg- 102 

W-025-00-300 

W-026-%-GO3 

w - 0 2 7 - ~ / ~ ~ - 0 0 ~  

W-028-A1-001 

W-029-Cr-003 

W-030-CrlCu-001 

W-031-Crl~h-001 

W-032-Mg-003 

W-033-Ti-002 

Target 
Concent rat  ion 
10 5atoms/cm3 

Calculated 
Concrntrat ion 
l o 1  5atoms/cm3 

Measured 
Concen t rat ion 
10 5atoms/cm3 



TABLE 10 (continued) 

Target Calculated Measured 
Ingot 

Identification 
Concentrat ion Concentrat ion Concentrat ion 
10 5atoms/crn3 l o 1  5atomslsm3 10~~atornslcm~ 

N/A 

0 . 1  

60 

N/A 

N/A . 

N /A 

N/A 

Cr: 1 . 1  
T i :  0.011 

2 . 5  

0.83 

1 . 0  

0.20 

0.033 

YU 

N/A 

N/A 

K/A 

N/A 

Cr: 1 . 0  
T i :  0.009 

7.0 

0.88 

0.64 

0.17 

0.027 

N/A 

N /A 

N /A  

N/A 

Cr: 1 . 0  (1.1)  
Ti:(l.O ((.2) 

2.0  ( 4  - 7) 

1 . 0  

2.0 (0 .6)  

0.75*** (0.09 

( 0 . 2  



TABLE 10. (continued) 

Target 
Ingot Concentration 

Idcnt if ication 10' 5atoms/cm3 

Calculated 
Concentration 
lo1 5atoms/cm3 --- 

Ncasured 
Concentration 
101~atorns/cm~ 

\.:-067-Cr/:In/Ti-001 Cr: 0.44 
Mn: 0.50 
Ti: 0.0033 

Cr: 0.3 
Mn: 0.36 
Ti: 0.0022 

Cr: 0.3 (0.25) 
Mn: 0.7 (0.66) 
Ti:<0.2 ((0.3) 

K-071-00-000 None 

Cr: 0.48 
Mn: 0.46 
Ni: 2.0 
Ti: 0.0024 
V: 0.004 

Cr: 0.34 
Pin: 0.31 
Ni: 1.3 
Ti: 0.0030 
V: 0.007 

Cr: 5.28 (0.17) 
Mn: 0.8 (0.28) 
~i:<2.0 (10) 
Ti:<0.35 ((0.3) 
V: ( 0.35 

Cr: 0.08 
Nn: 0.08 
Ni: 0.5 
Ti: 0.00033 
V: 0.0006 

Cr: 0.054 
Pfn: 0.64 
Ni: 0.26 
Ti: 0.001 
1': 0.0015 

Cr: 0.25 
Pln: 0.25 
h'i:(2.0 
T i : < O .  25 
\ I :  (0.25 

Ti: 0.056 
V: 0.1 

Ti: 0.057 
: 0.11 

Ti: < 0.25 
i: < 0. 25 

None 

0.6 

2.3 

None 

0.8 ** 
(2 

Cr: 0.5 
Mn: 0.3 



TABLE 10. (continued) 

Target Calculated 
Concentration 
lo1 Sa tonts/cm3 
-.- 

N/ A 

0.46 

Pleasured 
Ingot Concentration 
Idencificat ion lo1 5atom~/cm~ - 

Concentration 
lo1 'a tons/cln3 

1:-093-Mn-004 0.66 

U-094-Mn-005 (Poly) 0.9 

W-095-Mn-006 (F) 0.5 

I\'-096-?In-007 (S) 0.63 

W-097-00-000 None . 

V-C98 ->lo-002 0.00092 

W-099-FZ-001 None 

W-100-CuITi-002 Cu: 1.0 
Ti: 0.033 

W-101-FZ-002 None 

W-102-Ti-006 (Poly) 0.11 

!;*-103-Ti-001 0.167 

!:-10;-Cu/Ti-003 CU: 2.0 
Ti: 0.14 

!.:::-I G;-V-OO~ 0.4 

1;-106-S/Al-002 6.6 

I:- 107-TZ/Al-001 30 

W-108-N/V-002 0.03 

W-109-C-002 (20-110 

W-110-Fe-001 - 0.S 
\; -1 11-Cu/V-6;: 2.5 /0 .3  

W-112-Ta-001 0.004 

W-113-FZ/Cr-001 0.8 

W-114-00-000 -- - 
W-ll!i-N/Cu-002 10 

W*-116-Ph-001 3 5 

W-117-00-000 -- 
U-118-Ph-003 7 0 

hf-119-h'/Fe-302 0.3 

W-120-K/Cr-002 0.3 

I:-1 Ll-N/Ti-002 0.039 

1;-121-Ti-007 0.084 

IJ-123-Ti-038 0.105 

W-124-Mo-003 0.00001 8 

IJ-1 25-Ho-004 0.00006 

Cc: 3.25 
Ti: 0.04 

Cu: 0.5 
Ti: (0.3 

Cu: 2.2 
Ti: 0.08 

Cu: 4.0 
Ti: 0.25 



Table 1C. Ingot Impurity Concentration 

Ingot 
Identification 

1 

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

Y-130-00-000 (7.6 cm. ) 

W-131-Mn-008 (7.6 cm.) 

W-132-Ta-003 

W-133-00-000 

W-139-Mo-006 

W-140-Ti-011 (7.6 cm.) 

W-141-Mo/Cu-001 
* 
W-142-00-000 
* 
W-143-Ti-002 * 
W-144-Mo-001 

Target Calculated 
Concentration Concent rat ion 
hlol atoms/cm X I O ~  atoms/cm3 

N A 

N A 

0.6 

0.000037 

NA 

0.05 

1.0 

0.3 

0.21 

0. 0Oi 

0.0042 

0.1x 

0.004/4.42 

N A 

0.20 

0.0042 

0.00085 

1.5 

0.4 

0.60 

0.60 

0.03 

N A 

0.2 

0.01 

0.55 

0.001 

0 004 

Ti: 0.10 

v .  0.10 

Ehss Spec. 
Analysis 

~101 atoms/cm 



TABLE 10. (continued) 

Target Calculated 
Concentration Concentration 

~ 1 0 ~  atoms/cm3 ~ 1 0 ~  atoms/cm3 

Mass Spec. 
Ingot 
Identification 

Analysis 
~10l atoms/cm3 - 

W-158-N-Ti/V/Cr-001 Ti: 0.05 

Cr: 0.60 

~-159-~/~r/Mn/Ti/V-oOl Cr: 0.4 

Ti: 0.02 

Ni: 1.0 

Ti: 0.2 

Ni: 1.0 

V: 0.4 

Ni: 1.0 

Mo: 0.004 

W-165-CO-002 

W-166-Fe-0Q7 

W-167-Nb-001 * 
W-168-Ph-002 * 
W-169-Ph-004 

W-170-Ph-0?5 

W-171-W-002 

W-172-Cu-006 (7.6 cm) 

Id-173-Fe-008 (7.6 cm) 

W-l74-Ta-004 

W-,175-W-003 

W-176-00-000 

W-17 7-~/cr/Mn-001 

Co: 0.50 

Fe: 0.9 

Incomplete /Ill 

3 2 

0.51 

0.00093 

0.00029 

N A 

1.20 

1.26 Mn: 1 . 3  

Ti: 0.1 

21 

0.2 

1.0 

7 3  



TABLE 10. (continued) 

a Ingot 
ldentif ication -- 

Target Calculattd Mass Spec. 
Concentration Concentration Analysis 

~101' atoms/cm3 ~ 1 0 ~  5 atoms/& xlol 5 atoms/cm3 

Cu: 1.7 1.2 <O. 80 

Ti: 0.2 0.15 <C.?5 

0.002 

Cu: 2.0 

Zr: 0.0014 

Cu: 2.0 0.78 2.7 

Ta: 0.00084 11.00068 <0.5 

Ti: 0.9C~3 
V: 0.303 
Mo; 0.0306 

Ti: 0.003 
V: 0.003 
Mo: 0.0006 
Ta: 0.0003 

W-197-Ti/V/Mo/Ta/Cu -MU Ti: 0.003 
V; 0.003 
Mo: 0.0006 
Ta: 0.0003 
Cu: 2.0 

* Low resistivity p-type ingot (( 1 Q-~m). 
* 30 R-cm p-type ingot. 
** Value based on resistivity measurement. 
+ Value in parenthesis based on Neutron Activation Analaysil. Value witho~t parexrleses 

based on SSMS. 
# bee data sheets for 10 impurities 
Wt No melt sample available 
*** High Ti value possibly due to vacuum lie ~k in M.S. 



4.8 Best Estimate:: of Impurity Car-~entrat ions in S i l i con  Ingots  - -  

I n  Table 11 w e  present t he  bes t  es t imate  o f  t h e  impurity 

contents of each ingot based on t h e  cur ren t  t a t a l  da t a  ava i lab le .  

Incorporated in  the  est imate  is thn degree of r e l i a b i l i t y  i n  the  e f f e c t i v e  

segregation coef f ic ien ts .  It is t h e  b e s t  estimated va lue  which is used in a l l  

analyses drawn throughout ;he rest of t h e  repor t .  For ingocs wi th  

impurity cancentrat ions so low t h a t  no d i r e c t  measurement was possible ,  

e i t h e r  no v a l ~ e  is sham i n  the t a b l e  o r  t h e  upper l i m i t  is quoted. 

Bearing i n  mind t h e  r e l i a b i l i t y  of t h e  a n a l y t i c a l  techniques, 

t he  t o t a l  number of measurrments f o r  a given impurity and expected 

experimental e r r o r s  we have a l s o  est imate3 t h e  approximate percentage 

e r r o r s  in t h e  bes t  es t imate  velues; these  are:  



TABLE 11. Best Estimate of Impurity Concentrations 

Ingot 
Identification 

Best Estimate of 
Im urity Conc. 

(lor5 atoms,em3~ 



Table 1 1. Best Estimate of Impurity Concentrat ions (cont) 

Best Estimate of 
Ingot 

Identification 
Im ur i  ty Conc . P (10 atoms/cm3 



Table 11. Best Estinate of Impurity Concentrations (cont .) 

Ingot 
Identification 

Best Estimate of 



Table 11 . Best Estimate of Impurity Concentratians (cont.) 

Best Estimate of 
Ingot 

Identification 

W*-088-Cr-001 

W*-089-CU-00.1 

W*-090-Mn-001 

W-091-Cr/h-002 

W-092-Ph-002 

'4-093-Mn 304 

~-094-Mn-005/P01y 

W-095-Mn-006 (F) 

W-096-Mn-007 (S)  

W-097-00-000 

Im urity Conc. P (10 atoms/cm3) 



Tabl:. 11 Best Estimate of Impurity Concentrations (cont.) 

Ingot 
Identification 

W-122-Ti-007 (F) 

W-123-Ti-008 (S) 

Best Estimate of 
Im urity Conc. P 5 (10 atoms/cmj) 



Table 11. Best Estimate of Impurity Concentrations (cont .) 

Ingot 
Identification -- 

Best Estimate of 
Im urity Conc. P (10 atoms/cmq) .- 

W-124-Mo-003 0.000018 

W-125-Mo-004 . 0.0003 

W-126-Yulti-001 See Data Sheet 

W-127-FZITi-001 0.039 

W-128-T3-002 0.000168 

W-129-00-000 (7.6 cm) N A 

W-130-00-003 (7.6 cm) 

W-131-Eln-008 (7,6 cm) 

W-132-Ta- ' 3  



Table 11. Best Estimate of Impurity Concentrat ions (cont .) 

Ingot 
Identification - 

W-149-N/Fe-003 

W-150-NIV-003 

id**-151-00-000 

W**-152-Ti-001 

W-153-N/Ti-003 

W-154-N/Cr-003 

W-155-N/Mo-001 

W-156-N/Mo-002 

W-157-N/Ti/V-001 

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

W-159-N/Cr/Mn/Ti/V-001 

W*-160-Ti -GO1 

W**-161-Ti-002 

W-162-Ni/Ti-001 

W-163-Ni/V-001 

W-164-Ni/Mo-001 

W-165-CO-002 

W-166-Fe-007 

W-167-Nb-001 

W*-168-Ph-Lq2 

W*-169-Ph-004 

W-170-Ph-005 

W-17:-W-002 

W-172-Cu-006 (7.6 cm) 

W-173-Fe-008 (7.6 cm) 

14-174-Ta-004 

W-175-\.:-003 

Best Estimate of 
Concentration 

IrnPL;;:3'5 atomslcm3) 



Table 11. Best Estimate of Impurity Co~cer~~rations (cont.) 

Ingot 
Identification 

Best Estimate of 
Concentrations 

Im;;f$" atoms/cm 3) 

Cu: 1.2 
Ti: 9.16 

Cu: 2.0 
Zr: <0.0012 

Cu: 2.0 
Ta: 0.00068 

Ti: 0.003 
V :  0.003 
Mo: 0.0005 

Ti: 0.003 
V :  0.303 
No: 0.0006 
T :  0.0003 



Table 11. Best Estimate of Impurity Concentrations (cont.) 

Ingot 
Identification 

Best Estimate of 
Concentrations 

Ti: 0.003 
V : 0.003 
Mo: 0.0006 
Ta: 0.0003 
Gu: 2.0 

* Asterisk indicates low resistivity p-type ingot (< - 1 ohm-cm) 

** 30 ohm-cm o-type ingot 

+ Value based on resistivity measurement 



4.9 DLTS Spectra fcr Selected Impur-ities 

In Figures 21 through 26 are depicted typical  DLTS impurity 

spectra for a number of the major metal contaminants introduced into  

s i l i con .  





Curve 71 9697-0 

Figure 22 DLTS Spectra o f  Ti-Induced EC - 0 .26  eV Trap ( ~ n g o t - 1 2 1 )  









Curve 71 9699-A 

Figure  26 DLTS Spectra  of Nb-Induced EV + 0.12 eV Trap 



4.10 Deep Levels and Trap Densi t ies  Measured by DLTS on As-Grown Ingots  

The deep l e v e l s  i den t i f i ed  in Czochralski ingots  and t h e i r  

dens i t i e s  a r e  l i s t e d  in Table 12. The da t a  were obtained by deep l e v e l  

t r ans i en t  spectroscopy of Ti-Si (p-type) o r  Al-Si (n-type) Schottky 

b a r r i e r s  formed on wafers cu t  from t h e  ingots.  The techniques and da t a  

ana lys i s  a r e  described i n  Sect ion 3.3.1. Where a dash appears i n  

the table ,  spectroscopy was performed but  t h e  deep l e v e l  concentrat ion 

was below the de tec t ion  l i m i t  of the  method. 



TABI,E 12 Deep I.thvt.I>; ~ n t i  '1'r;cll (:tblrtt.r ( : o ~ ! t . ( ~ ~ ~ t r ; l t  i o ~ t : ;  i l l  As-Crown S f 1  icon 
Ingots 

:'rap .T I rap Impurity 
In::ot (:~%n t cr ( ' o ~ l c ~ t ~  t r . ~ t  ion  Concentrst 107 

Identification t- \' 3 ." (<..!- ) ( 1  3 '  ',atoms/cm..) 



TABLE 12 Deep L c v t \ l s  :rnd 'I'rap Cc'lltcf Conc.entmt idns In I\!;-Grown S i f  icon 
111got s (Continued) 

1 

i -- -- ? 
I ; 

$ Trap 'rrap Impurity 
Ingot 1:,1n tc2r Concctltrijt i ~ ) n  Concentration 

.: Identification L, 1' : (c-nt- ) (10' r~atoms/cm3) 1 ,r i 



TABLE 12 Deep Levels iind Trap Ccncer Conct8ntrrrtio~ts in  As-Grown Si l icon 
Ingots (Continued) 

Trap Trap Impurity 
Ingot Center Cuncentfqtion Concent rat ion 

Zdent i f  icat ion eV NT (cm ) ( l o 1  5atoms/cm3) 
- -- --- - 



TABLE 12 Decp T.c\lc!s a11d '!'r:ip ( ' t - t ~ t ,  r- c' . . )r~~.c.ncr.~t ~ L ~ I I : ;  in  :\s-Crown S i 1  icon 
Ingots (Continued) 

.p 
I rilp Trn p Impurity 

Ingot Center Corcentrpt  ion Concentrat iqn 
Ident i f  icnt  ion e V ?; (cm-‘ i  

'1' ( l~"atoms/cm~)  



TABLE 12 Deep Levels and Trap ('c11tt.r Conccxnrr.it ions in  .Is-Grown S i l i c o n  
Tngot s (Continued) 

-~ - - - 

Trap Trap Impurity 
Ingot Ccntcr ( : O I I C C I I ~  rqr ion  Concentrat idn 

Ident i f  icst ion t & V  (cm- 1 T (10 15atoms/cm3) 
------ --.--.----.-----A- - - 



4.11 Deep Levels and Trap Densities Measured by DLTS i n  Impurity-Doped 
Solar Cells 

In Table 14 a r e  compiled the  deep l eve l s  and t r ap  dens i t i e s  

measured on s i l i con  solar  c e l l s  fabricated from impurity-doped wafers. 

The f ront  metal grid was removed from the  c e l l s  and t h i r t y  m i l  diameter 

mesas were formed, on the  device. A Au-Ti contact was used fo r  the  

f ron t  electrode, the  Ti-Pd-Ag rea r  c e l l  contact formed the second 

electrode. The DLTS procedure and data analys is  a r e  described i n  

Section 3.3.1 Where dashes appear in the  t ab le  the  l e v e l  was below the  

detect ion limits of the  method. 



TABLE 13 Deep Levels and Trap Center Densit ies  Near the Junction Region of 
S i l icon Solar Cel ls  

Ingot I D  Trap Level eV Trap Concentration 



4.12 Summary of Deep Levels and Capture Cross Sections f o r  Impuri t ies  - 
i n  S i l i c . ~ n  - 

The impurity-irduced deep l eve l s ,  and t h e i r  respec t ive  

capture c ross  sec t ions  measured by DLTS in  s i l i c o n  a r e  co l lec ted  in 

Table 14. Derivation of the  capture c ros s  sec t ion  from DLTS da ta  is 

described i n  Sect ion 3.3.1. 

TABLE 14 Measured Energy Levels and Capture Cross Sections f o r  
Impuri t ies  i n  S i l icon  and Solar  Cells 

Measured Measured 
Impurity Energy Levels (eV) Capture Cross Sec. cm 2 ** 

2 * Cross sec t ion  w a s  g r ea t e r  then 10-l5 cm and could not be determined. 

Data from so la r  c e l l s .  

** Note these measured cross-sections a r e  obtained under d i f f e r e n t  
condi t ions than those which apply t o  t h e  opzrat ing s o l a r  c e l l  and 
therefore  cannot be used t o  ca l cu la t e  the  minority c a r r r i e r  l i f e t i m e  
which con t ro l s  s o l a r  c e l l  performance. 



4.13 Photoconductive Decay Lifetime of Czochralski Ingots  and Solar  
Cel l s  -- 

Below in  Table 15  a r e  l i s t e d  t h e  measured photoconductive decay 

l i f e t imes  f o r  both t h e  as-grown impurity doped s i l i c o n  wafers and f o r  

t he  wafers following Pock3 o r  BBr3 d i f fu s ions  according t o  t h e  s o l a r  

c e l l  process spec i f ica t ion .  Phase I da ta  (.through ingot W052) were 

taken with a GaAs LED l i g h t  source. Subsequent measurements, Phases I1 

and I11 employed a Q-switched Nd:YAG l a s e r .  . , ,ar t ing with ingot  W078 

ca lcu la ted  values  of t h e  wafer d i f fu s ion  length a r e  tabulated along 

with measured bulh l i f e t i m e  data .  



8u l  k L i fe t imes  (Photoconductive Decay) f o r  S i  1 i c o n  Ingots  
Before and A f t e r  Phosphorus D i f f us i on  

(LED EXCITATION) 

I nqot 
I d e n t i  f f  c a t i o n  

WOO1 -00000 

W002-00000 

5100 3-00000 

bJ004- Cr001 

WOO 5-Yn001 

W006-NiO01 

WO07-CuO01 

U008-Ti001 

~4009-V0@1 

!4010-Ni002 

W O l l  -Zr001 

YO1 2-Cr002 

W013-Mn002 

WO14-00000 

W015-Zn001 

W016- Fe001 

NO1 7-Cu002 

W0 18- Fe002 

WO19-Cu003 

W020-00000 

W0 21 -Mg001 

WO22-JOOOO 

WO23-00000 

W024-Mg002 

WO 25-00000 

W026-Mn003 

W027-Mn/Cu001 

L i fe t ime (As-Grown) Li fetime 
~ ( ~ s e c )  .(Note 1 )  T(IJS& 

7.1 1.1(5) 6.9 

6.3 0.6(2) 8.6 

11.6 2.3(2) 8.4 

0.35 0.2(3) 1.1 

1.8f 2) - - 0.3 

11 - 3  2.7(2) 7.7 

6.9 9 .9 (4 )  6.6 

2.0 0.5(3) 0.6 

0.4 0.1 (3)  <2.2( 2) 

6.8 2.6(3) 3.4 

2.6 0.2(2) 2.4 

~ 0 . 4  0.1(2) 4.9 

1 . 2 ( 2 )  1.0(3) 10.5(2) 

7.5 0.4(2) 8.3 

7.2 0.6(2) 5.3 

0.5 0.0(2) 3.8 

8.8 0.1 (2 )  7.1 

8. J 5.5(2)  0.6 

4.3 3.3(2) 5.7 

7 .O 1.7(2) 7.3 

8.2 0.8(2) 7.7 

7.8 1.0(2) 9.1 
1 .93 - - 2.6 

7.5 0.9(2) 10.2 

7.6 o .0 (2 j  12.7 

5.1 0.2(2) 9.3 

22.3(2) 2.3(2) 0.5 



TABLE 1 5  (Continued) 

Bulk L l  fetimes (Photoconductive Oecay) f o r  S i  1  i con  Ingots 
Sefore and A f t e r  Phosphorus D i  f fusion 

(LED EXCITATION) 

Ingo t  
! den t i f i ca t i on  

L i f e t ime  
~ ( ~ s e c )  

2.9 

1.1 

~ 0 . 3  

Note 5 

7.2 

3.1 

( As-Grown) 
c~(!Uote 1  ) 

L i f e t ime  
~ ( b s e c )  

1.9 

6.2 

0.4 

4 . 3  

7.1 

2.3 

1 . 7  

1 . S  

1 .o 
0.4 

~ 0 . 1  

6.5 

1.4 

0.4 

0.7 

0.5 

6.6 

1.0 

c 0 . 1  

2.6 

5.1 

4.3 

1.1 

1.6 

Note 3 

(Diffused) 
 note 1) 

0.0(2) 

0.4 (4 )  

0 . 1  ( 2 )  

0.0(2) 

1.1(2) 

0.1(2) 

0.1(2) 

0 - 2 i 2 )  

0.0(2) 

0.1(2) 

0.0(2) 

1.5(2) 

0.4(2: 

0.3(2) 

O. l (Z j  

0.0(2) 

0.1(2) 

0.8(4) 

0.0(2) 

0.1(2) 

0.4(2) 

0.1(2) 

0.1(2,\ 

0.3(2) 

Note 1 .  Sample s i ze  shown i n  parentheses. 

K ~ t e  2. L i f e t ime  measurements subject t o  la rge  e r ro rs  due t o  extreme 
shallow t rap  densi ty .  

Note 3. Po l yc rys ta l l i ne  i ngo t  -- no evaluat ion performed. 

Note 4. L i f e t ime  measurements not p r a c t i c a l  due t o  low r e s i s t i v i t y .  

Note 5. L i f e t ime  measurements not poss ib le due t o  very low 1 i f e t l m e  
( A V  too small ) . 



TASLE 15  (Cont. ) 

RECOMBINATION LIFETIRE MEASURED BY PHOTOCONDUCTIVE-DECAY MET9CD 
(0-SWITCHED Nd :YAG Laser Exc i ta t ion)  

Ingot  
I d e n t i f i c a t i o n  

L i fe t ime ( As-Grown) L i f e t i m e  (Diffused) 
r ( ~ s e c )   note 1) ~ ( ~ s e c )  :(Note 1 )  

- 

*6.6 

*6.3 

*6.2 

*6.7 

1.84 

1.76 

Note 2 

11.5 

Note 2 

13.6 

1.67 

0.26 

0.16 

0.49 

Notes 2 EL 3 

0.03 

0.04 

1.75 

3.75 

0.06 
Note 3 

0.10 

0.06 

0.48 

0.36 
~ - 

Note 1. Sample s i z e  shown i n  parenthesis 
Note 2. I n s u f f i c i e n t  e l e c t r i c a l  s ignal  f o r  measurement 
Note 3. Li fet ime measurements subject t o  l a rge  errors due t o  extreme shallow 

t rap  densi ty  
* Yeasured by LED exc i ta t i on  source 



TABLE 1 5 

RECOXBINATION LIFETIE MEASURED BY PHOTOCONDUCTIVE-DECAY W 3 W D  
(Q-Switched Nd: YAG Laser Excitation) 

As Grown Post D i f f u s i o n  
Ingot D i  f fus iv i  t y  Lifetime Di f f .  Length L i f e t i m e  D i f f .  Length 

Identif icat ion D /D (cm2/s) T (us) 
n P r L (w) ~ Y S )  - Lb.1 

Note 1 .  

Note 2 .  Insuff ic ient  e l ec tr i ca l  signal for measurement. 

Note 3 Lifetime measurements subject t o  large errors due t o  extreme 
shallow trap dens.ity. 

GRIGINAL PAGE IS 
. - 



TABLE 15 [Cont.) 

ECOMBINATl~S LIFETIME MEASURED BY PWIWONDUCTIVE-DECAY M3WD 
(Q-Switched Nd: YAG Laser Excitation) 

As Grown Post Diffusion 
Ingot Diffusivity Lifetime D i f f .  Length Lifetime D i f f .  Length 

lder t i  f i ca t  ion D ~ / D ~ ( C ~ ~ / S )  rr (us) (urn) T ~ ( U S )  - L 6.1 

0.07 

16.56 

2.61 

0.72 

3.05 

Note 2 

0.15 

1.06 

0 .13 

6-75 

8.39 

1.61 

3 . 6 5  

4.16 

5 , z i  

- - - 

- - - 
1.72 

Note 2 

0.16 

0.68 

0.65 

Note 2 

5.99 

2 .40  

2.76 

29.3 

3.20 

3.19 

2.13 

Note 1. 

Note 2 isufficient c lcctri  cal s i ~ n ; ~ l  for mcasuremcnt . 
Note 3 .  1.ifetimc mc;lsurcrncnts subjcct t o  l ; q e  errors due t o  extreme shallow 

trap density. 



TABLE 15 (Cont . ) 
RECOMBINATION LIFETIkE MEASURED BY PHOTKONDUCTIVE-DECAY 

(Q-Switched Nd: YAG Laser Excitation) 

A s  Grown Post Diffusion 
Ingot Diffusivity Lifetime D i f f .  Length Lifetime D i f f .  Length 

Identificatiqn D /D (cm2/s) 
" P  T (US) r I, (urn) fr(W) Lbm) 

Note 1. 

Note 2 .  Insufficient e lec t r ica l  signal for  measurement. 

Note 3. Lifetime measurements subject t o  large errors  due to  extreme shallow 
trap density. 



4.14 Solar Cell I-V Data f o r  Impurity-Doped Ingots 

For the  so la r  c e l l  I-V data l i s t e d  i n  Table 16 the  following 

t e s t  conditions apply: (1) quartz iodine so la r  spectrum simulator (2) 
2 2 

illumination level  91.6 mW/cm , (3) c e l l  area 1.03 cm and (4) - no 

ant i r e f  l e c t  ion coating . 
Ingots a r e  l i s t e d  i n  chronologic order a s  they were grown. 

Column headings a r e  se l f  explanatory. For some ingots  PCD l i f e t ime  data 

(Table 15) were a l s o  tabulated; PCDB and DCDA re fe r  t o  wafer l i f e t imes  

before and a f t e r  junction diffusion.  

The abbreviations i n  the  t ab le  a r e  a s  follows: 

R - cal ibra ted  reference devices 

C - wafers from ingot center  

T - wafers from ingot ingot end (tang) 

S - wafers from ingot seed end 

B - uncontaminated basel ine wafer 

E o r  N - end 

* - item deleted from averages 



5. SELECTED PROPERTIES OF SILICON 

We have tabulated below va lues  f o r  a number of  t h e  more 

commonly used proper t ies  of l i qu id  and s o l i d  s i l i con .  The data ,  which 

were compiled by R. G. Seidenst icker ,  complement t h e  chemical, e l e c t r i c a l ,  

and qolar cell information which makes up Section 4. L is ted  w i t h  t h e  

proGerty da ta  a r e  re fe rences  t o  t h e  sources from which t h e  information 

was obtained. In t he  second pa r t  of  t h e  t a b l e  are l i s t e d  semiconductor 

da ta  f o r  s i l i c o n .  
MATERIALS DATA 

Silicon: Solid 

Parameter 

Density 

Heat Capacity 

Conductivity, Thermal 

Di f fus iv i ty ,  Thermal 

Emissivit  y (Total)  

1 dx 
Expansivity, - - x dT 

Melting Temperature 

Temp (OK) 

298.2 

1685 

Value Ref. - 

Heat of Fusion 



Sil icon:  Liquid 

Density 1685 

Heat Capacity 1685 

Volume Expansivity , 1685 

Conductivity , Thermal 1685 0.67 Wlcm-K 
Corrected .60 

I\ 

Dif f u s i v i t y ,  Thermal 1685 lL0.23 cm'lsec 

Res i s t i v i ty ,  E l e c t r i c a l  1685 8 1  x ohm-cm 

Surf ace Tension 1685 

Viscosity 1685 

Calculated Prandt l  Number = .012 

SEMICONDUCTOR DATA (Ref. 17) 

Atomic o r  Molecular Weight 

Atoms o r  Molecules/cm 
3 

Crystal S t ruc ture  
0 

L a t t i c e  constant (A) 
3 

Density, o(g/cm 

Energy gap (ev) 

Ef fec t ive  densi ty  of s t a t e s  
conduct ion band N (cLI'~) 
valence band N~ (126-3) 

I n t r i n s i c  Carr ie r  Concentrat ion 

L a t t i c e  ( i n t r i n s i c )  
mobi l i t i es  (cm2/v sec) 

e lec t rons  
holes  

Die lec t r ic  constant 

Breakdown f i e l d  (VIP) 

719 dynelcm 

2.9::10-~ Stokes 

Diamond, 8 atomslunit  c e l l  



6 .  Program Status  

A l l  tasks  i n  the  Phase I11 e f f o r t  have been completed 

success fu l ly ;  t h e  milestone chart is i l l u s t r a t e d  i n  Figure 2 7 .  
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TABLE 1 6  SOLAR CELL I-V DATA 

6 0 1 0 5  W004CR001(1E15) WOO2 0 0  0 0 0  
*SOL4 1 / 7  / 8 0  AH1: P O = ~ I . ~ ~ M W / C H ^ ~  NO AR COATING 

I D  ISC VOC I P  LOG(I0)  N R FF E f f  

AVERAGES: 6 0 1 0 5  BASELINE WOO2 0 0  0 0 0  
22.48 e 5 5 7  20.77 -8 .293  1 .41  .40  - 7 5 4  9 . 9 8  

S TD - 1 6  . O O O  - 1 6  . 5 6 3  e l 1  e l 6  - 0 0 8  m12 
5 0 1 0 5  W004CR001(1El5)  

17.62 .529  1 6 . 1 1  -7 .890  1 . 5 3  . 5 3  - 7 3 2  7 .24 
S TD 1 .28  - 0 0 6  1 .46 1 .282  - 4 1  - 7 5  - 0 2 5  . 7 9  

PERCENT OF BASELINE 
78.4 95.0  77.6 104.9  1 0 8  125 .5  97.2 72.6 

S TD X 6.3 1.1 7.7 23 .0  4 0  315.6  4 .3  8 .9  

PCDa PCDb 



TABLE 16 SOLAR CELL I -V DATA (Cont . ) 

60225A W004CR001(1E15) WOO2 0 0  000  
*SOL4 1 1 7  I 8 0  AH1: P 0 = 9 1 . 6 0 ~ ~ / C t 4 ' 2  NO AR COATING 

I D  ISC VOC I P  LOG(I0) N R FF E f f  

AVERAGES: 60225A BASELINE WOO2 00  000  
22.27 - 5 5 9  20 .55  -8.062 1.48 -a00  - 7 6 0  10.01 

S TD . 1 4 . 0 0 0  .30 .833 . 21  . 2 6 . 0 1 5  - 2 3  
60225A W004CR001(1E15) 

18 .61  .525  17 .11  -6.290 1 .45  - 0 5  - 7 5 5  7.80 
S TD .83  - 0 0 4  .42 1.734 .45 1 .05  - 0 2 4  - 1 7  

PERCENT OF BASELINE 
83.5 93.9 83 .3  97.2 9 7 * * * * *  99.4 77.9 

STDX 4.3 - 8  3.3 34.4 4 9 * * * * *  5 .1  3.6 

PCDa PCDb 



TABU 16 SOLAR CELL I-V WTA (Coat-) 

60108 U005HH001(1.3E15) MOO2 00 000 
*SOL4 1 17 /80 AHl: P0=91.60H~/~H-2 NO AR COATING 

ID ISC VOC IP LOG(I0) N R FF Eff 

AVERAGES: 60108 BASELINE WOO2 00 000 
22.50 .350 21.03 -9-196 1.23 -16 -781 10-23 

S TD .09.000 -18 a704 - 1 1  -23 -006 -12 
60108 U005UN001(1~3E15) 

17-26 -518 16.08 -9.096 1.18 .45 -770 7.28 
S TD 934 .003 -33 -450 -07 -25 -006 a20 

PERCENT OF BASELINE 
76.7 94.2 76-5 101.1 96290.5 98.6 71.2 

STDX 1 .8 .5 2.3 12.8 15 822.5 1.6 2 . A  

PCDb 



TABLE 16 S O W  CELL I-tr DATA (Coat.) 

60114 U006NI001(1~6E15) YO02 00 000 
*SOL& 1 /7 /80  A X l :  P0=91.60HW/CHn2 NO AR COATING 

I D  ISC VOC I P  LOC(I0) J R FF E f f  

AVERAGES: 60114 BASELINE GO02 00  0G0 
22.49 a549 2 0 . 8 0  -8.185 1.41 .07 .76: 9.96 

S TD . 2 7  .OOO .30 -30; - 0 7  . I 6  -002 . ! 4  
6 0 1 1 4  W006NI001(1-6E15) 

22.11 -540 20.41 -8.059 1.42 -05  -759  9.59 
STD .42 -004 -45  -63' . I 5  -52 .009 -29  

PERCENT O F  BASELINE 
98.3 98.6  98.1 101.5 101 6 6 . 7  99.5 96.3 

S TD X 3 .  i .7 3.6 11.6 1 6 * * * * *  1.5 4.3 

PCDa PCDb 



TABLE 16 SOLAR CELL I - V  DATA ( C ~ n t  .) 

60120 W097ClJC@1(2E15) WOO2 0 0  000 
*SOL4 I /: I 8 0  AH1: ~ 0 - 9 1 . 6 0 ~ ~ / ~ ~ ^ 2  NO A R  COATING 

I D  1SC VOC I P  LOG(I0) N R  F F  E f f  OCD 

A V E R A G E S :  60120 BASELINE WOO2 00  000 
22.40 - 5 4 8  20.88 -8.949 1 - 2 6  - 2 5  - 7 7 3  10.04 - 0 0  

S TD . I 4  .002 . 23  - 6 1 3  e l 1  - 2 0  a006 e l 5  . O O  
60120 W007CU001(2El5) 

22.44 -547  20.86 -8.682 1.32 - 0 9  - 7 7 2  10.02 - 0 0  
S TD - 2 2  . 003  - 2 8  .817  e l 6  - 4 3  - 0 1 1  - 2 2  - 0 0  

PERCENT OF BASELINE 
100.2 99.7 99.9 103.0 104  35.6 99.9 99.8 ***** 

STD O 1.6 - 9  2.5 16.4 22 330.8 2.1 3.7 ***** 

PCDa PCDb 



TABLE 16 SOLAR CELL I-V DATA (Cont.) 

60204 W007CU001(2E15) WOO2 0 0  000  
*SOL4 1  /7  / 80  AIIl: PO-91 . ~ O M W / C M ' ~  NO AR COATING 

I D  ISC VOC I P  LOG(I0) N R FF E f f  9CD 

AVERAGES: 60204 BASELINE WOO2 00 000 
22.82 - 5 5 0  21.07 -7.884 1.50 - . 3 6  .769 10.21 3.97 

S TD .34 - 0 0 3  a52 -794  - 2 0  .21 -016  - 4 0  1.11 
60204 U007CU001(2E15) 

22.71 - 5 5 0  21.02 -8.445 1 .43  - . l o  - 7 6 8  10.14 3.68 
S  TD - 0 6  .002 - 3 6  1.523 .34 - 6 1  - 0 1 8  - 2 8  - 6 5  

PERCENT O F  BASELINE 
99.5 99 .9  99 .8  92 .9  95  171.6 100.0 99 .3  92.9 

STD X 1.8 .9 4.2 32.0 3 9 2 8 7 . 7  4 .5  6.7 47.2 

PCD a PCD b 



TABLE 16 SOLAR CELL I-V DATA (Cont.) 

60205 W008TI001(2E14) WOO3 00 000 
*SOL4 1  /7  / 80  A M l :  P0=91.60MW/CM-2 N O  AR COATING 

I D  ISC VOC I P  LOG(I0) M R FF Eff 

AVERAGES: 60205 BASELIYE WOO3 00 000 
22.72 -557  20.65 -6.759 1.83 -1.01 -757  10.14 

S TD .10 .001 e l 2  - 2 1 3  .01  -12  -004  .09 
60205 W008TI001(2E14) 

7.72 . 443  6 .97  -7.190 1.49 -.47 .727 2.63 
STD .09 - 0 0 3  .12 - 6 8 6  e20 .65 en21 - 0 9  

PERCENT OF BASELINE 
34.0 79.5 33.7 93.3 8 1  154.0 96.0 25.9 

S  TD % . 5  . 6  . 8  13.9 1 5  77.7 3.3 1.1 

PCDa PCDb 



TABLE 16 SOLAR CELL I-V DATA (Cont.) 

60206 W009V001(4E14) WOO3 00 000 
*SOL4 1 I7 /8Q AMl: P O = ~ ; . ~ O M W / C M - ~  NO AR COATING 

ID ISC VOC IP LOG(I0) N R FF Eff 

AVERAGES: 60206 BASELINE WOO3 00 000 
22.46 -554 20.68 -7.713 1.53 -.25 .762 10.03 

S TD .14 .001 .23 .408 -10 -17 -016 a26 
60206 W009V001(4E14) 

10.21 .467 9.48 -8.854 1.14 a22 -769 3.88 
S TD .02 .002 .05 -449 a08 -40 -008 a06 

PERCENT OF BASELINE 
45.5 84.2 45.8 85.2 74 288.9 100.9 38.6 

STDI .4 .5 . d  12.2 10 327.9 3.1 1.6 

OCD PCDa PCDb 



TABLE 16 SOLAR CELL I-V DATA (Cont.) 

60220 W010NI002(1.6El6) W003 00 000 
*SOL4 ! / ?  /80 AM1: PO=91.60MW/CMA2 NO AR COATING 

ID ISC VOC I P  LOG(I0) N R FF E f f  

AVERAGES: 60220 BASELINE WOO3 00 000 
22.12 . 5 5 2  20.17 -6.973 1.73 -.61 .751 9.70 

S TD .OO .OOO .OO .OOO .OO .OO .OOO .OO 
60220 d01ON1002 (1 -6E16) 

19.11 -528 17.67 -8.644 1.33 -42 -756 8.07 
S TD *?l -003 .35 1.333 -30 .55 .020 -27 

PERCENT OF BASELINE 
86.4 95.6 87.6 76.0 77 268.9 100.7 83.2 

S TD X .9 . 5  1.7 19.1 17 90.0 2.7 2.7 

'CDa PCDb 



TABLE 16 SOLAR CELL I-V DATA (Cont.) 

60221 WOllZR001(<7Ell) WOO3 00 000 
*SOL4 1 17 180 AM1: PO-91.60MW/CM"2 NO AR COATING 

ID ISC VOC IP LOG(I0) N R FF Ef f OCD 

AVERAGES: 60221 BASELINE WOO3 00 000 
22.45 .j49 20.41 -6.855 1-78 -.62 -747 9.74 3.20 

S TD .06 .002 .17 -557 el6 -15 -015 *22 e93 
60221 WOllZR001(<7Ell) 

22.07 .545 20.45 -8.417 1-38 -.08 a770 9.80 3.55 
S TD .28 -004 a37 1.114 .22 -45 -915 -29 .70 

PERCENT OF BASELINE 
98.3 99.2 100.2 77.2 78 187.7 103.2 100.6 111.1 

STDX 1.5 1.1 2.7 27.5 21 93.9 4.2 5.3 60.4 

PCDa PCDb 



TABLE 16 SOLAR CELL I-V DATA (Cont.) 

60225 W012CR002 (2E14) WOO2 00 000 
*SOL4 1 /7 /80 AMl: P0=91.60MW/CM"2 NO AR COATING 

ID ISC VOC IP LOG(l0) N R FF Eff OCD 

AVERAGES: 60225 BASELINE WOO2 00 000 
21.61 a555 19.95 -7.905 1.49 -.26 .766 9.71 2.60 

S TD 1.08 *003 1.04 .291 e07 -37 .004 .49 s92 
60225 W012CR002 (2E14) 

21.58 ,544 19.23 -6.000 2.16 -.98 e719 8.94 2.12 
S TD .36 ,006 -52 m822 -36 a51 .023 .42 -89 

PERCENT OF BASELINE 
99.9 98.2 96.4 124.1 145 ***** 93.8 92.1 81.7 

STDX 6.6 1.5 7.7 13.6 32 ***** 3.5 9.2 75.4 

PCDa PCDb 



TABLE 16 SOLAR CF I-V DATA (Cont .) 

60407 W013MN002 (2.5E14) BEFORE SINTER WOO2 00 000 
*SOL4 1 I7 180 AM1: P0=91*60MW/CMa2 NO AR COATING 

ID rsc voc IP LOG(IO) N R FF ~ f f  OCD PCDa PCDb 

AVERAGES: 60407 BASELINE 
22.46 ,550 20.53 

S TD a13 .003 -24 
60407 W013MN002 

22.23 -544 20.51 
S TD .20 .002 .29 

PERCENT OF BASELINE 
99.0 98.8 99.9 

STDX 1.5 1.0 2.6 

WOO2 0 0  000 
-7.340 1.67 -.44 a753 9.24 4-55 
1.139 e29 .42 0019 -27 -46 

(2.531 4) BEFORE SINTER 
-8.068 1.45 -SO2 .760 9.72 4.16 

.996 -22 a36 ,017 .25 a45 

60407A WO13MN002 (2.5E14) AFTER SINTER WOO2 00 000 
*SOL4 1 I7 180 AMl: P0=91.60MW/C~"2 NO AR COATING 

ID ISC VOC IP LOG(I0) N R FF Eff OCD PCDa PCDb 

AVERAGES: 60407A BASELINE WOO2 90 000 
22.80 -558 21.57 -10.959 1.00 a 5 3  .797 10.73 6.77 

S TD .14 ,002 el7 a516 .05 e40 a007 .01 -31 
60407A WO13MN002 (2.5E14) AFTE? SINTER 

22.21 ,542 20.70 -8.757 1.29 m.20 .784 9.98 4.12 
S TD a21 -005 -24 -900 .16 030 ,011 e 2 2  -45 

PERCENT OF BASELINE 
97.4 97.0 95.9 120.1 129-37.5 98.3 92.9 86.5 

STDX 1.5 1.4 1.8 12.4 24 128.1 2.3 2.2 15.6 
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TABLE 1 6  SOLAR CELL I-V DATA (Cant .) 

6 0 4 2 4  W0152N001 ( < 1 E 1 2 )  WOO2 0 0  0 0 0  
*SOL4 1 1 7  1 8 0  AM;: P0=91.60MW/CMn2 N O  AR COATING 

I D  ISC VOC I P  LOGiIO) N R F F  E f f  OCD PCDa PCDb 

AVERAGES: 6 0 4 2 4  BASELINE 
2 1 . 5 3  . 5 4 0  1 9 . 9 5  

S TD . 2 7  , 0 0 0  e 3 8  
6 0 4 2 4  W C  15Z:4001 

22 .11  .538  20 .27  
S  TD e l 5  - 0 0 4  . 2 3  

PERCENT OF BASELINE 
1 0 2 . 7  99.6  1 0 1 . 6  

STDX, 2.0  .7 3.1 



TABLE 16 SOLAR CELL I-V DATA (Cont .) 

60610 W016FE001 (8.9~14) WOO3 00 000 
*SOL4 1 /7 /80 AM1: P0=91.60MW/C~-2 NO AR COATING 

ID ISC VOC IP LOG(I0) N R FF Eff 

AVERAGES: 60610 BASELIKE 
23.08 .554 21.50 

S SD .10 .000 .a4 
60610 W016FE001 

20.69 .533 14.28 
S TD i.47 .007 1.36 

PERCENT OF BASELINE 
89.7 96.3 89.7 

S TD X 6.8 1.3 6.5 

OCD PCDn PCDb 



TABLE 16 SOLAR CELL I-V DATA (Cont . ) 
60316 W017CU002(1.9E16) WOO3 0 0  000 
*SOL4 1 /7 /80 AM1: P0-91.60MW/CH^2 NO AR COATING 

ID ISC VOC IP LOG(I0) N R FF Eff 

AVERAGES: 60316 BASELINE WOO3 CO 000 
22.63 -548 20.59 -6.866 1-76 -.74 a751 9.85 

STD .22 .003 .36 -605 a21 -27 -017 -35 
60310 W017CU002(1.9E16) 

21.64 -535 19-66 -6.355 1.96 -.89 -733 8.98 
S TD -29 .004 -28 - 8 3 8  -28 -54 a014 el9 

PERCENT OF BASELINE 
95.6 97.7 94.5 107.4 110 79.2 97.6 91.2 

STDX 2.2 1.3 3.1 21.4 31144.2 4.2 5.3 
60317 W018FEO02(1.7E15) WOO3 00 000 
*SOL4 1 /7 180 AM1: P0=91.60MW/CMn2 NO AR COATING 

I 3  ISC VOC IP LOG(I0) N R FF Eff 

AVERAGES: 60317 BASELINE WOO3 00 000 
22.00 .555 20.18 -7.472 1.63 -.45 -758 9.78 

S TD - 0 0  -003 -25 -825 -27 .44 -014 .22 
60317 W018Ft002(1*7E15) 

14.21 -495 12.58 -5.778 2.13 -1.94 -715 5.32 
,P TD -12 moo5 - 2 ~  ,443 -22 -49.013 -19 

PERCENT OF BASELINE 
64.6 69.3 62.3 122.7 131 *****  94.3 54.4 

STDZ .6 1.3 2.0 15.1 37634.6 3.5 3.2 

OCD 

OCD 

PCDa PCDb 

PCDa PCDb 



TABLE 16 SOUR CULL I-V DATA lt .) 

60323 W919CLl003(4EL4) WOO3 00 000 
*SOL4 1 /7 ;80 AMl: P0-91.60MW/C~-2 NO AR COATING 

ID ISC VOC I P  I.OG(10) N R FF E f f  OCD PCDa PCDb 

A V E R A G E S :  00323 BASELINE WOO3 00 OOC 
22-00 - 5 5 0  20.59 -9.707 1.14 -69 .?be 9.80 4.55 9-42 11.65 

S TD .OO -000 .00 ,000 . 00  .OO .00O .OO .OO * a 
00323 W019CU003(4E14) 

22-08 - 5 5 5  20.49 -8.577 1.32 - 2 3  -7bb 9.74 1.34 1 - 9 5  4-30 
STD . 3 4  .007 - 3 5  - 5 5 5  -10 -67.023 .33 -49 * 

PERCENT O F  B A S E L I N E  
100.3 99.1 99.5 111.6 116 2 e . 4  100.0 9 9 . 4  8 8 . 9  23.2 30.9 

STD .% 1.5 1.3 1.7 5.7 8 75.1 3 . 0  3.4 10.8 .O .O 

I D  I S C  VOC' IF LUC(I0) N R  F F  E f f  O C D  P C r a  P C D b  

A V E h A G E S :  h O G ? ?  H A S E I . I H E  
2'2.23 . 5 4 &  2 0 . 8 s  

S Ti1 3 2 . I 2  
60427 W 0 2  I N C 0 0 1  

22.30 , 5 4 3  2 0 . 5 7  
S TD . 2 4  . 0 0 b  . 2 5  

P E R C E N T  O F  B A S E L I N E  
1 0 0 . 2  0 8 . 9  9 9 . 8  

STDX 1. i  1 . 5  1.7 



TW.E 16 SOL4R CELL I-V DAT4 (Cont .) 

6 0 4 2 1  W021HC002 ( 3 E 1 3 )  WOO2 0 0  0 0 0  
*SOL4 1  / 7  1 8 0  AHl: P 0 - 9 1 . 6 0 ~ ~ / ~ ~ - 2  NO AR COATING 

I D  I S C  VOC I P  L @ G ( I ~ )  N R FF Ef E 

AVERAGES: 6 0 4 1 1  BASELINE WOO2 0 0  0 0 0  
2 2 . 6 8  - 5 4 5  2 1 . 1 2  - 8 . 5 0 1  1 - 3 3  - .41  - 7 8 8  1fi .30 

S  TD . 1 9  .OOO . 1 0  - 2 1 1  - 0 4  - 1 7  - 0 0 7  - 1 6  
6 0 4 2 1  U024MC002 ( 3 E 1 3 )  

2 2 . 4 8  - 5 4 1  2 0 . 9 1  - 8 . 5 2 7  1 . 3 3  - .26  - 7 8 1  1 0 . 0 4  
S TO - 1 3  - 0 0 5  - 2 3  .833 . 1 7  . 3 2  . 0 1 1  . 2 2  

PERCENT O F  BASELINE 
9 9 . 1  9 9 . 2  99 ."  9 9 . 7  1 0 0  1 3 6 . 0  99 .1  9 7 . 5  

STDX 1 . 4  . 8  2 .0  1  1 6  1 3 6 . 2  2.2 3 .7  

OCD PCDa PCDb 



TAELE 16 SOLAR CELL I-V DATA ( C m t  .) 

60422 W026UN003 (1 -2E13)  W002 0 0  000 
*SOL4 1  17  I 8 0  AHl: P0=91.60~V/CH-2 NO AR COATING 

AVERAGES: 60422 BASELINE Woo2 00 000  
22.58 - 5 5 3  20.84 -7.916 1.49 - . 20  - 7 6 5  1C.10 

S TD .29 .003 .27 -584 - 1 3  . 2 5 . 0 0 6  - 1 7  
60422 W026PN003 (1.2E13) 

22.50 .545 20.71 -7.906 1.51 -.11 . i 5 8  9.83 
S TD . O O . O O O  - 2 9  1.082 - 3 0  . 5 3 . 0 1 7  - 2 2  

PERCENT O F  BASELINE 
99.7 98.5 99.4 103.1 101 142.0 99.1 97 .3  

STDX 1.3 .6 2.7 22.0 3 1 6 8 7 . 7  3.0 3.9 

OCD PCDa PCDb 



TABLE 16 SOLAR CELL I -V MTA (bnt ) 

6 0 4 2 3  W027CU-HNOO1 (1.7E15.1.3E15) WOO2 0 0  0 0 0  
*SOL4 1 / 7  I 8 0  AMl: P0=91.60HU/CN^2 NO AR COATING 

AVERAGES: 6 0 4 2 3  BASELINE WOO2 0 0  OOC 
2 2 . 8 8  - 5 5 0  20 .95  -7 .276 1 . 6 8  - a 7 0  - 7 6 1  10 .13  

S TD .24 - 0 0 0  - 2 4  a 9 5 5  - 3 0  - 4 5  - 0 1 7  -18 
6 0 4 2 3  W027CU-HN001 (1 .7E15 ,1 .3E;5)  

16 .87  - 5 1 0  15.57 -7 .984 1 . 3 8  -.40 - 7 6 8  6 . 9 8  
S TD - 4 6  - 0 0 0  - 4 7  - 6 3 2  -13 - 4 7  - 0 1 4  . 2 6  

PERCENT OF BASELINE 
73.7 92.7  74.3 9 0 . 3  8 2  143.3  100.8  68 .9  

STDX 2.8 - 1  2.9 2 4 . 2  24 1 4 6 - 2  4 .1  3 .8  

60409A W028hL001 ( 2 . 6 E l 6 )  WOO2 0 0  0 0 0  
+Sat4 1 ;; ;bJ AH1: ? 3 = 3 i . C 3 & b ~ i C ~ ' Z  NO AK COATING 

I D  ISC VOC I P  LOG(1O) N R FF E f f  

AVERAGES: 60409A BASELINE WOO2 00 0 0 0  
22.75 - 5 4 0  20.91 - 7 . 4 1 3  1 .57 -.62 - 7 6 7  9 .96 

S TD . O O  s o 0 0  . I 4  .412  .12 .12  . 0 1 1  . 1 5  
60409A W028AL001 ( 2 . 6 E 1 6 )  AFTER SINTER 

1 7 . 9 3  . 5 2 7  1 6 . 5 7  -8 .097  1 . 4 0  - .27 . 7 6 7  7 .67 
S TI, . 5 5  - 0 0 4  . 5 5  - 7 0 9  - 1 5  a40  - 0 1 0  . 3 0  

PERCENT OF BASELINE 
78.8  97.6  79.2  9 0 . 8  8 9  1 5 6 . 1  1 0 0 . 1  77.0  

STDX 2.4 a8 3.2 16.2  17  8 4 . 5  2 .8  4.2 

OCD 

OCD 

PCDa PCDb 

PCDa PCDb 



TABLE 16 SOLAR CELL I-V DATA (mt.1 

6 9 6 1 1  V029CR003 (1 .2E13)  V025 0 0  0 0 0  
*SOL4 1 / 7  / 8 0  A X l :  ~ 0 - 9 1 . 6 0 X ~ / C ! 4 ^ 2  NO AR COATING 

I D  ISC VOC I P  LOG(I0) N R FF Eff 

AVERAGES: 6061  1  BASELINE 
22.32 .541 20.88 

ST0 - 1 5  .OOO - 1 9  
0 0 6 1  1 U029CR003 

22.92 .542 21.37 
S  TD - 1 8  - 0 0 2  - 2 0  

PERCENT OF BASELINE 
102.7 100 .2  102 .3  

STDX 1.5 . 3  1.9 

OCD PCDa PCDb 



TABLE 16 SOLAR CELL I-V DATA (Cont .) 

60510 W030CR-CU001 (1E15-1.7E15) WOO2 0 0  000  
*SOL4 1  1 7  / 8 0  AH1: PO=91.60MW/CH^2 NO AR COATING 

I D  ISC V O C  I P  LOG(I0) N R FF Eff OC3 

AVERAGES: 6n519 BASELINE WOO2 0 0  0 0 0  
21 .95  - 5 4 7  20.53 -9.251 1.22 - 6 4  - 7 8 6  9 .98  4.94 

S TD .09  . O O O  . I 5  - 8 7 5  - 1 3  - 2 6  - 0 0 7  .09 - 0 0  
60510 W030CR-CU001 ( 1 E 1 5 - 1 . 7 ~ 1 5 )  

16 .70  - 5 0 3  15.57 -9.109 1 .16  - 3 1  - 7 7 3  6.87 - 7 8  
STD .57 - 0 0 6  - 6 0  a786 - 1 1  .24 - 0 1 0  - 3 7  . I 5  

PERCENT OF BASELINE 
76.1 91.9 75.8 101 .5  9 5 8 0 6 . 5  98.4 68.8 15.8 

S TD X 2.9 1 .0  3.5 18 .6  2 0 * * " * *  2.2 4.4 3.1 

PCDa PCD b 



TABLE 16 SOLAR CELL I-V DATA (Cont .) 

60511 W031CR-PIN001 (1E15-1.3E15) WOO2 0 0  000 
*SOL4 1 /7 /80 AMl: ~0=91.60MW/CM^2 NO AR COATING 

ID ISC VOC IP LOG(I0) N R FF E f f  

AVERAGES: 60511 BASELINE WOO2 00 000 
22.30 -550 20.92 -9.642 1.19 -.03 a793 10.29 

S TD .OO -000 -21 1.411 .21 -41 -011 -15 
60511 W031CR-MN001 (1E15-1.3E15) 

12.10 -471 11.23 -8.786 1.15 -18 e769 4.63 
S TD -56 a004 .49 -561 -10 -61 .006 -25 

PERCENT OF BASELINE 
54.3 85.6 53.7 108.9 97 786.4 96.9 45.0 

STDX 2.5 -8 2.9 20.0 27 ***** 2.2 3.2 

OCD PCDa PCDb 



TABLE 16 SOLAR CELL I-V DATA (Cont .) 

60607 W032MC003 (3 .2E14)  WOO3 00  000 
*SOL4 1  / 7  / 80  AMI: PO-91 .60MW/CH^2 NO AR COATING 

I D  ISC  V O C  I P  L O G ( I Q )  N R FF ~ f f  

AVERAGES: 60607 BASELINE WOO3 00 000 
22e40 -551  20.96 -9.148 1 .23  -.08 - 7 9 0  10.31 

S TD .20 - 0 0 2  .23  , 2 3 3  .04 .09 .002 e l 5  
60607 WO32MGOO3 (3 .2E14)  

22.56 - 5 4 8  21.03 -8.744 1.30 - a l p  , 7 8 4  10025 
S TD SO6 - 0 0 2  a14 . A 4 7  a12 e 3 1 . 0 0 6  * 0 8  

PERCENT OF BASELINE 
100.7 99.5 100 .3  104.4 106  -19.3 9 9 . 3  99.4 

STDX 1.2 - 6  1.7  9.7 1 4 * * * * *  1 .0  2.2 

PCDa PCDb 



TABLE 16 SOLAR CELL I-V DATA (Cnnt .) 

60608 W033TI002 (2El2) WOO3 00 000 
*SOL4 1 /7 /80 AMl: P0-91.60MW/CM-2 NO AR COATING 

ID ISC VOC IP LOG(I0) N R FF Eff 

AVERAGES: 60608 BASELINE WOO3 0 0  000 
22.30 -555 20.90 -9.417 1.20 .04 -790 10.34 

S TD .19 .OOO .23 ,688 el0 .20.009 -19 
60608 W033TI002 (2E12) 

19.45 -536 18.19 -9.385 1.14 .17 el83 8.63 
S TD - 3 5  0003 .27 a941 .18 a36 a012 - 1 7  

PERCENT OF BASELINE 
87.2 96.6 87.0 100.3 99 383.2 99.1 83.5 

STDX 2.3 - 5  2.3 18.0 24 *****  2.7 3.2 

PCDa PCDb 



TABLE 16 SOIAR CELL I-V DATA (Cont .) 

60609 W035V002 (4E12)  WOO3 0 0  000  
*SOL4 1 17 180  A M l :  PO=91,60MW/Cbi^2 NO AR COATING 

I D  ISC VOC I P  LOG(I0)  N R FF E f f  

AVERAGES: t q 6 0 9  BASELINE WOO3 00  000  
22.69 e554 21.31 -9.681 1 .15  a13  - 7 9 2  1 0 . 5 3  

S TD . 3 2  . O O O  .37 - 3 4 0  . 0 5  . 04  - 0 0 7  e25 
60609 W035V002 (4E12)  

18.17 - 5 2 3  17 .03  -9.582 1.12 - 2 7  - 7 8 5  7.89 
S TD - 2 4  . 003  e l 8  - 4 6 6  - 0 6  . 1 4 . 0 0 5  .09 

PERCENT OF BASELINE 
80 .1  94.4 79.9 101 .0  9 7 2 0 8 . 7  9 9 . 1  74.9 

STDX 2 . 2  . 5  2.3 8 .5  10  207.2 1 .6  2.7 

PCDa PCDb 



TABLE 1 6  SOLAR CELL t- ,V DATA (Cont . ) 

6 0 7 1 4  W036ZR002 ( ( 1 . 4 E 1 2 )  W025 0 0  0 0 0  
*SOL5 1 / 7  / d o  AM1: P0=91.60MW/CM-2 N O  AR COATING 

I D  ISC V O C  I P  L O G ( I 0 )  N R FF E f f  

AVERAGES: 6 0 7 1 4  BASELINE W025 0 0  0 0 0  
2 2 . 4 8  . 5 4 8  20.62 -7 .324  1 . 6 2  - . 5 7  , 7 6 1  9 . 9 3  

S TD e l 9  . 0 0 1  .22 . 3 4 1  e l 0  a17  , 0 0 5  e l 2  
6 0 7 1 4  W036ZR002 ( ( 1 . 4 E 1 2 )  

20 .06  . 5 2 8  1 8 . 0 6  - 6 . 4 5 9  1 . 8 7  - . 6 0  - 7 2 8  8 . 1 6  
S TD e l 8  , 0 0 2  e l 8  e 4 7 4  . 2 0  - 2 5  * 0 1 5  e l 8  

PERCENT OF BASELINE 
8 9 . 3  9 6 . 3  8 7 . 6  1 1 1 . 8  1 1 6  9 4 . 1  9 5 . 6  82.2  

STDX 1 .6  .6 1 . 8  1 0 . 9  2 0  8 6 . 7  2 . 7  2 . 8  

OC3 PCDa PCDb 



TABLE 16 SOLAR CELL I-V DATA (Cont.) 

6072 1 W037ZR-TI001 (7Ell-2 2E14) W020 @O 000 
*SOL5 1 /7 /80 AM1: P0=91.60MW/C~^2 NO AR COATING 

ID ISC VOC IP LOG(I0) N R FF Eff 

AVERAGES: 6 ~ 1 2 1  BASELINE W020 00 000 
22.8. -555 21.08 -7.813 1.50 -.47 -773 10.35 

S TD el9 .001 el8 ,263 -06 -13 -004 .08 
60721 W037ZR-TI001 (7Ell-1.6E14) 

13.67 .462 1 ~ . 0 7  -6.041 1.88 -.31 .690 4.61 
S TD -33 -003 e39 .465 .25 -81 -010 el8 

PERCENT OF BASELINE 
59.9 83.2 57.2 122.7 125 134.8 89.3 44.6 

STDX 1.9 .6 2.4 8.8 23 236.5 1.7 2.1 

PCDa PCDb 



TABLE 16 SOLAR CELL X-V DATA (Cont.) 

60803 W038AL002 (6E16) W020 00 000 
*SOL5 1 /7 I80 AM!: P 0 = 9 1 . 6 0 ~ ~ / C ~ ^ 2  NO AR C O A T I N G  

ID ISC VOC IP LOC(I0) N R FF E f f  

AVERAGES: 60803 BASFLINE WO2O 00 000 
22.68 .554 20.77 -7.247 1 .68  -a60 a759 10.09 

S TD 1 2  0 1  -25 .643 el9 a30 .011 a18 
60803 W038AL002 (6E16) 

18-02 -520 16.20 -6.525 1.83 - * 3 9  .722 7.16 
S TD .I9 -002 a16 m374 a14 .22 -009 e l 1  

P E R C E N T  O F  SASELINE 
79.4 93.8 73.0 110.0 109134.1 95.2 70.9 

S T D X  1.3 . 4  1.7 13.6 2 2  86.9 2 . 6  1.3 

P C D a  P C D b  



TABLE I 6  SOLAR CELL I-V DATA (Cont.) 

60805 W039NI.003 (TWINNED) (3.3E16) W020 00  000 
*SOL5 1  / 7  / 8 0  A M l :  P 0 = 9 1 . 6 0 ~ W / C ~ - 2  NO AR COATING 

AVERAGES: 60805 BASELINE 
22.63 -555  20.99 

S TD - 0 5  .002 - 0 4  
60805 W039NI003 

21.95 - 5 4 8  20.09 
S  TD . 11  . O O l  .20 

PERCENT OF BASELINE 
97.0 98.8 95.7 

STDX .7 .6 1.1 

W020 00  000 
-8.230 1.41 -.26 - 7 7 6  10.30 

-368 . 08  - 1 5  - 0 0 4  .O6 
(TUINNED) (3.3E16) 

-7.257 1 .66  - .61 .758  9 - 6 5  
a643 - 2 1  e 3 2 . 0 1 2  - 1 6  

OCD P C D a  PCDb 



TABLE 16 SOLAR CELL I-V DATA (Cont .) 

60811  W040CR-NI001 (8E14-1.3E16) V020 0 0  000  
*SOL5 ! !7 1 8 0  A M l :  P0=91.60MW/CMA2 NO AR COATING 

I D  ISC VOC I P  LOG(I0)  N R FF E f f  

AVERAGES: 6081  1 BASELINE W020 0 0  000  
22.68 - 5 5 5  20.92 -7 .770  1 .53  - .45 - 7 6 9  10 .24  

S  TD - 2 2  -002  e09 e667 - 1 7  - 2 4  - 0 1 1  - 1 1  
6 0 8 1 1  W040CR-NI001 (8E14-1.3E16) 

19.69 .517 17 .73  -6 .408  1 .85  - .79 - 7 3 1  7.91 
S  TD 1.58 a018 1 .55  - 4 7 6  e l 7  - 3 6  - 0 1 8  1 . 0 6  

PERCENT OF BASELINE 
86.8 93 .0  84 .8  117.5 I 2 1  23.7 95.1 77 .2  

S  TD X 7.9 3.7 7.8  13.8 2 6  221.4 3.7 11.2 

OCD PCDa PCDb 



60809 W041CR-CU-ti1001 (8E14-1.7E15-i.3E16) W020 00 000 
*SOL5 1 17 180 AUl: P0=91.60HW/CH"2 NO AR COATING 

ID ISC VOC IP LOG(I0) N R FF Eff 

AVERAGES: 60809 BASELINE W020 00 000 
22.90 -552 21.27 -8.305 1.39 -.31 -780 10.43 

S TD .I6 -000 - 1 9  -263 -05 -09 *003 - 1 1  
60809 WC41CR-CU-NI001 (8El4-l.7El5-1.3El6) 

18.97 -508 16.69 -5.524 2.26 -1.36 -704 7.19 
S TD 1.26 -011 1.19 -443 -25 .48 .017 -75 

PERCENT OF BASELINE 
82.8 91.9 78.5 133.5 163 ***** 90.3 69.0 

STDX 6.1 2.0 6.4 7.6 25 322.5 2.6 8.1 

OCD PCDa PCDb 



TABLE 16 SOLAR CELL I-V DATA (Cant .) 

00820 U042TI003 (4El3) W020 00 000 
*SOL5 1 17 180 Anl: ~0=91.60~W/CH^2 NO AR COATING 

ID ISC voc IP LOG(I0) Y R FF ~ f f  

AVERAGES: 60820 BASELINE 9020 00 000 
22.70 .550 20.94 -7.766 1-52 -.35 -767 10.24 

S TD .23 .002 .21 .27i .07 -12 -003 -08 
60820 W042TI003 (4E13) 

16.39 -494 14.47 -5.882 2.03 -a59 -696 5-96 
S TD -18 -001 el9 -414 -18 .37 .009 el0 

PERCENT OF BASELINE 
72.2 88.8 69.1 124.3 134 32.2 90.7 58.2 

STDX 1.6 -5 1.6 8.2 18 198.1 1.6 1 . 4  

PCDa PCDb 



TABLE 16 SOLAR CELL I-V DATA (Cont .) 

40823 W043FE-TI001 (5.6E14-3.3E13) WO20 00 000 
*SOLS 1 /7 /80 AH1: PO=91*6@MW/CK^2 NO AR COATING 

ID ISC VOC IP LOG(I0) N R FF Eff 

AVERAGES: 60823 BASELINE W020 90 000 
22.96 .555 21.03 -7.234 1.69 -.68 -761 10.25 

S TD .29 .001 .43 .724 -23 -41 -010 -25 
60823 W043FE-TI001 (5.6E14-3.3313) 

16.14 .487 14.22 -5.823 2.06 -.74 -694 5.78 
S TD -12 -003 -21 .564 .32 .68 .Oi4 .I3 

PERCENT OF BASELINE 
70.3 87.8 67.6 1i9.5 122 90.8 91.3 56.4 

STD Z 1.4 -7 2.4 16.6 38227.2 3.2 2.6 

OCD PCDa PCDb 



TABLE 16 SOUR CELL 1-V DATA ( C o n t . )  

ID ' S C  VOC I P  L O G ( I 0 )  N R FF Eff 

A V E R A G E S :  60827 BASELINE W020 00 000 
23.16 .555 21.48 - 8 . 3 3 8  1.40 - .I2 .773 10.51 

S TD .23 .001 .f 3 a752 - 1 5  e l 3  .013 .26 
60827 W044FE003 (1.7E13) 

23.17 -556 2 1  - 6 2  -9.030 1.26 - 1 7  -778 10.59 
S TD -52 -003  -36  -632 -10  a25 -017 -13 

P E R C E N T  O F  B A S E L I N E  
100.0 100.1 100.6 91.7 9 3  334.0 100.7 100.7 

STDX 3.3 - 7  3.2 18.0 18 534.7 3.9 3.7 

OCD P C D a  PCDb 



TABLE 16 SOLAR CELL I-V DATA (Cont .) 

61019 U045CR-FE-TI001 (6.5E14-4.3E14-3.9Elj) W020 0 0  000 
*SOL3 1 I7 I80 AM1: P0=91.60MU/~M-2 NO AR COATING 

ID ISC VOC IP LOG(I0) N R FF Ef f OCD 

AVE'RAGES: 61019 BASELINE W020 00 000 
22.73 -554 21.02 -7.925 1.48 -.44 -774 10.32 4.58 

S 'I'D .05 .001 .02 -228 -05 a13 -003 -01 - 3 7  
6i019 U045CR-FE-TI001 (6.5E14-4.3E14-3.9E13) 

16.52 -490 14.99 -7.139 1.60 -.55 0743 6.36 e24 
S '2D 1.75 a016 1.26 .883 .46 .66 .020 -72 - 3 8  

PERCENT OF BASELINE 
72.7 88.4 71.3 109.9 108 73.9 96.0 61.6 5.2 

STDX 7.8 3.0 6.1 14.1 36 232.1 2.9 7.1 3.4 

PCDa PCDb 



TABLE 16 SOLAR CELL I-V DATA (Con t . ) 

60902 P046FE-V001 (5.7E14-7E13) W020 0 0  000 
*SOL3 1 /7 /80 AH1: P O = ~ ~ . ~ O M W / C M ^ ~  NO AR CQATING 

ID I S C  VOC IP LOG(I0) N R FF Eff 

AVERAGES: 60902 BASELINE W020 03 000 
22.74 -558 21.31 -9.422 1.21 .I2 .787 10.57 

S TD .08 ,001 .14 a645 el0 .20.007 -12 
60902 W046FE-V001 (5e7E14-7E13) 

17.48 -497 16.09 -7.727 1.42 -.58 e765 7.03 
S TD .27 .002 .36 .815 el9 -55 -008 el8 

PERCENT OF BASELINE 
76.9 89.0 75.5 118.0 117***** 97.2 66.5 

STDX 1.5 -5 2.2 14.9 27 *****  1.9 2.5 

OCD PCDa PCDb 



TABLE 16 SOLAR CELL I-V DATA (Cont.) 

ID ISC VOC IP LOG(I0) N R FF Ef f OCD 

AVER. ;ES: 6 i--)L6 BASELINE W020 00 000 
22-90 .559 21.31 -8.519 1.36 -.20 ,781 10.57 4.55 

S TD .08 .001 el2 -384 .07 -15 -004 .07 - 0 0  
61026 W047CU-NI-ZROOI (1.7E15-4.7E15-2.1Ell) 

21-48 - 5 4 3  19.86 -8.113 1.44 m.21 .76d 9.48 1.95 
S TD .I-! .001 .22 .832 .23 .60 -056 el0 .OO 

PERCENT OF BASELINE 
93.8 97.2 93.2 1 0 4 . 8  106 94.6 98.4 89.7 42.9 

S TD % 1 .O -3 1.6 14.5 23605.0 1.3 1.6 .O 

PCDa PCDb 



TABLE 16 SOLAR CELL I-V DATA (Cont.) 

6 0 9 1 4  W04RTI004 ( 2 E l l )  W002 0 0  0 0 0  
*SOL3 1  / 7  1 8 0  A M 1 :  P 0 = 9 1 . 6 0 ~ ~ / C M * 2  NO AR COATING 

I D  ISC V O C  IP L O G ( I 0 )  N R  FF Eff 

AVERAGES: 6 0 9 1 4  BASELINE Woo2 0 0  0 0 0  
2 2 . 9 7  - 5 5 7  2 1 . 1 2  - 7 . 6 8 0  2.61 - .57 - 7 6 7  1 0 . 3 8  

S TD - 1 2 . 0 0 1  a29  1 . 2 0 6  - 3 5  - 5 5 . 0 1 8  . 2 4  
6 0 9 1 4  W048TI004 ( 2 E l l )  

22 .69  . 5 5 1  2 0 . 8 9  -7 .598  1 . 5 7  - . 5 8  - 7 6 8  1 0 . 1 6  
S  TD .14 . 0 0 1  . 2 0  . 7 4 4  .20  .39  . 0 0 9  - 1 4  

PERCENT OF BASELINE 
9 8 . 8  9 8 . 8  9 8 . 9  1 0 1 . 1  9 8  99 .3  1 0 0 . 2  9 7 . 9  

STDX 1 . 1  - 3  2 .3  26 .7  3 6 2 3 0 . 6  3 .6  3 .6  

OCD PCDa PCDb 



TABLE 16 SOLAR CELL I-V DATA (Con t .) 

61022 W049V003 (4Ell) W020 00 000 
*SOL3 1 17 /80 AMl: P0=91.60MW/C~"2 NO AR COATING 

ID ISC VOC IT LOG(I0) N R FF E f f  

AVERAGES: 61022 BASELINE W020 0 0  000 
22.40 .556 20.61 -7.434 1.61 w.70 .769 10.13 

S TD .DO .OOO .OO .OOO .OO .OO .OOO .OO 
61022 W049V003 (4Ell) 

22.37 . 5 5 C  20.42 -7.090 1.76 e.95 -760 9.88 
S TD -07 .001 -37 1.114 .38 a79 ,013 .2O 

PESCENT OF BASELINE 
99.9 98.8 99.1 104.6 110 64.8 98.8 97.5 

STDX .3 e l  1.8 15.0 24 112.3 1.7 2.0 

OCD PCDa PCDb 



TABLE 16 SOLAR CELL I-V DATA (Cont.) 

61020 W050TI-V001 (2Ell-4Ell) W020 00 000 
*SOL3 1 17 180 AM1: ~ 0 = 9 1 . 6 0 ~ ~ / C M - 2  NO AR COATING 

ID ISC VOC IP LOG(X0) N R FF Eff 

AVERAGES: 61320 BASELINE W020 00 000 
23.40 e561 21.81 -8.775 1.32 -00 a779 10.82 

S TD .17 .001 .13 .527 -10 -18 a006 .08 
61020 W050TI-V001 (2El1-4Ell) 

20.34 .525 18.72 -7.661 1.48 - 41 -764 8.62 
S TD .17 .OO1 .17 -368 -09 .!.9 .005 -09 

PERCENT OF BASELINE 
86.9 93.6 85.8 112.7 112 ***** 98.1 79.7 

STDX 1.3 . 4  1.3 9.7 1 6 * * * * *  1.3 1.4 

OCD PCDa PCDb 



TABLE 16 SOLAR CELL I-V DATA (Cont . ) 
60908 ~051CU/TI001 (1.7El5-2E14) Woo2 00 000 
*SOL3 1 I7 I80 AM1: P0=91.60MW/CMn2 NO AR COATING 

ID ISC VOC IP LOG(I0) N R FF Cff OCD OCDa PCDb 

AVERAGES: 60908 BASELINE WOO2 0 0  000 
22.33 -557 20.61 -7.944 1.51 -.34 e768 10.10 3.58 8.57 6.34 

E TD .57 -003 .66 e925 -23 -39 e012 a36 .95 * * 
60908 W051CUITI001 (1.7E15-2E14) 

13.82 -464 12.57 -7.146 1.48 -.53 -742 5.03 el0 1.57 -53 
S TD .12 .OO2 el7 .515 -15 a56 -007 .08 .OO * A 

PERCENT OF BASELINE 
61.9 83.4 61.0 110.0 38 44.9 36.5 49.8 2.8 L6.3 7.9 

STDX 2.7 - 8  2.8 17.7 27 520.8 2.4 2.6 .7 .O .O 
61213 W055CU004 (5E13) W020 00 000 
*SOL3 1 I7 I80 AMl: P O = ~ ~ . ~ O M W / C M ^ ~  NO AR COATING 

ID ISC VOC IP LOG(I0) N R FF Eff OCD PCDa PCDb 

AVERAGES: 612 13 BASELINE 
22.83 -556 20.89 

S TD .09 .001 .24 
61213 WO55CU004 

23.05 .553 21.03 
5 T 11 .23 .001 .20 

PERCF3T OF BASELINE 
100.9 ?Q.4 100.7 

STD X 1.4 .4 2.2 



TABLE 16 SOLAR CELL I - V  D.'iTA (Cont.) 

70201  W056CU005 ( 6 . 5 E 1 6 )  BEFORE SINTER W020 0 0  0 0 0  
*SOL3 1 1 7  / 8 0  hMI: PO=91.60MW/CM-2 N O  A R  COATING 

I D  ISC V O C  I P  L O C ( I 0 )  N R FF E f f  O C D  PCDa PCDb 

AVERAGES: 7 0 2 0 1  BASELINE WO2O 0 0  0 0 0  
2 2 . 8 0  . 5 5 3  2 0 . 8 6  - 7 . 3 1 0  1 . 6 3  - . 2 0  - 7 4 9  9 . 9 9  

S  TD . l o  . O O O  . 0 7  - 0 6 2  - 0 2  . 1 2 . 0 f 3 3  , 3 1  
7 0 2 0 1  W056CC005 ( 6 . 5 E 1 6 )  BEFORE S1Y::R 

2 2 . 4 5  . 5 4 5  2 0 . 1 5  - 6 . 2 5 1  1 . 9 9  - a 6 2  - 7 2 4  9 - 3 7  
S  TD . I 3  . 0 0 2  .2O . 3 1 6  . I 3  . 2 3  . 0 1 1  . I 7  

PZRCENT OF BASELINE 
98 .4  9 8 . 5  9 6 . 6  l i 4 . 5  122 * * * * *  9 6 . 7  9 3 . 8  

STD% 1 . 0  . 3  1 . 3  5 . 1  ! d  1 7 2 . 0  1 .9  1 . 8  
7 0 2 0 1 ~  WO56CU005 ( 6 . 5 E 1 6 )  AFTER SINTER W020 0 0  0 0 0  
*SOL3 1 / 7  / 8 0  AM1: P0191-6UMW/C~*2 N3 AR C3ATING 

ISC V O C  I P  L O G ( I 0 )  N R FF E f f  

AVERAGES: 70201A BASELINE W020 0 0  0 0 0  
2 2 . 4 0  . 5 5 8  20.24 - 6 . 3 5 0  1 . 9 8  - 1 . 1 4  . 7 4 6  9 . 8 6  

S  TD . O O  . O O O  . O O  . O O O  . 0 0  . O O  . 0 0 0  . O O  
70201A K056CU005 ( 6 . 5 E 1 6 )  AFTER SINTER 

2 2 . 4 2  , 5 4 9  2 0 . 2 0  - 6 . 4 5 4  2 .00 - . 9 8  - 1 3 "  9 . 6 0  
S  TD . I 5  , 9 0 2  . 4 6  - 8 9 7  - 5 1  . 5 9  - 0 2 8  . 3 7  

PERCENT OF BASELINE, 
1 0 0 , l  9 8 . 3  9 9 . 8  9 8 . 4  1 0 1  1 l 3 . 8  '39.0 97 .4  

STDX . 7  - 4  2 . 3  1 4 . 1  2b 51 .6  3 . 7  3 .8  
PO. h 

9 . 3  



TABLE 16 S O U R  CELL I-V DATA ( C ~ n t  .) 

702llA W061CR-TI001 (1E15-l.lEl3) AFTER SINTER W020 0 0  000 
*SOL3 1 /7 /80 AH1: P0=91.6OMW/CH-2 NO AR COATING 

ID ISC VOC IP LOG(1O) N R FF Eff OCD 

AVERAGES: 70211A BASELINE W020 0 0  000 
~L.92 -561 21.07 -7.635 1.57 -.18 .757 10.29 4.45 

S TD .13 .001 .20 .589 .12 -18 a008 el6 - 4 3  
7021lA W061CR-TI001 (1E15-l.lE13) AFTER SINTER 

16.77 - 4 9 8  15.08 -6.611 1-73 - . 2 0  .719 6.35 el3 
S TD -79 -004 -71 ,316 -11 e26.007 -35 a00 

PERCENT OF BASELINE 
73.2 88.8 71.6 113.4 110 88.1 95.3 61.7 2.9 

STDX 3.9 .8 4.1 9.9 16 425.7 2.0 4. .3 

PCDa PCD b 



TABLE 16 SOLAR CELL I-V DATA (Cont .) 

70211 U061 CR-TI 001 (1Z15-l.lE13) BEFORE SINTER W020 00 000 
*SOL3 1 /7 /80 AMl: P0=91.60MW/CHA2 NO AR COATING 

ID ISC VOC I P  LOG(I0) N R  FY Eff OCD 

AVERAGES: 70211 BASELINE W02b 00 000 
23.05 . 5 5 5  20.87 -6.795 1.81 -el5 e730 9.88 4.26 

S TD .15 .002 .11 -466 -16 -25 .O!O -14 - 2 5  
70211 W061 C R - T I  001 (1E15-l.lZ13) BEFORE SINTER 

17.12 -496 15.10 -5.955 2.04 -.30 0690 6.20 -13 
S TD .62 a003 .64 a638 .39 .90 -016 -32 - 0 0  

PERCENT OF BASELINE 
74.3 89.4 72.3 112.4 112 6.8 9 4 . 5  62.8 3.1 

STDX 3.2 -9 3.5 16.1 34 *****  3.5 4.2 . 2  

PCDa PCDb 



TABLE 16 SOLAR CELL I-V DATA (Cont.) 

7C2112 W061CR-TI001 ( l E 1 5 - 2 E 1 3 )  1ST RETEST 3-29-77 W020 0 0  0 0 0  
*SOL3 1 I 7  I 8 0  AH1: P O = 9 1 . 6 0 H ~ / ~ b i ^ 2  NO AR COATING 

I D  ISC VOC I P  LOG(I0)  N R FF Ef f OCD PCDa 

AVERAGES: 7 0 2 1 1 2  BASELINE Wc2O 0 0  0 0 0  
22.76 - 5 5 8  20.77 -7 .096 1 .71  -.37 - 7 4 8  1 0 . 0 4  4 .06 7.30 

STD - 1 3  - 0 0 1  e l 6  - 2 8 3  - 0 9  - 0 4  . 0 0 9  - 1 2  a 3 2  * 
7 0 2 1 1 2  ~ 0 6 1 C ~ - T I 0 0 1  (1E15-2E13)  IST RETEST 3-29-77 

1 6 . 7 1  - 4 9 5  14.82 -6 .112  1 .99  m.70 - 7 0 5  6 1 6  - 1 3  . O O  
S TI) a 7 6  - 0 0 4  - 7 5  - 7 9 8  . 4 8  . 3 1 . 0 2 3  - 3 8  - 0 0  * 

PERCENT OF BASELINE 
73.4  88.7 71 .1  1 1 3 . 9  1 1 6  1 1 . 8  9 4 . 3  61.4  3.2 .O  

STDX 3.8  - 9  6 .2  1 5 . 1  3 6  2 9 0 . 7  4.2 4.6 . 3  .O 





TABLE 16 SOUR CELL I-V DATA (Cmt . )  

70518 U063N-CR031 (8E14) V060 00 000 
*SOL1 1 /7 /80 AMl: ~0=91.60MW/C#-2 NO AR COATING 

ID ISC VOC IP LOG(1O) N R FF E f f  

AVERAGES: 70518 BASELINE W060 00 000 
21.73 -559 19.96 -7.781 1.54 -14 -749 9.62 

S TD -33 .003 .34 .643 .I5 .27 .O11 .20 
70518 W063N-CR001 (8E14) 

18.72 -523 17.11 -7.676 1-51 e35 .736 7-63 
S TD -26 .002 -42 -880 -27 -40 -024 .31 

PERCENT OF BASELINE 
86.2 93.6 8 5 . 7  101.3 98250.4 98.3 79.3 

STDX 2. - 7  3.6 20.4 29 ***** 4.7 4.9 

OCD PCDa PCDb 



TABLE 16 SOUR CELL I-V DATA (Con t .) 

70519 V064N-MN001 (1E15) WO6O 0 0  000 
*SOL2 1 /7 /80 AMl: P0=91.60WU:CMA2 NO AR COATING 

ID ISC VOC IP LOG(IO) N R FF Eff 

AVERAGES: 70519 BA;ELINE W060 0 0  000 
.22.30 -558 20.28 -7.040 1.76 -a26 ,739 9.72 

S TD -19 e006 - 3 8  .685 - 2 2  .41 -313 -35 
70519 W064N-MN001 (1E15) 

21.42 -547 19.62 -7.650 1.57 .01 -747 9.26 
S TD a34 -005 .48 .974 - 2 8  .54 -018 -39 

PERCENT OF BASELINE 
96.0 98.1 96.7 91.3 90 205.6 191.0 95.2 

S TD X 2.4 2.0 4.2 25.8 29 558.3 4.2 7.6 

OCD PCDa PCDS 



TABLE 16 SOLAR CELL I-V DATA (Cont.)  

7 0 5 2 0  W065N-TI001 ( 2 E 1 4 )  W060 0 0  0 0 0  
*SOL2 1 / 7  / 8 0  AHl: P0=91.60MW/C~*2 N O  AR COATING 

I D  ISC VOC I P  L O G ( I 0 )  N R FF E f f  OCD PCDa PCDb 

AVERAGES: 7 0 3 2 0  BASELINE W060 0 0  0 0 0  
2 2 . 2 8  - 5 6 5  2 0 . 5 4  -7 .980 1 . 5 1  . 0 8  - 7 5 6  1 0 . 0 7  9 . 1 0  a 0 0  - 0 0  

S TD . 2 5  .OP3 . 3 5  - 6 8 5  - 1 6  - 3 7  . 0 1 0  . 2 3  - 9 2  * r~ 

5 0 5 2 0  W065N-TI001 ( 2 E 1 4 )  
1 9 . 1 5  - 5 2 9  1 7 . 4 6  - 7 . 1 8 8  1 . 6 2  - .25  - 7 4 3  7 . 9 6  1 . 4 0  a 0 0  . O O  

S TD . 1 9  . 0 0 3  . 2 4  - 3 9 1  - 1 1  e 2 2  - 0 0 7  a 1 6  m17 * * 
PERCENT OF LASELINE 

8 6 . 0  93 .6  8 5 . 0  109 .9  1 0 8  *****  9 8 . 2  7 9 . 0  1 5 . 4  ***** ***** 
STDX 1 . 8  - 9  2 . 6  1 3 . 0  2 0  ***** 2 . 2  3 . 4  3.6 ***** ***** 



TABLE 1 6  SOLAR CELL I-V DATA (Cont.) 

7 0 4 2 2  W066TI005 ( 3 . 3 E 1 3 )  W054 0 0  0 0 0  
*SOi.l 1 I 7  1 8 0  AH1: P O = ! ~ ~ . ~ ~ M U / C X ^ ~  NO AR COATING 

I D  ISC VOC I P  L O G ( I 0 )  N R FF E f f  

AVERAGES: 7 0 4 2 2  BASELINE W054 0 0  0 0 0  
22 .72  - 5 5 5  2 0 . 9 3  - 7 . 6 9 6  1 . 5 4  - a 3 1  a 7 6 4  1 0 . 1 9  

S TD - 1 3  no02 - 1 6  . 3 6 9  - 0 9  e l 3  .006  e l 3  
7 0 4 2 2  W066TI005 ( 3 . 3 E 1 3 )  

1 6 . 8 5  - 5 0 0  1 4 . 9 4  -6 .059  1 . 9 5  - .24 . 6 9 7  6 .21  
S TD - 3 3  - 0 0 2  -28 - 1 5 7  - 0 7  a 1 5  ,004 e l 4  

PERCENT OF BASELINE 
74 .2  9 0 . 0  71.4 1 2 1 . 3  1 2 7 1 2 2 . 1  9 1 . 3  6 1 . 0  

S TD X 1 . 9  . 7  1 . 9  5 . 9  1 2  1 0 0 . 3  1 .2  2.2 

OCD PCDa PCD b 



TABLE 16 SOLAR CELL I-V DATA (Cont.) 

70125 W067CR-MN-TI001 (4E14-5E14-3.3E12) W054 OG 000 
*SOL1 1 / 7  180 AM1: PO=91.60MW/CMA2 NO AR COATING 

ID ISC VOC IP LOG(I0) N R FF Ef f OCD PCDa PCDb 

AVERAGES: 70425 BASELINE W054 00 000 
22.77 -553 20.94 -7.701 1.53 -.I2 -757 10.07 5.33 - 0 0  -00 

S TD -10 .003 .20 -423 el0 .05 .011 .23 .38 * r~ 

70425 W067CR-MN-TI001 (4E14-5E14-3.3E12) 
19.21 -521 17.06 -5.999 2.06 -.63 -707 7.48 -58 -00 -00 

S TD -39 -006 a45 .498 -28 .40 -019 -33 .21 * * 
PERCENT O F  BASELINE 

84.4 94.2 81.5 122.1 135 *****  93.4 74.2 10.9 *****  ***** 
STDX 2.1 1.6 2.9 11.1 29 662.9 3.9 5.1 5.1 ***** *****  



TABLE 16 SOLAR CELL I-V DATA (Cant.) 

70426 W068CR004 (1E15) W054 00 000 
*SOL1 1 17 180 AMl: P0=91.60MW/CM-2 NO AR COATING 

ID ISC VOC IP LOG(I0) N R FF Ef f 

AVERAGES: 70426 BASELINE W054 00 000 
22.64 -556 20.83 -7.546 1.58 -.49 -765 10.18 

S'ID .31 .002 .34 .444 el2 .23 -006 -19 
70426 W068CR004 (lE15) 

19.97 -520 17.83 -6.058 2.01 -.89 e720 7.91 
S TD .44 . 004  .48 .370 .18 .21 .016 .33 

PERCENT OF BASELINE 
88.2 93.6 85.6 119.7 127 18.6 94.1 77.8 

S TD X 3.2 - 9  3.8 9p9 22 148e8 2.9 4.7 

OCD PCDa PCDb 



TABLE 16 SOLAR CELL I-V DATA (Con t ) 

70512 W069FE004 (1E15) W 0 5 4  0 0  0 0 0  
*SOL1 1 I7 180 AM1: P0=91.60MW/C~^2 NO AR COATING 

I D  ISC VOC IP LOG(I0) N R FF Eff 

AVERAGES: 70512 BASELINE 
22.60 ,551 20.49 

S TD ,001 .08 
70512 W069FE004 

20.13 .568 18.07 
S TD 1.02.007 e80 

PERCENT OF BASELINE 
89.0 102.9 88.2 

STD% 5.1 1.4 4 . 3  

OCD PCDa PCDb 



TABLE 1 6  SOLAR CELL I -V  DATA (Coflt.) 

70516  W070AL003 ( 5 E 1 6 )  W054 0 0  0 0 0  
*SOL1 1  / 7  / 8 0  AM1: ~ 0 = 9 1 . 6 0 ~ W / C M - 2  NO AR COATING 

I D  ISC VOC I P  L O G ( I 0 )  N R  FF E f f  

AVER4GES: 70516  BASELINE W054 0 0  0 0 0  
2 2 . 0 0  . 5 5 1  1 9 . e 6  - 6 . 3 0 6  1 . 9 8  - 1 . 2 0  .745 9 . 5 5  

S TD . O O  . O O O  . O O  a000 . O O  . O O  . O O O  . O O  
70516  W070AL003 ( 5 E 1 6 )  

1 7 . 0 6  . 5 3 0  1 4 . 9 4  - 5 . 6 5 1  2 .47  -1  5 0  - 6 9 4  6 .66  
S  TD 1 . 4 8  - 0 0 7  1 . 6 6  1 . 1 3 9  e64  . u 8  m040 e97  

PERCENT OF BASEl. INE 
77 .5  9 6 . 1  75.2  110 .4  1 2 5  7 4 . 7  9 3 . 1  6 9 . 8  

STD% 6  7 1 . 4  8 . 3  1 8 . 1  3 2  7 3 . 8  5 . 3  1 0 . 1  

OCD PCDa PCDb 



TABLE 16 SOLAR CELL I-V DATA (Cont.) 

70608 W072CR005 (4E14) W054 OU 000 
*SOL1 1 /7 I80 AM1: P0=91.60MW/CM-2 NO AR COATING 

ID ISC VOC IP LOG(I0) N R FF Eff 

AVERAGES: 70608 BASELINE W054 00 000 
21.68 .552 19.75 -6.933 1.77 -.81 .754 9.54 

S TD .i8 -001 .I6 a588 .20 -38 .009 - 1 1  
70606 W072CP005 (4E14) 

20.86 .411 18.25 -6.340 1.74 -.29 .696 7.?3 
S TD e73 -124 2.19 1.091 .22 1.13 el24 2.55 

PERCENT O F  BASELINE 
95.3 89.0 92.4 108.6 98 164.4 92.3 83.1 

STD% 4.2 23.0 11.9 24.8 5 220.2 17.7 28.0 

OCD PCDa PCDb 



TAET E 16 SOLAR CELL I-V DATA (Cont . ) 

706096 W0730R-M:' ~ 1 - ~ 1 - ~ 0 0 1 ( 4 ~ 1 4 - 4 E 1 4 - 8 E 1 ~ - 2 . 4 E 1 2 - 4 E 1 2 )  WO 00 000 
*SOL1 1 17 /80 AHl: ~ 0 - 9 1 . 6 0 ~ ~ ~ / C M ^ 2  NO AR COATING 

ID ISC VCC IP LOc(1o) N R FF Ef f ( ,D PCDa PCDb 

AVERAGES: 70509A BASELINE W054 00 000 
22.66 -555 21.20 -9.321 1.21 .33 ,779 10.35 5.51 0 0 0  -00 

S TD .14 .001 .17 .330 .05 e l 1  -004 - 1 1  .30 * * 
706096 ~ 0 7 3 C R - ~ ~ - N I - T 1 - V 0 0 1 ( 4 E 1 4 - 4 ~ 1 4 - 8 E 1 5 - 2 ~ 4 E 1 2 - 4 E l 2 )  

17.39 .500 15.51 -6.338 1.87 -.20 -706 6.50 .63 .OC .'C 
S TD - 2 4  ,004 .38 .584 .32 .42 -021 -28 -11 * A 

PERCENT OF BASELINE 
76.7 90.2 73.2 132.0 154 -61.2 90.7 62.8 11.5 * c * * *  * * * A '  

S TD X 1.5 1.0 2.4 8.9 34 195.9 3.2 3.4 2.8 * * * * *  * ****  



TABLE 16 SOLAR CELL I-V DATA (Cont.) 

55610 WO74MN-CR-NI-TI-V002(8E13-8E13-2E15-3.3El1-6Ell) W054 C@ 300 
*SOL1 1 /7 /80 A M l :  PO=91.60!4W/C~^2 NO AR COATING 

ID ISC VOt' IP IOG(I0) N R FF Eff OCD PCDa 

AVERAGES: 70610 BASELINE 
22.25 .553 20.38 

S TD .18 .002 .16 
70610 U074MN-CR 

2 L .  79 .540 18.79 
S TD .35 .003 .33 

PERCENT Of BASELINE 
9 7 .  97.7 92.2 

s T D f  2 .  i . 9  2.4 

PCDb 

.oo 

.oo 

.oo 

.oo 

.oo 

.o 0 

.oo 

.oo 

.0 0 

.oo 

.oo 

.oo 

.oo 

.oo 

.oo 

.oo 

.oo . oi? 

.oo 

.oo 

.oo 

.oo 

.oo 

.oo 

.oo 

.oo 

.oo 

.oo 



TABLE 16 SOLAR CELL I-V DATA (Cant.) 

70616 ~075r1-vo32 (5.6~13-1~:4) W054 00 000 
*SOL7 1 / I  180 AH1: P0=91.60MW/~M-2 NO AR COATING 

ID ISC 'roc IP LOG(I0) N R FF E f f  

AVERAGES: 70614 BASELINE W054 00 000 
22.17 -549 20.21 -6.980 1.73 -.59 -750 9.65 

S TD .05.000 .lb .453 .14 .24 ,008 .I2 
70614 W075TL-V002 (5 -6E13-1514) 

15.43 -483 13.68 -6.185 1.85 -03 -694 5.47 
S TD .22 .OOL .20 .287 .12 .32 .010 .14 

P E R C E N T  O F  EASELINE 
69.6 88.0 67.7 111.4 137 205.2 92.5 56.6 

S T D S  1.2 -4 1.6 10.1 !6 79.0 2.3 2.2 

OCD PCDa PCDb 



TAB1.E 16 SOLAP. CELL I - V  DATA (Cont .) 

7 0 6 1 3  WO76POLYOO2 W054 0 0  0 0 0  
*SOL1 1  17  / 8 0  ANl: PO )1.60tlWjCM^2 NO AR COATING 

I D  ISC VOC I P  LOG(I0)  N R F F  E f  f U C D  PCDa F C D b  

AVERAGES: 7 0 6 1 3  BASELINE W054 O? 0 0 0  
2 2 . 2 3  . 5 4 9  2 0 . 2 3  - 6 . 8 9 0  1 - 7 6  - a 5 5  - 7 4 6  9 . 6 3  5 .07 - 0 0  - 0 0  

S  TD . 1 0  .001  . I s  . 2 6 5  .09 . 2 3  - 0 0 3  -09 - 3 8  * * 
7 0 6 1  3  WO76POLYO02 

1 9 . 2 3  . 5 0 5  16.52 -5 .425  2 . 3 7  s . 3 5  . 6 6 6  6 . 8 8  1 . 0 6  . O O  - 0 0  
S  TD . 6 4  . 0 2 2  L O 3  . 7 3 1  . 4 8  1 . 0 5  . 0 5 0  . 8 9  .67  * * 

PERCENT G F  B:.SELINE 
8 6 . 5  92.! 1 , . 1  12!.3 1 3 5  1 3 6 . 8  8 9 . 2  7 1 . 4  2 1 . G  ***** *****  

S T n  X 3 . 3  4 .2  5 . 8  14 .1  3 5  293 .7  ? . 1  10.0  1 5 . 8  *****  A * * * *  



TABLE 16 SOLAR CELL I-V DATA (Cont .) 

7 0 6 1 5  W077H0001 ( 4 . 2 E 1 2 )  W054 0 0  0 0 0  
*SOL2 1  / 7  / 8 0  AHl: ~0=91.60HW/CM^2 N O  AR COATING 

I r) ISC V O C  IP LOG(IO) N R F F  E f f  

AVERAGES: 7 0 6 1 5  BASELINE 
2 2 . 4 6  - 5 4 9  2 0 . 6 0  

S TD a27 - 0 0 1  .32 
7 0 6 1 5  W077M0001 

1 9 . 0 0  - 5 0 5  1 6 . 9 7  
S TD .32 . 0 0 2  .35 

PEttCENT O F  BASELINE 
8 4 . 6  9 1 . 9  8 2 . 4  

STDX 2 . 5  . 5  3 . 0  

O C D  PCDa PCDb 



TABLE 16 SOLAR CELL L-V DATA (Cont . ) 

70721 W080PH001 (7E14) W054 00 000 
*SOL2 1 /7 180 AHl: PO=91.60HW/CMn2 NO AR COATING 

ID ~ S C  voc IP LOG(IO) N R F F  Ef f OCD PCDa PCDb 

AVERAGES: 70721 BASELINE W054 00 000 
21.60 -547 19.62 -6.776 1.80 -.73 -746 9.33 3.58 -00 *OO 

S TD .1, .001 . L J  -432 -15 .30 .005 - 1 1  *33 * * 
70721 WCqOPH001 (7L14) 

22.06 -548 20.06 -6.932 1.75 -.44 -743 9-49 5.20 -00 -00 
S TD el8 -002 -23 .522 -18 -27 a012 - 1 6  -58 * * 

PERCENT O F  LASELINE 
102.1 100.1 102.2 97.7 97 139.8 99.; 101.7 145.5 ***** * * > * *  

S TD X 1.7 .5 2.2 14.7 19 78.3 2 . 3  3.1 30.9********** 



TABLE 16 SOLAR CELL I-V DATA (Cont.) 

7 0 7 2 5  W081N-NI001 ( 6 . 9 E 1 5 )  WO6O 0 0  0 0 0  
*SOL2 1 1 7  / 8 0  AHl: ~ 0 = 9 1 . 6 0 ~ ~ / ~ ~ ^ 2  N O  AR COATING 

I D  ISC VOC I? L O G ( I 0 )  N R FF Eff OCD PCDa PCDb 

AVERACES: 7 0 7 2 5  BASELINE W060 0 0  0 0 0  
2 1 . 5 8  - 5 6 1  1 9 . 8 5  -7 .978  1 . 5 0  a 3 1  a 7 4 8  9 . 5 8  7 .87 - 0 0  . O O  

S  TD - 3 1  . 0 0 4  a46  . 7 1 6  . 1 6  . 0 2 . 0 1 8  . 4 2  . 8 3  * * 
7 0 7 2 5  W081N-NI001 ( 6  - 9 E 1 5 )  

21 .17  - 4 1 9  1 6 . 7 9  - 4 , 1 6 4  2 .81  . 4 8  a 5 5 6  5 . 2 6  1 . 3 8  - 0 0  . O O  
S  TD . 2 9  . 0 7 4  . 4 7  . 2 1 9  . 4 6  1 . 4 9  , 0 4 0  1 - 2 6  . 4 /  * * 

PERCENT OF BASELINE 
98 .1  7 4 . 5  8 4 . 6  ! 4 7 . 8  1 8 7  1 5 3 . 8  7 4 . 3  5 4 . 8  1 7 . 6  ***** *****  

STDX 2 .8  1 3 . 8  4 .4  7 .7  5 3  5 1 2 . 3  7 .2  1 6 . 1  8 . 5  ***** ***** 



TABLE 16 SOLAR CELL I-V DATA (Cant.) 

70726 W082N-V001 (4E14)  W060 0 0  000 
*SOL2 1  ;7 1 8 0  AM1: PO191 .~OMW!CM'L NO AR C O A T I N G  

AVERAGES: 70726 BASELINE W060 00 000 
21.57 .356 19.85 -7 .743  1 .53  - . O S  .756  9.60 

S TD a24 - 0 0 4  - 2 8  . - 2 2  - 0 5  e l 1  , 007  - 2 6  
70726 W082N-V001 (4E14) 

17.51 .510  15.56 -6.098 2.02 - .75 .710  6 .70  
S TD - 2 4  -005 .46 - 6 5 8  - 3 6  .47 , 0 2 5  a 3 5  

PERCENT OF BASELINE 
81 .2  91.6 78.4 121.2 132 *****  93.8 69 .8  

STD4 2 . 0  1 . 5  3.5 11.0 2 8 * * + * *  4 . 3  5.7 

5 C D  PCDa PCDb 



T m L E  16 SOLAR CELL I-V DATA (Cont.) 

70829 W083NFE001 (1215) W960 0 0  000 <70412> 
*S3L2 1 17 I80 AMl: P0=91.60MW/CMA? NO AR COATING 

ID ISC VOC IP LOG(I0) N R FF Ef f 

AVERAGES: 7081, BASELINE W 7 6 q  00 090 <70412> 
22.78 -566 21.15 - 28 i.38 .12 -269 10.'.5 

S TD .12 .003 .15 . h 4  -03 -14.006 a13 
70829 W083NFE001 ( l F 1 5 )  

19.63 -535 17.40 -5.932 2 . ! P  -a81 .706 7.85 
S TD 1.24 -010 1.26 .772 .39 .91 .O20 .77 

PERCENT OF BASELINE 
86.2 94.5 82.3 130.3 158 *****  91.8 74.9 

STDX 5.9 2.3 6.5 13.4 41 *****  3.3 8.4 

OCD PCDa PCDb 



TABLE 16 SOLAR CELL I-V DATA (Cont.) 

71104 W 0 8 4 ~ / ~ ~ 0 0 1  (5L16) W078 0C 000 
*SOL6 1 /8 180 AM1: PO=91.60MW/CM-2 NO AR COATING 

ID ISC VOC IP LOCiIo) N R F F  E f f  OCD PCDa PCUb 

AVERAGES: 71104 BASELINE W078 00 000 
22.70 -553 20.47 -6.369 l.95 -.80 -136 3.77 3.90 - 0 0  - 0 0  

S TD .OO .OOO .OO .OOO .OO .OO .OOO .OO .OO * * 
71104 ~ 0 8 4 N I A L 0 0 1  (5E16) 

19.89 -525 17.31 -5.331 2.43 -.b5 e681 7.51 - 8 0  - 0 0  - 0 0  
S TD -31 0002 - 3 0  -304 -20 -38 .014 -19 - 1 0  * * 

PERCENT O F  BASELINE 
87.6 9 L . 9  84.6 '16.3 124 93.2 92.5 76.9 20.6 *****  *****  

STD% 1.4 . ' 1  1.4 4.8 10 47.4 1.9 2.0 2.7 *****  *****  



TABLE 16 SOLAR CELL I-V DATA (Cant .) 

80524 W085h/ZR001 ( 7 E l l )  RSPEAT W079 00 000 
*SOL9 1  !8 / 80  A M l :  PO=91.60MW/CM12 NO AR COATING 

ID ISC V O C  I P  LOG(I0) N R F F  E f f  O C D  PCDa PCDb 

AVERAGZS: 80524 BASELINE W079 00  000 
21 .53  , 547  19 .57  -7.010 1.71 - a08  a735 9.16 5 .11  - 0 0  . G O  

S TD .24 .002  .21  ' - 080  - 0 3  .22 , 0 0 6  - 1 8  .64 * * 
80524 WOa5N/ZR001 ( 7 6 1 1 )  REPEAT 

21.47 , 5 5 0  19.49 -7.283 1.77 - e l 7  .737 9 .19  6.00 . O O  .OO 
S TD .28 , 0 0 3  - 5 7  1.222 e62 -34  - 0 4 5  . 51  1.11 * * 

PERCENT OF BASELINE 
99.7 100.4 99.6 96.1 1 0 3  -5.3 100 .3  100.4 117 .3  ***** *****  

STD X 2.4 . 9  4.0 18.8 38  *****  7 . G  7.7 39.1 *****  ***** 



TABLE 1 6  SOLAR CELL I-V DATA (Cont .) 

7 0 9 2 6  W086C001 POLY ( 4 E 1 7 )  W078 0 0  0 0 0  
*SOL6 1 1 8  1 8 0  AM1: PO=91.60MW/CMn2 N O  AR COATING 

I D  ISC VOC I P  LOG(I0)  N R FF E f f  

AVERAGES: 7 0 9 2 6  BASELINE W078 0 0  0 0 0  
2 1 . 5 4  , 5 5 3  1 9 . 8 4  - 7 . 6 6 2  1 . 5 4  - .40 e 7 6 5  9 . 6 3  

S TD - 1 0  - 0 0 1  e l 6  , 2 8 1  - 0 7  - 1 1  - 0 0 5  - 1 1  
? 0 9 2 6  W086C001 POLY (4E 1 7 )  

2 1 . 5 4  . 5 6 9  1 9 . 2 7  - 6 . 0 3 0  2 . 1 7  - 1 . 3 9  . 7 3 3  9 . 1 6  
S TD .2O .OO2 . 4 2  , 7 7 3  - 3 9  . 6 0 . 0 2 0  * ' 1  

PERCENT OF BASELINE 
1 0 0 . 0  9 9 . 3  9 7 . 1  1 2 1 . 3  1 4 1 * * * * *  9 5 . 8  9 5 . 1  

STDZ 1 .4  . 6  2 .9  1 3 . 3  3 3  277 .7  3 .2  A.4 

OCD PCDa PCDb 



TABLE 16 SOLAR CELL I-V DATA (Cont . ) 
70930 WO87CA001 (UNKNOWN) BI CRYSTAL WC7Q OC 000 
*SOL6 1 18 I80 AM1: PO-91.60MW/CMA? W3 hR COATING 

'ID ISC VOC IP LOG(I0) S R FF Eff 

AVERAGES: 70930 BASELINE W078 00 000 
22.60 -553 20.41 -6.481 1.93 -.75 .7~.> 9.75 

S TD -14 -902 -30 -465 .17 .31 .OlO - 2 3  
70930 W087CA001 (UNKNOWN) BI CRYSTAL 

22.59 -553 20.31 -0.317 2.01 -.78 -730 9.64 
S TD - 1 7  -002 . 3 2  -645 -26 .41 .014 .24 

PERCENT 0 3  BASELINE 
100.0 100.0 99.5 1 0 2 . 5  104 96.7 99.0 98.9 

STD% 1.4 -9 3.1 17.7 2 4  117.7 3.3 5.0 

OCD PCDa PCDb 



TABLE 16 SOLAR CELL I-V DATA (Cont .) 

70919 W*088CR001 LOW RESISTIVITY (5E14) 0.5 OHMCM W05P 0 0  0 0 0  
*SOL6 1 /8 180 AM1: ~ 0 = 9 1 . 6 0 ~ ~ / ~ ~ ^ 2  NO AR COATING 

I D  TSC VOC IP LOG(I0) N R F F  Eff OCD PCDa PCDb 

AVERAGES: 70919 BASELINE W058 0 0  0 0 0  
20.80 .595 19.12 -7.544 1.69 -.38 ,761 9.96 1.60 a00 .OO 

S TD .22 .OOO el9 e595 - 1 8  el7 .013 .17 a06 * * 
70919 W*088CR001 LOW RESISTIVITY (5E14) 0.5 OHMCM 

21.04 - 5 7 4  18.32 -5.652 2.64 - * 9 4  ,688 8.85 1.16 eO0 .00 
S TD - 3 9  .038 1.05 1.306 .70 1.04 a070 1.35 446 * * 

PERCENT O F  BASELINE 
101.2 96.5 95.8 126.1 156 -58.3 90.5 88.9 72.5 *****  *****  

S TD % 3.0 6.5 6.5 24.2 G3 504.0 10.8 15.3 32.7 *****  ***** 



TABLE 16 SOLAR CF- . I-V DATA ( ~ o n t  .) 

70922 W*08PCUc101 LOW RESISTIVl'IY (2E15) W058 0@ 000 
*SOL6 1 /8 180 AM1: PO=91 . ~ O M W / C M ^ ~  NO AR COATING 

ID ISC VOC I P  LOG(I0) N R F F  Ef f OCD P C D a  PCPb 

AVERAGES: 7 0 Q 2 2  LASELIKE U058 0 9  0 0 0  
20.60 .592 16.85 -7.421 1 - 1 5  -,32 - 7 5 2  9.69 1.69 .OO SO0 

S TD .30 .002 .05 .711 .22 ,01 .022 .10 .13 * * 
70922 W*089CU001 LOW RESISTIVITY (2E15) 

21.29 ,594 1 3 - 2 2  -6.762 2 . 1 1  -.99 - 7 4 0  9.90 ;.42 .OO .OO 
S TD - 1 8  .-U7 .56 1.382 - 6 0  .)i - 0 3 8  .61 .58 * * 

PERCENT OF BASELINE 
103.3 100.3 101.9 108.9 !20 * * * * *  98.5 102.2 113.8 * * * * *  ***'* 

STL X 2.4 1.5 3.2 29.1 54 230.7 8.0 7.4 45.8 *****  * * * * *  



TABLE 16 SOUR CELL I-V DATA (Cont . j 
7 1 0 .  ; W*090!~" ii)l LOW RESISTIVITY ( 7 E 1 4 )  W058 0 0  0 0 0  
*SOL< 1  / 8  1 8 0  AHl: PO=91.60HW/CKn2 N O  AR COATING 

I D  I S C  VOC I P  L O G ( I 0 )  N R  FF E f f  

lR* 
lB* 
2B .* 
3B* 
4B .* 
5B 
1 C .  * 
2  C  
3  C  
4C 
5C* 
GC* 
7  C  
8C * 
9  C  
1 OC 
11C 
I S *  
2 S  
3 s  

- 4 s  
5 s *  
1T .* 
2T * 
3T * 
4T.* 
5  T  

AVERAGES: 7  1 0 2 8  BASELINE W058 3 0  0 0 0  
20 .40  . 5 8 7  1 8 . 5 5  - 6 . 9 5 5  1 . 8 6  - . 4 1  - 7 4 1  9 . 3 8  

S  TD . O O  . O O O  . O O  . O O O  . O O  . O O  .OOO .OO 
7 1 0 2 8  W*090MN001 LOW RESISTIVITY ( 7 E 1 4 )  

19 .35  - 5 6 8  1 6 . 6 7  - 5 . 6 7 7  2 .79  - a 8 8  . 6 7 3  7 .84  
S  TD - 8 6  - 0 1 9  a 9 9  1 . 7 4 6  - 9 3  . 6 9  . 0 7 3  1 . 0 8  

PERCENT OF BASELINE 
94.9 96.7  89.9  1 1 8 . 4  1 5 0  -16.2  9 0 . 8  8 3 . 5  

S TD X 4.2 3.3 5.3 2 5 . 1  5 0  1 7 0 . 5  9 . 9  1 1 . 5  

OCD PCDa PCDb 



TABLE 16  SOLAk CELL I-V DATA (Cont.) 

7 1 0 3 1  W091CR-MN002 ( 5 E 1 4 - 3 E 1 4 )  W078 0 0  0 0 0  
*SOL6 1 /8 / 8 0  AEI:  P O = 9 1 . 6 0 F l W / C ~ ~ 2  NO AR COATING 

I D  I S C  VOC I P  L O G ( I 0 )  N R FF E L f  

AVERAGES: 7 1 0 3 1  BASELINE W078 0 3  0 0 0  
2 2 . 2 0  .548 2 0 . 0 8  - 6 . 5 9 5  1 . 8 5  - . 5 5  - 7 3 6  9 . 4 7  

S TD . O O  .OOO . O O  . O O O  . O O  . O O  .OOO . O O  
7 1 0 3 1  W091CR-HN002 ( 5 E 1 4 - 3 E 1 4 )  

1 6 . 7 0  . 4 8 9  i 4 . 5 5  - 5 . 4 4 2  2 .2 '  - 1 .01  a 6 8 2  5 . 9 0  
S TD - 7 8  .O!O . 8 8  . 5 2 1  . 3 3  . 5 2  .02O . 5 4  

PERCENT OF BASEv, INE 
75 .2  8 9 . 2  7 2 . 4  1 1 7 . 5  1 2 3  6  9 2 . 7  62 .3  

STDZ 3 .5  1 . 9  4 .4  7 .9  1 6  9 4 . 8  2 . 7  5 . 8  

OCD PCDa PCDb 



TABLE 16 SOLAR CELL I-V DATA (ant . )  

71101 W092PH002 (2.8E16) W078 0 0  000 
*SOL6 1 18 /80 AHL: ~ 0 = 9 1 . 6 0 ~ ~ / ~ ~ ^ 2  NO AR COATING 

ID ISC VOC IP LOG(I0) N R FF Ef f 

AVERAGES: 71101 RASELINE W078 0 0  000 
22.25 -552 20.04 -6.361 1.96 e.71 .732 9.49 

S TD .15 .002 .01 -248 -10 .03 -011 -10 
71101 W092PH032 (2.8E16) 

22.21 a563 19.52 -5.367 2.58 -1.65 -709 9.38 
S TD -25 ,004 -36 .528 .36 .54 ,017 .28 

PERCENT OF BASELINE 
99.8 102.2 97.4 115.6 132 -32.0 96.9 98.8 

STD X 1.8 - 9  1.9 11.9 26 87.4 3.8 4.0 

OCD PCDa PCDb 



TABLE 16 SOLAR CELL I-V DATA (Cont .) 

71108 W093MNOO4 (6 .6E14)  W078 0 0  000  
*SOL6 1  1 8  1 8 0  AM1: P O - ~ ~ . ~ O H W / C H ^ ~  NO AR COATING 

I D  ISC VOC I P  LOG(I0) N R F F  E f f  

AVERAGES: 71108 BASELINE W078 0 0  000  
22.40 .548  20.32 -6.899 1 .74  - .08  . 731  9 .50  

S  TD . O O  . O O O  . O O  , 0 0 0  . O O  . O O  . O O O  . O O  
71108 WO93MNOO4 (6 .6E14)  

20.75 - 5 3 4  18 .20  -5 .516  2 .40  -1 .09  - 6 9 6  8.16 
S  TD - 2 5  , 004  - 5 4  - 7 3 2  - 3 8  - 5 1  . 025  .41  

PERCENT O F  BASELINE 
92 .6  97 .5  89 .5  120 .0  138  ***** 9 5 . 2  86 .0  

S TD X 1.1  - 8  2.6 10.6 22 627.5 3.4 4.4 

OCD PCDa PCDb 



TABLE 16 SOLAR CELL I-V DATA (coot .) 

80509 W094HN005 (9E14)(POLY REPEAT RUN WITH 76 POLY BASE PB) W079 00 000 
*SOL8 1 /14/80 AN1: P0=91.60HW/CH-2 NO AR COATING 

ID ISC VOC IP LOG(I0) N R FF Eff OCD PCDa PCDb 

2R* 
I B 
2B* 
3B 
4B* 
5B 
IBP* 
2BP* 
3BP 
4BP * 
5BP* 
IC* 
2C* 
3 C 
4C* 
5C* 
6C 
7C* 
8C* 
1 S * 
2 S 
3S* 
4 S * 
IT* 
2T* 
3T* 

AVERAGES: 80509 BASELINE 
22.20 -548 20.11 

S TD -16 -001 .09 
80509 W094MN005 

20.03 -512 17.27 
S TD - 6 7  ,005 -22 

PERCENT OF BASELINE 
90.2 93.5 85.9 

STDX 3.7 1.1 1.5 

W079 00 000 
-6.674 1.84 -.64 -740 9.52 4.33 .OO .OO 

-511 .20 -29 -012 - 0 8  a31 * * 
(9E14)(POLY REPEAT RUN WITH 76 POLY BASE PB) 
-5.147 2.56 -1.00 .671 7.28 - 7 4  - 0 0  a00 

.653 .44 a59 .020 el0 - 1 6  * * 



TABLE 16 SOI.\R CELL I-V 1)tZiA (Cont .) 

7 1 2 0 8  W095MN006 FAST GROWTH ( 1 E 1 5 )  W097 0 0  0 0 0  
*SOL6 1 / X  / 8 0  APLl: PO=91.60?fW/CH-2 N O  A R  COATING 

I D  1SC VOC I P  L O G ( I 0 )  N R FF E f  f O C D  PCDa PCDb 

AVERAGES: 712G8 B A S E L I N E  W097 0 0  0 0 0  
2 2 . 7 0  - 5 5 0  2 0 . 6 6  - 7 . 0 0 9  1 . 7 1  - .21  - 7 4 6  9 - 7 7  - 4 9  -00 - 0 0  

S TD . O O  . O O O  .CO . O O O  . O O  . O O  . O O O  . 0 0  .OO * * 
7 1 2 0 8  W095MN006 FAST GROWTH (IE15) 

20 .57  - 5 3 1  17.G9 - 5 . 2 6 1  2 .53  -1 .77  - 7 0 3  8 . 1 3  - 9 4  - 0 0  . O O  
S TD . 2 2  . 0 0 4  . 3 8  - 5 0 6  - 3 3  . 44  - 0 1 9  - 3 1  - 2 1  * * 

PERCENT O F  BASELINE 
90 .6  9 b . 6  8 7 . 1  1 2 4 . 9  1 4 8  * * * * *  9 5 . 0  8 3 . 2  1 8 9 . 5  * * * * *  * * * * *  

STD% . 9  - 8  1 . 8  7.2 19 2 1 0 . 4  2 . 5  3 . 1  4 2 . 9  * * * * *  * * * * *  



TABLE 16 SOLAR CELL I-V DATA (Cont.) 

71213 W096MN007 (6.3E14) W097 0 0  000 
*SOL6 1 18 180 AMl: P0=91.60MW/CMA2 NO AR COATING 

ID I S  VOC IP LOG(I0) B R F F  Eff 

AVERAGES: 71213 BASELINE W097 00 000 
22.20 -548 20.01 -6.363 1.95 -.81 -735 9.45 

S TD .OO ,000 .12 .263 - 1 1  .O1 -010 -13 
71213 W096MN007 (6.3E14) 

22.32 .544 19.69 -5.578 2.37 -1.24 .709 9.10 
S TD .27 .004 .41 .632 -38 -52 .021 - 3 6  

PERCENT O F  BASELINE 
100.5 99.2 98.4 112.3 122 46.1 96.5 96.3 

STDX 1.2 - 8  2.7 14.0 28 68.0 4.2 5.2 

OCD PCDa PCDb 



TABLE 16 SOLAR CELL I-V DATA (Cont,) 

71214 W098 MG 002 (9.2Ell) W097 00 000 
*SOL6 1 /8 /80 AM1: P0=91.60MW/CX-2 NO AR COATING 

ID ISC VOC IP LOG(I0) N R FF E f f  

AVERAGES: 71214 BASELINE W097 00 000 
22.40 -547 20.20 -6.440 1.91 -.60 -732 9.48 

S TD .OO .OOO .OO .OOO .OO .OO .OOO .OO 
71214 W098 MO 002 (9.2Ell) 

20.92 -522 18.42 -5.560 2.27 -1.01 -701 8.10 
S TD .16 .003 .29 -421 -24 -36 a016 -24 

PERCENT OF EASELINE 
93.4 95.5 91.2 113.7 119 29.9 95.7 85.4 

STDX . 7  - 6  1.4 6.5 13 59.7 2.2 2.6 

OCD PCDa PCDb 



TABLE 16 SOLAR CELL I-V DATA (Cont .) 

7 1 2 1 6  W100CU-TI002 (1E15-3 .3E13)  U097 0 0  0 0 0  
*SOL7 1 /8 / 8 0  AM1: P0=91.60MW/CM-2 N O  AR COATING 

I D  I S C  V O C  I P  L O G ( I 0 )  N R FF E f f  

AVERAGES: 7 1 2 1 6  BASELINE W097 0 0  0 0 0  
22 .70  . 5 5 1  20 .48  - 6 . 3 9 5  1 .94 - a 7 6  - 7 3 6  9 .74  

S  TD . O O  , 0 0 1  . 0 2  - 0 1 7  - 0 0  - 0 6  5 0 3  e 0 5  
71216  W100CU-TI002 ( 1 E 1 5 - 3 . 3 E 1 3 )  

1 5 . 6 4  . 4 8 7  13 .66  - 5 . 7 0 5  2 . 1 0  - .05  , 6 7 3  5 . 4 2  
S  TD - 2 5  - 0 0 2  - 2 4  - 2 7 7  - 1 5  . 2 9  . 0 0 9  . 1 3  

PERCENf OF BASELINE 
6 8 . 9  8 8 . 4  6 6 . 7  1 1 0 . 8  1 0 8 1 9 3 . 6  91 .4  55 .7  

STDX 1 . 1  .5  1 . 2  4 .6  8  4 0 . 9  1 . 6  1 .6  

OCD PCDa PCDb 



TABLE 16 SOLAR CELL I-V DATA ( C o n t . )  

80106 W102TI.006 POLY (1.1L14) W097 00 000 
*SOL7 1 18 /80 AM1: PO=91.60MW/CM"2 NO A R  C O A T I N G  

ID ISC V O C  IP LOG(I0) N R FF Eff 

A V E R A G E S :  80136 B A S E L I N E  W097 00 000 
23.05 a548 20.71 -6.263 1.98 w.61 -726 9.70 

S TD .25 .001 .17 -118 *05 .03 -004 a07 
80106 W102TI006 POLY (l.lE14) 

13.64 -449 11.24 -4.581 2.83 -1.08 .613 3.99 
S TD .34 .011 .64 .482 a42 1.32 -044 .43 

PERCENT OF BASELINE 
59.2 81.9 54.3 126.8 143 23.9 84.4 41.1 

S  TD X 2.1 2.2 3.6 9.2 25 233.3 6.5 4.8 

OCD P C D a  P C D b  



TABLE 16 SOLAR CELL I-V DATA (Cont.) 

80109 W*103TI001 (1.7E14) LOW RESISTIVITY W058 00 000 
*SOL7 1 /14/80 AM1: P0=9l.60MW/CMm2 NO AR COATING 

1 D ISC VOC IP LOG(I0) N R FF Eff OCD PCDa PCDb 

AVERAGES: 80109 BASELINE W058 00 000 
20.50 .576 17.63 -4.838 3.06 -2.00 .679 8-40 1.08 no0 .OO 

S TD e16.005 -07 el28 -10 .40 ,019 .24 a22 * * 
80109 W*103TIOOi (1.7E14) LOW RESISTIVITY 

11.63 -502 9.72 -4.967 3.10 -2.48 -639 3.96 .97 .OO .OO 
S TD el7 .019 .57 1.221 .87 1.58 -061 - 5 3  .31 * * 

PERCENT O F  BASELINE 
56.8 87.2 55.1 97.3 101 76.4 34.0 46.7 89.2********** 

S T D %  1.3 4.1 3.5 28.6 33119.0 11.9 7.8 52.2********** 



TABLE 1 6  SOLAR CELL I - V  DATA (Cont.) 

8 0 1 1 0  W A O ~ C U - T I O O ~  ( 2 E 1 5 - 1 . 4 E 1 4 )  W097 0 0  0 0 0  
*SOL7 1  / 8  I 8 0  A M L :  P0=91.60MW/CM-2 NO A R  COATING 

I D  ISC VOC I P  L O G ( I 0 )  N R F F  E f f  

AVERAGES: 8 0 1 1 0  BASELINE W097 0 0  0 0 0  
23 .15  - 5 5 2  2 1 . 2 0  - 7 . 3 8 3  1 . 6 0  - . l o  - 7 4 8  1 0 . 1 0  

S TD . I 5  . C O O  . I 0  .090 - 0 2  . 0 6  . 0 0 5  a 0 1  
8 0 1 1 0  W104CU-TI003 ( 2 E 1 5 - 1 . 4 E 1 4 )  

1 4 . 6 0  - 4 7 0  1 2 . 6 9  - 5 . 5 5 8  2 . 1 1  - .28  - 6 6 9  4 . 8 5  
S T D  . 2 3  . 0 0 3  - 1 8  , 1 9 1  . I 1  . 2 6  . 0 0 5  . 0 9  

PERCENT O F  BASELINE 
63.0  8 5 . 2  5 9 . 8  1 2 4 . 7  1 3 2  - 7 4 . 2  8 9 . 4  4 8 . 1  

S TD % !.4 . 5  1 . 1  3 .5  9  5 6 8 . 9  1 . 3  . 9  

OCD PCDa PCDb 



TABLE 16 SOLAR CELL I-V DATA (Cont.) 

8 0 1 1 3  ~ 1 0 & 0 0 1  ( 4 E 1 4 )  U057 90 000 
S u L 7  1 ~ L > ~ I M  AMI: P 0 = 9 1 . 6 0 H U / C M ^ 2  NO A R  COATIYG 



TABLE 16 SOLAR CELL I-V DATA (Cont.) 

80116 W106N-AL002 (1216) U079 0 0  COO 
* S O L 7  1 /8 j8O AM1: PO=91.60MW/CH-2 NO AR COATING 

ID ISC VOC IP LOG(I0) tI R FF E f  f OCD PCDa P C D b  

AVERAGES: 801 16 BASELINE W079 0 0  000 
22.05 -560 20.34 -7.977 1.49 -SO5 -761 9.93 10.40 .OO .OO 

STD .05.002 .11 -625 - 1 4  el7 -010 -14 - 6 5  * * 
80116 W106N-AL002 (1E16) 

21.98 -546 19.60 -6.012 2.19 -1.20 -725 9.20 8.40 -00 *OO 
S TD -20 -004 -44 -853 -49 -76 -022 -31 1.66 * x 

PERCENT O F  BASELINE 
99.7 97.6 96.4 124.6 147 *****  95.3 92.7 80.7 * * * * *  *****  

S TD X 1.1 .9 2.7 17.4 50 *****  4.2 4.5 22.0 *****  *****  



. , .. . - . * ,  . . .. - >. . . *- : : - ,  ., .- - ., , . - - 
'-A - 'a- -.s - .4 . . 

TABLE 16 SOLAR CELL I-V DATA (Cont.) 

80202 R E P E A T  RUN OF W107FZ-ALOOI (3Elh) WlO1FZOOl 
*SOL6 1 18 180 AMI: P0-91.60~W/C~^? NO AR C O A T I N G  

ID ISC VOC I P  LOC(I0) N K FF E f  f OCD PCDa PCDb 

A V E K A C E S :  8 0 L 0 2  RASELLNE U l O l  FZOOl 
2 2 - 7 0  -544 ?0.29 -5.991 2.09 -.85 -722 9.43 4.29 .OO -00 

STD .OO .OOO .OO .OOO .00 .00 -000 .0O .00 * * 
SO202 R E P E A T  R U N  OF W107FZ-41.091 

22-29 . 5 6 5  19.73 -5.761 2.41 -1.32 ,715 3 . 5 3  2.67 -00 e00 
STD - 1 6  .006 - 5 3  .840 - 5 2  .64 . 0 2 7  .47 - 8 2  * * 

P E R C E N T  O F  . ,ASFLINE 
99.1 * * * *  97.3 134.7 115 4 4 . 4  93.1 101.1 62.2 * * * * * a * * * *  

STIIX . 7  1.1 2.6 14.0 2 5  75.7 3.7 5.0 19.2 *****  * * a * *  



TABLE 16 SOLAR CELL I-V DATA (Cont . ) 

80222 U108N/V002 (8EI3) W079 00 000 
*SOL8 1 /8 /80 AH1: PO=Y1.6OMW/CH^2 t i 0  AR C O A T I N G  

A V E R A G E S :  8 0 2 1 2  BASELINE W079 00 000 
21.13 -550 19-08 -6.556 1.89 -.53 -731 8 - 9 8  

S TD . 1 6  .002 -31 -335 - 1 3  - 3 8  -002 -14 
8 0 2 2 2  W 1 0 8 ~ / V 0 0 2  (8E13) 

18.27 - 5 2 2  lh.18 -b.131 2.01 -.67 -712 7.18 
S TI) .36 .004 .44 -504 -27 .3G -019 -33 

PERCENT O F  BASELINE 
8 6 . 4  94.9 85.4 10h.5 IOh 73.2 97.4 80.0 

STD'X, 7 . 4  1.0 3.7 12.9 1 9  ISh.9 3.0 5.0 

OCD P C D a  P C D b  



TABLE 16 SOLAR CELL I-V DATA (Cone.) 

1 0 2 2 0  W109C-002 ( 1 . 4 E 1 7 )  VG,? 0 0  0 0 0  
+SOL8 1  /8 / a 0  AN:: P 0 = 9 1 . 6 0 ~ ~ / ~ ~ ^ 2  NO AR COATING 

1 D I S C  VOC I P  L O G ( I 0 )  N R FF E f f  

AVERAGES: 8 0 2 2 0  BASELINE W097 0 0  0 0 0  
2 2 . 7 5  - 5 4 8  1 0 . 4 9  - 6 . 3 2 4  1 . 9 6  - . 72  - 7 3 2  9 . 6 5  

S  TD . I S  .OOO . 1 1  - 0 5 7  - 0 2  .CO - 0 0 2  - 0 4  
8 0 2 2 0  W109C-002 ( 1  - 4 E 1 7 )  

22 .24  , 5 4 4  1 9 . 6 8  - 5 . 6 1 7  2 . 3 2  - 1 . 2 6  - 7 1 3  9 . 1 3  
S  TD . 2 4  . 0 0 2  . 2 1  - 4 3 0  - 2 6  . 5 0  - 0 1 1  - 1 1  

PERCENT OF BASELINE 
9 7 . 8  99.3 9 6 . 1  1 1 1 . 2  1 1 9  2 4 . 8  9 7 . 5  9 4 . 6  

S TD X 1 . 7  - 4  1 . 6  7 .7  1 5  6 9 . 7  1 . 8  1 . 5  

. PCDa PCDb 



TAELE 16 SOLAR CELL I -V  DATA (Cont.) 

80224 W*llOFE001 LOW RESISTIVITY (BE141 YO58 00 000 
*SOLE 1 /14/80 A9l: P0=91.60HU/CN"2 NO AR COATING 

I D  ISC VOC IP LOG(I0) N R FF Ef f 

AVERAGES: 50224 BASELINE W058 00 000 
20.10 . " a 8  18-01 -6.057 2 . 2 5  -1.41 .733 9.16 

ST D .Oq .JOO .OO .OOO -00 .OO .OOO .OO 
80224 W*llOFE001 LOW RESISTIVITY (8E14) 

16.26 a577 15.76 -5.111 3.14 -2.86 -692 7.71 
S TD e24.007 .64 1.047 .98 1.71 .040 .55 

PERCER'! OF BASELINE 
9 C . P  9 8 . 1  6 7 . 5  115.6 139 - 3 . 3  9 4 . 4  84.2 

S Tr 1.2 1 . 2  3 . 6  17.3 44 121.6 5.5 6.3 

OCD PCDa PCDb 



TABLE 16 SOLAR CELL I-V DATA (Chnt.) 

ID ISC VOC IP LOG(I0) N R FF Eff OCD PCDa PCDb 

AVERAGES: 80227 BASELINE W097 0 0  000 
21.70 -547 19.46 -6.159 2.03 -.83 -726 9.12 4-81 000 0 0 0  

S T D  .OO .OOO .no .OOO .00 .a0 .OOO .OO .OO * * 
80227 WlllCU-V001 (2.5ElS-3E14) 

15.28.474 13.34 -5-6562.10 -a48 -678 5.20 -73 -00 - 0 0  
S TD .22 .004 .33 -509 - 2 8  -47 - 0 2 0  - 2 2  -15 * * 

P E R C E N T  OF B A S E L I N E  
70.4 86.7 68.5 108.2 103 142.3 93.3 57.0 ,15.1 ***** ***** 

STDX 1 .O .7 1.7 8.3 1 4  57.0 2.7 2.4 3.1 *****  *****  



TABLE 16 SOLAR CELL I-V DATA (Cont.) 

80522 WlllCUIV001 (2.5~15/3~14) REPEAT RUN W097 00 000 
*SOL9 1 /8 /80 AHl: P0=91.60MW/C~^2 NO AR COATING 

ID ISC VOC I P  LOC(I0) N R FF E f f  OCD PCDa PCDb 

AVERAGES: 80522 BASELINE V097 00 000 
22.30 -550 20.19 -6.570 1.88 --81 .743 9.63 4.29 -00 -00 

S TD .OO .001 .15 -394 -15 -19.009 -13 -13 * * 
80522 WlllCU/V001 (2.5E15/3E14) REPEAT RUN 

15.46 -477 13.63 -6.074 1.97 -a33 -691 5.38 a84 -00 -00 
S TD -56 -005 -48 -899 -49 1.28 . 0 2 2  -31 .26 * * 

PERCENT OF BASELINE 
69.3 86.6 67.5 107.5 105 159.2 93.0 55.9 19.5 ***** *****  

S TD X 2.5 1.0 2.9 20.1 36 204.7 4.1 4.0 6.8 *****  ***** 



TABLE 1 6  SOLAR CELL I-V DATA (Cont.) 

8 0 3 0 1  W112TA001 ( 8 . 3 E l l )  W097 0 0  0 0 0  
*SOL8 1 /'! / 8 0  A M l :  PO-91 .60MW/C1IA2 NO AR COATING 

I D  ISC VOC I P  L O G ( I 0 )  M R F F  E f f  

AVERAGES: 8 0 3 0 1  BASELINE U097 0 0  0 0 0  
21 .70  - 5 4 6  1 9 . 5 7  - 6 . 3 9 4  1 . 9 3  - . 7 8  - 7 3 4  9 . 2 0  

S TD - 3 0  - 0 0 2  . 3 6  - 2 1 8  - 0 8  - 1 2  - 0 0 6  - 2 3  
8 0 3 0 1  W112TA001 ( 8 . 3 E l l )  

19 .41  - 5 2 8  1 6 . 9 9  -5 .502  2 . 4 1  - 1 . 1 5  - 6 9 3  7 . 5 1  
S  TD - 3 3  . 0 0 5  - 5 2  - 7 1 2  , 4 4  - 8 3  - 0 2 0  . 3 3  

PERCENT 0 9  BASELINE 
89 .4  9 6 . 6  8 6 . 8  1 1 4 . 0  1 2 5  5 1 . 8  9 4 . 3  8 1 . 6  

STDX 2 . 8  1 . 2  4 . 3  1 4 . 4  2 9 1 4 5 . 2  3 . 5  5 . 7  

OCD PCDa PCDb 



TABLE 16 SOLAR CELL I-V DATA (Cont.) 

805221 W113FZ/CR001 (8E14) WlOl 00 000 
*SOL9 1 18 180 AM1: P0=91.60MW/CMn2 NO AR COATING 

ID ISC VOC IP LOG(I0) N R FF Eff 

AVERAGES: 805221 BASELINE WlOl 00 000 
22.25 -549 20.09 -6.4.06 1.93 -.89 .740 9.55 

S TD .23 .OOO .22 a240 -10 .17 -004 a12 
805221 ~ 1 1 3 ~ ~ I C R 0 0 1  (8E14) 

20.07 .515 17.80 -5.781 2.13 -1.09 .713 7-79 
S TD .12 .001 .27 -412 -27 -42 .014 - 1 8  

PERCENT OF BASELINE 
90.2 93.6 88.6 109.8 110 77.2 96.4 81.6 

STDX 1.5 . 3  2.4 10.0 20 79.5 2.4 2.9 

OCD PCDa PCDb 



TABLE 16 SOLAR CELL I-V DATA (Cont.) 

80317 W115N/CU002 (1E16) W079 0 0  00C 
*SOL8 1 18 180 AM1: ~ 0 = 9 1 . 6 0 ~ ~ / ~ ~ ^ 2  NO AR COATING 

ID ISC VOC IP LOG(IO) N R FF E f f  

AVERAGES: 80317 BASELINE W079 0 0  000 
20.93 ,545 19.03 -6.922 1.75 -.50 .743 8.98 

S TD .25 .004 .38 ,434 -14 el7 -012 -32 
80317 W115N/CU002 (1E16) 

20.87 .538 18.10 -5.099 2.69 -1.61 -687 8.16 
S TD .51 .007 .64 -549 .41 .52 -025 .50 

PERCENT O F  BASELINE 
99.7 98.6 95.1 126.3 154 *****  92.5 90.9 

STD X 3.7 2.1 5.3 13.0 38 245.8 4.9 9.0 

OCD P C D a  PCDb 



TABLE 16 SOLAR CELL I-V DATA (Cont.) 

80321 W*116PH001 (1E17) LOW RESISTIVITY RUN W057 00 000 
*SOL8 1 /14/80 AM1: PO=91.60MW/CM-2 NO AR COATING 

ID ISC VOC IP LOG(I0) N R FF Eff OCD PCDa PCDb 

lR* 22.50 -556 20.03 -5.941 2.16 m.59 a710 9.39 e00 -00 -00 
lB*. 21.20 .577 17.26 -3.692 4.77 -5.04 a643 8.31 1.04 -00 .OO 
2 B 21.40 -581 18.65 -5.084 2.84 -1.92 -698 9.18 1.69 -00 -00 
3 B 21.40 e577 18.?9 -5.374 2.60 -1.37 -701 9.15 1.30 -00 -00 
4B* 21.40 .56P 17.89 -4.274 3.64 -2.41 -648 8.32 -91 .OO -00 
5 B 21.60 -538 18.83 -5.299 2.61 -.88 -683 8.87 1.04 -00 m0O 
1 C 21.30 .565 17.77 -4.366 3.50 -1.63 .635 8.09 e91 .OO -00 
2 C 21.00 .584 18.57 -5.497 2.55 -1.81 -718 9.32 1.95 .OO .OO 
3C 21.30 -579 18.73 -5.425 2.58 -1.37 -703 9.17 1.56 -00 -00 
4C * 21.40 -560 17.82 -4.392 3.43 -1.23 -628 7.96 -91 -00 -00 
5 C 21.30 .580 19.18 -6.315 2.09 -.93 e734 9.59 1.95 eO0 -00 
6 C 21.40 ,561 18.29 -4.899 2.90 -.78 -655 8.31 -91 -00 .OO 
7 C * 20.90 -550 17.47 -4.707 3.03 -15 -615 7.4Q -91 -00 .OO 
8 C 21.10 .572 18.02 -4.707 3.15 -1.80 e667 8.51 1.30 a00 a00 
9C* 21.00 .534 17.16 -4.312 3.39 -a25 -595 7.05 -52 a00 -00 
1 OC* 21.00 -535 16.65 -4.163 3.59 -93 e552 6.56 .39 .OO -00 
11C 21.30 e572 18.14 -4.653 3.20 -1.80 a664 8.55 1.04 -00 -00 
12C 21.30 .576 18.55 -5.048 2.85 -2.06 -699 9.07 1.69 -00 -00 
13C 21.30 .580 18.99 -5.934 2.27 -.96 .718 9.38 1.56 -00 -00 
1 S 20.30 .579 18.15 -6.080 2.20 -.92 -721 8.96 1.56 SO0 -00 
2 S 20.70 .565 17.49 -4.537 3.31 -1.84 -653 8.08 -91 -00 .OO 
3 S 20.80 .577 18.32 -5.4-75 2.54 -1.40 .706 8.96 1-30 a00 .OO 
4 S 21.00.582 19.18 -7.200 1.76 -.35 -748 9.67 2.08 -00 eOO 
5 S 21.10 .583 19.05 -6.471 2.03 -.78 .735 9.56 1.95 .OO -00 
1 T * 21.30 .529 17.55 -4.538 3.08 .40 a596 7-10 .78 -00 SO0 
2T 21.10 .570 17.78 -4.384 3.51 -2.46 ,658 8.36 1.30 a00 .OO 
3T * 21.00 .569 17.13 -3.841 4.39 -3.75 ,631 7.98 1.04 -00 .OO 
4 T 21.00 0575 18-16 -4.935 2.95 -1.91 -686 8.76 -91 .OO -00 
5 T 20.80 e563 17.86 -4.915 2.91 -1.27 e667 8.27 1.17 .OO -00 
6T* 21.30 .551 17.85 -4.509 3.24 -1.09 -634 7.87 -91 .QO a00 

AVERAGES: 80321 BASELINE W057 00 000 
21.47 .575 18.76 -5.253 2.68 -1.39 .694 9.06 1.34 .OO .OO 

S TD e09 .005 -08 el23 e l 1  a43 .008 a14 a27 * * 
80321 W*116PH001 (1E17) LOW RESISTIVITY RUN 

21.06 -574 18.37 -5.344 2.72 -1.42 a692 8.86 1.41 -00 .OO 
S TD e28 a007 -51 -791 a51 .55 ,033 -52 .40 * * 

PERCENT OF BASELINE 
98.1 99.8 97.9 98.3 101 98.4 99.7 97.7 105.3 ***** ***** 

STDX 1.7 2.2 3.1 17.8 24 82.2 5.9 7.4 56.5********** 



TABLE 16 SOLAR CELL I-V DATA (Cant . ) 
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TABLE 16 SOLAR CELL I-V DATA (Cont.) 

8 0 4 0 5  W 1 2 0 ~ / ~ R 0 0 2  ( 3 E 1 4 )  W079 0 0  0 0 0  
*SOL8 1  1 8  1 8 0  AM1: P0=91*60MW/~M^2 N O  AR COATING 

I D  ISC V O C  I P  L O G ( I 0 )  N R FF E f f  

AVERAGES: 8 0 4 0 5  BASELINE W079 0 0  0 0 0  
2 1 . 5 3  - 5 4 6  1 9 . 5 4  - 7 . 0 5 4  1 . 7 3  - . 0 3  - 7 3 1  9 . 1 0  

S TD - 1 7  e004  - 3 5  . 8 1 9  a 2 3  * 3 0  a 0 1 8  a 3 3  
8 0 4 0 5  W120N/CR002 ( 3 E 1 4 )  

2 1 . 3 5  - 5 5 3  1 8 . 9 1  - 5 . 9 4 9  2 . 3 6  - 1 . 2 2  - 7 1 3  8 . 9 1  
S  TD . 5 5  e 0 1 0  . 9 5  1 . 3 5 9  e 6 3  e94  e 0 3 5  . 7 4  

PERCENT OF BASELINE 
9 9 . 2  1 0 1 . 2  96 .7  1 1 5 . 7  1 3 6  *****  9 7 . 4  9 8 . 0  

STDX 3 . 3  2 .5  6 .7  3 1 . 3  6 0 * * * * *  7.4 1 1 . 9  



TA?AE 16 SOLAR CELL I-V DATA (Cont . ) 

80403 W*118PH003 (1.4E17) LOW RESISTIVITY W057 00 000 
*SOL8 1 / 1 4 / 8 ~  AM1: P0=91.60MW/CMn2 NO AR COATING 

ID ISC VOC IP LOG(I0) N R FF Ef f OCD PCDa PCDb 

AVERAGES: 80403 BLSELIKE ~ 0 5 7  00 000 
21.40 .579 18.85 -5.387 2.60 -1.72 -711 9.32 .91 - 0 0  - 0 0  

S TD .OO ,000 .03 .OOO .OO .OO .OOO .OO .OO * * 
80403 W*118PH003 (1.4E17) LOW RESISTIVITY 

21.78 .565 19.07 -5.480 2.63 -1.41 ,699 9.10 6.45 a00 - 0 0  
S TD .37 ,010 -72 -998 .62 -75 .035 .56 7.50 * r~ 

PERCENT OF BASELINE 
101.8 97.6 101.1 98.3 101 118.3 98.2 97.6 708.3 ***** ***** 

S TD X 1.7 1.8 3.8 18.5 24 43.4 4.9 6.0 823.7 *****  ***** 



TABLE 16 SOLAR CELL I -V DATA (Cont . ) 

80424 W 1 2 1 ~ / ~ 1 0 0 2  (3.9E13) W079 0 0  000 
*SOL8 1 I8 /80 AM1: P0=91.60HU/CM^2 NO AR COATING 

I D  ISC vOc IP LOG(I0) N R FF Ef f OCD PCDa PCDb 

AVERAGES: 80424 BASELINE W079 00 no0 
21s38 .543 19.22 -6.676 1.84 el7 -713 8.76 4.49 -00 .OO 

S TD - 1  1 a006 -33 -687 .21 -12.024 *42 .80 * * 
80424 W121~/TI002 (3.9313) 

19.87 -525 17.26 -5.317 2.51 -1.07 .681 7.51 1.69 e00 -00 
S TIi - 4 0  -006 -58 .688 -46 .70 .026 a42 .56 * * 

PERCENT OF BASELINE 
93.0 96.6 89.8 120.4 136 ***** 95.6 85.6 37.7 ***** ***** 

STDX 2.3 2.1 4.6 1 9 6  44 + * * * *  7.0 9.1 21.6 ***** ***** 



TABLE 16 SOLAR CELL I-V DATA (Cont .) 

80425 Yl22TI007 (8.4E13) W097 0 000 
*SOL8 1 /8 /80 AHl: P0=91.60MW/~H^2 NO AR COATING 

ID ISC VBC IP LOG(I0) N R FF Eff 

AVERAGES: 80425 BASELINE W097 0 000 
22.20 a550 20.03 -6.394 1.94 -.82 -737 9.50 

S TD .OO -002 -09 -244 .09 el5 ,005 .09 
80425 W122TI007 (8.4E13) 

14.00 -467 12.21 -5.757 2.02 -02 .670 4.64 
S TD -16 .GO4 -24 m406 -22 .39 .014 -15 

PERCENT O F  BASELINE 
63.1 85.0 6 110.0 104 202.3 91.0 48.8 

STDX .7 - 9  1.5 10.0 17 56.7 2.6 2.1 

OCD PCDa PCDb 



TABLE 16 SOLAR CELL I-V DATA (Cont.) 

80427 Wl23TI008 (1.05E14) W097 00 000 
*SOL8 1 18 190 ANl: P0-91.60~U/C~^2 NO AR COATING . -- 

ID ISC VOC IP LOC(I0) N R FF Eff OCD PCDa PCDb 



TABLE 16 SOLAR CELL I-V DATA (Cont.) 

80531 i1124nooo3 (1.8~10) V097 00 000 
*SOL9 A /14/80 AUl: ~ 0 - 9 1 . 6 0 n ~ / C ~ ~ 2  NO AR COATING 

R FF Eff OCD PCDa PCDb 

AVERAGES: 80531 BASELINE W097 00 000 
21.93 -547 19.62 -6.081 2.09 -.91 -724 9.18 3.64 -00 -00 

B TD -17 .001 -07 .517 .24 .42 .009 .06 .il * * 
80531 W124H0003 (1.8E10) 

21.62 .542 19.21 -5.906 2.22 -1.10 .717 8.89 2.98 -00 000 
S TD -16 -003 . 4 3  .856 .45 .54 ,026 - 3 6  -62 * * 

PERCENT OF BASELINE 
98.6 99.0 97.9 102.9 106 78.8 99.1 96.7 82.0 ***** ***** 

S TD X 1.5 -9 2.5 23.5 36 142.4 4.9 4.6 20.0 ***** ***** 



TABLE 16 SOLAR CELL I-V DATA (Cont.) 

80601 U125H0004 ( 3 E i l )  U097 00 000 
*SOL9 1 / 5  180 AMl: P0=91.60XU/CX-2 NO AR COATING 

ID ISC VOC IP LOG(I0) N R FF Eff CGn PCDa PCDb 

AVERAGES: 80601 BASELINE W097 00 000 
22.02 .549 19.93 -6.709 1.82 -.34 .732 9.36 3.69 .OO -00 

S TD .07  .!I00 .I7 .313 -12 -16 a008 -13 -24 * * 
80601 W125N0004 (3Ell) 

21.02 -534 18.57 -5.640 2.30 -1.23 -709 8.42 1.79 -00 -00 
S TD . 1 6  -004 .41 8 m3S -50 -024 a36 .39 * L 

PERCENT O F  BASELINE 
95.5 97.3 93.2 115.9 126 ***** 96.9 90.0 48.4 ***** ***** 

STDX 1.1 - 9  2.9 13.0 29 387.9 4.4 5.1 14.5 ***** ***** 



TABLE 16 SOUR CELL I -V DATA (Coat .) 

80602 U126HULTI001 U097 00 000 
*SOL9 1 /8 /80 AHl: P0=91.60HY/CH^2 NO AR COATING 

ID ISC VOC IP LOG(I0) N R FF E f f  

AVERAGES: 80602 BASELINE W097 00 000 
21;75 a549 19-88 -7.249 1.65 -a27 -748 9.45 

S TD .15 .001 .02 -356 -10 -09 moo8 -05 
80602 W126MULTI001 

19.70 -529 17.48 -5.914 2.12 -.75 e708 7.80 
S TD e26 ,003 -32 -456 .23 -39 -014 -23 

PERCENT OF BASELINE 
90.6 96.4 88.0 118.4 129-75.8 94.6 82.6 

STDX 1.8 -7 1.7 10.6 22 276.9 2.9 2.9 

OCD PCDa PCDb 





TABLE 16 SOLAR CELL I-V DATA (Cone.) 

80603 W128TA002 (1.7Ell) W097 0 0  000 
*SOL9 1 /8 /80 AH1: P0=91.60MW/CM-2 NO AR COATING 

ID ISC VOC IP LOG(I0) N R FF Eff OCD PCDa PCDb 

AVERAGES: 80603 BASELINE W097 0 0  000 
21.95 -550 20.05 -7.042 1.71 -a70 a756 9.65 4.29 .OO -00 

S TD .15 .001 .12 .082 .02 .10.001 -07 el3 * * 
80603 W128TAO02 (1.7Ell) 

21.38 -545 19.14 -6.227 2.08 -a89 -725 8.94 3.00 - 0 0  .OO 
S TD a12 .003 -42 a837 e 4 3  -57 .025 a35 a51 * * 

PERCENT OF BASELINE 
97.4 99.2 95.4 111.6 122 72.9 95.8 92.6 70.0 ***** ***** 

S TD X 1.2 - 7  2.7 13.0 28 112.2 3.5 4.3 14.3 ***** ***** 



TABLE 16 SOLAR CELL I-V DATA ( C o n t  .) 

8 1 0 2 6  W 1 3 1 M N 0 0 8  ( 5 . 5 3 1 4 )  T H R E E  I N C H  M A T E R I A L  W 1 1 7  00  000 
* S O L 1 0  1  I8 I80  A M 1 :  P 0 = 9 1 . 6 0 M W / C M - 2  NO A R  C O A T I N G  

I D  I S C  VOC I P  L O G ( I 0 )  N  R F F  E f  f OCD P C D a  P C n b  



TABU 1 6  SOLAR CEU 1-V DATA (Cant.) 

AVERAGES: 81026 BASELINE 
22.28 ,557 20.56 

S TD 015 0002 .21  
81326 W131HN008 

20.43 - 5 3 5  18.17 
S TD 030 - 0 0 3  036 

PERCENT OF BASELINE 
91.7 96.2 88.4 

STDX 1.9 09 2.7 

W117 0 0  0 0 0  
-7.998 1.48 003 0759 9 - 9 6  4.60 - 0 0  0 0 0  

.555 015 -16  0011 - 1 6  041 * * 
(5.5E14) THREE INCH MATERIAL 
-5.949 2.14 -.95 0715 8.27 1.18 - 0 0  - 0 0  

0602 - 3 2  - 4 1  0020 - 2 8  - 2 9  * * 



TABLE 16 SOLAR CELL I-V DATA (Cont . ) 
80?22 W132TA003 (4.2E10) W097 0 0  000 
*SOL9 1 I8 I80 AMl: P0=91.60MW/CMA2 NO AR COATING 

ID ISC VOC IP LOG(I0) N R FF Eff OCD PCDa PCDb 

AVERAGES: 80822 BASELINE W097 00 000 
22.25 ,549 20.09 -6.406 1.93 -.89 -740 9.55 3.97 a00 -00 

S TD .23 .OOO .22 .240 el0 -17 -004 a12 -11 * * 
80822 W132TA003 (4.2E10) 

22.02 .551 19.64 -5.852 2.23 -1.36 .727 9.33 3.68 -00 000 
S TD .12 eOO2 e29 .546 .27 a42 e013 .20 - 3 5  * * 

PERCENT OF BASELINE 
99.0 100.4 97.7 108.6 115 47.2 98.3 97.7 92.8 ***** ***** 

S TD X 1.6 .5 2.5 12.3 21 86.4 2.4 3.4 11.7 ***** ***** 



TABLE 16 SOLAR CELL I-V DATA (Cont.) 

80926 W134TI009 (3E13) W117 00 000 
*SOL10 1 /8 180 AM1: P0=91.60MW/C~^2 NO AR COATING 

ID ISC VOC IP LOG(I0) N R YF Eff OCD PCDa PCDb 

AVERAGES: 80926 BASELINE W117 00 000 
2'2.69 -558 20.69 -7.288 1.65 -.32 e752 10.03 3.90 .OO -00 

S TD .OO .OOO .30 .OOO .OO .OO .OOO .OO .OO * * 
80926 W134TI009 (3E13) 

15.42 .491 13.68 -6.181 1.88 -00 -694 5.56 e66 *OO -00 
S TD .24 .002 .23 e240 -10 .20.008 .12 .05 * * 

PERCENT O F  BASELINE 
68.2 87.9 66.1 115.2 114 200.4 92.3 55.4 17.0 ***** ***** 

S TD X 1 .O b3 1.1 3.3 6 63.2 1.1 1.2 1.4 *****  ***** 



TABLE 16 SOLAR CELL I-V DATA (Cont .) 

80927 W135FE005 ( 7  e8E7.8) W117 0, 000  
*SOL10 1  I 8  1 8 0  AM1: P0=91.60MW/CMa2 NO AR COATING 

AVERAGES: 80927 BASELINE W117 0 0  000  
22 .53  - 5 5 8  20.54 -7.090 1 .71  - .21 e742 9 .86  

S  'ED .09  - 0 0 0  .07  e l 0 1  - 0 3  * 0 9  .001  - 0 4  
80527 W135FE005 (7 .2314 )  

20.42 m528 17.67 -5 .151  2 .63  -1 .33  - 6 8 1  7 .76  
S  TD .39 .002  . a 2  - 6 0 7  - 5 0  - 6 9  so22  e l 8  

PERCENT OF BASELINE 
90 .6  94.7 86.0 127 .4  1 5 4 * * * * *  91 .7  78.7 

STDX 2 .1  . 5  1.9 9.7 32 768.8 3.0 2 .1  

OCD PCDa PCDb 

.oo .oo .oo 
4.81 a00  - 0 0  
5 .60  900 - 0 0  
4 .03  .OO - 0 0  

. 91  .oo .oo 

. 91  .oo .oo 
- 7 8  - 0 0  . O O  

1 .04  - 0 0  - 0 0  
1 .04  . O O  . O O  

. 9 1  .oo .C3  
1.30  . O O  a00  
1 .04  - 0 0  SO0 
1 .04  SO0 . O O  
l . i 7  . O O  - 0 0  

.65  - 0 0  . O O  
1 .04  - 0 0  a00  

. 65  . O O  a00  

.26  a00  - 0 0  
1 . 0 4  . O O  - 0 0  

. 13  .oo .oo  

. 1 3  e o o  .oo 
< 1 3  .oo  .oo 
.39 .oo  .oo 

4 . 8 1  e o o  .oo 
.64 * * 



TABLE 16 SOLAR CELL I-V DATA (Cont.! 

80928 W136FE006 (2.4E14) W117 00 000 
*tOL10 1 18 I80 AM1: P0191.60MW/CM"2 NO AR COATING 

ID ISC VOC IP LOG(I0) N R F? Eff 

AVERAGES: 80928 BASELINE W117 00 000 
22.58 -559 20.68 -7.441 1.62 -el2 4749 10.00 

S TD -16 a001 015 .414 01: .:2 .011 .I3 
80928 W136FE006 (2.4E14) 

20.04 -536 18.00 -6.405 1.93 -,.62 -725 8.23 
S TD . 6 5  .OOb .62 ,533 .29 a43 -015 040 

PERCERT OF BASELINE 
88.7 95.9 87.0 113. 

9 119 *****  96.8 82.4 
STDZ 3 . 5  1.2 3.7 12.4 29 *****  3.5 L.2 

OCD PCfa PCDb 



TA3LE 16 SOLAR CELL I-V DATA (Conc.) 

80929 W137T1010 (2.1E14) W117 00 000 
*SOL10 1 /8 180 AM1: ~0=91.60HW/CH^2 NO AR COATING 

ID ISC VOC IP LOG(I0) N R FF Eff OCD 

AVERAGES: 80929 BASELINE W117 00 000 
22.35 .557 20.h3 -7.165 1.69 -.46 m753 9.91 4.39 

S TD 1 0 0 1  .15 -158 -05 e l 1  .004 .lo -28 
80929 W137TI010 (2.1E14) 

12.63 -463 11.10 -5.970 1.94 -a37 -686 4.24 .85 
S TD .36 -004 -25 - 5 5 9  .28 -82 -013 -12 e l 0  

PERCENT OF BASELINE 
56.5 83.1 54.3 116.7 115 119.0 91.1 42.8 19.3 

STDX 2.1 a8 1.6 9.8 20 240.1 2.1 1.6 3.8 

PCDa PCDb 



TABLE 16 SOLAR CELL I-V DATA (Cont .) 

81002 W138M0005 (lE12) W117 00 000 
*SOL10 1 18 180 AH1: ~0=91.60~~/CH^2 NO AR COATING 

ID ISC VOC IP LOG(10) N R FF Eff OCD PCDa PCDb 

AVERAGES: 81002 BASELINE W117 00 000 
22-47 -559 20.55 -7.285 1.66 -.24 .749 9 . 9 5  4-51 -00 -00 

S TD el2 ,001 -09 .361 - 1 1  -23 .005 -03 a12 * a 
81'?2 W138M0005 (1E12) 

26.83 -529 18.43 -6.129 2.06 -.lo -698 6.14 1.08 -00 -00 
S TD .24 002 .77 .695 . 5 1  .92 .06I - 7 1  -22 * * 

PERCENT OF BASELINE 
92.7 94.6 89.7 115.9 124 158.5 93.3 81.8 24.0 ***** ***** 

STDX 1.6 -5 4 . 1  14.2 41770.8 8.8 7.4 5.7********** 



TABLE 1 6  SOLAR CELL I -V MTA (Coat. ) 

8 1 0 0 3  W139H0006 ( 4 . 2 E 1 2 )  Y117 0 0  0 0 0  
*SOL10 1 / 3  I 6 0  AUl: P0=91.60HU/C14^2 NO AR COATING 

ID ISC VOC I F  LOG(IO) N R FF 

AVERAGES: 9 1 0 0 3  BASELINE 
2 2 - 0 3  - 5 5 0  1 9 . 9 1  

S TD - 0 5  - 0 0 2  - 0 8  
8 1 0 0 3  w139no006  

1 8 . 4 3  .SO? 1 6 . 2 0  
S TD - 8 0  - 0 0 6  ; e l 2  

PERCENT O F  BASELINE 
8 3 . 6  9 2 . 2  8 1 . 4  

S TD X 3 . 8  1 . 4  6 . 0  

OCD PCDa PCDb 



TABU 16 SOLAR CELL I-V DATA ( m t  -1 

81031 V14OTIOll (1-8E14) THREE INCH MATERIAL V097 00 000 
*SOL10 1 18 180 AMl: P0=91.60HU/C~'2 NO AR COATING 

ID ISC VOC IP ~ o c ( r o )  N R FF E£ E OCD PCDa PCDb 



TABLE 16 SOL= CELL I-V DATA (Cont .) 

A V E R A G E S :  81031 B A S E L I N E  
22.19 -552 20.43 

S  T D  .21 .002 .22 
81031 W140TIO11 

12.25 -474 11.04 
S  T D  -31 -003 .29 

P E R C E N T  O F  B A S E L I N E  
55.2 85.8 54.0 

S T D X  1.9 - 8  2.0 

W097 00 000 
-7.822 1-50 -.03 -757 9.81 4.41 -00 

.398 -09 a16 -006 -13 1.00 
(1.8E14) T H R E E  INCH H A T E R I A L  
-7.0361.55 -60.711 4.37 -95 .OO 

-348 - 1 1  -37 -007 *I4 -23 * 



TABLE 16 SOLAR CELL I -V  DATA (Cont.) 

81109 W141HO/CU001 (4E12-4.4E15) W117 0 0  000 
*SOL10 1  18  /80  A U l :  F0=91.60HW/CHn2 NO AR CCATING 

I D  ISC VOC IP L O G ( I O )  N R FF E f f  

AVEitAGES: 81109 BASELINE W117 00  000  
22.10 a561 20.32 -7.651 1.56 - e l 4  -756  9.91 

S  TD . 1 0 . 0 0 0  .02 - 1 9 3  - 0 5  - 1 3  - 0 1 0  - 0 9  
81109 ~ 1 4 1 ~ O / C U 0 0 1  (4E12-4.4E15) 

18.72 -507  16.69 -6.145 1 .93  - a51  ,710  7.14 
S  TD - 3 2  -002 .38 .354 - 1 7  - 4 0  - 0 1 2  - 2 2  

PERCENT O F  BASELINE 
8 4 - 7  90.5 82.1 119.7 124 *****  93.9 72.0 

STDX 1.8 .5 2.0 6 . 8  1 5  856.4 2.8 2.9 

OCD PCDa PCDb 



TABLE 16 SOLAR CELL I-V DATA (Cont.) 

81110 W*143T1002 (2E14) LOW RESISTIVITY W142 00 000 
*SOL10 1 /8 /80 AN1: ~0=91.60HW/CH"2 NO AR COATING 

ID ISC VOC IP LOG(I0) N R FF Eff 

AVERAGES: 81110 BASELINE W142 00 000 
20.40 -598 18.65 -7.299 1.81 -.50 .752 9.69 

S TD el0 .DO2 -31 -790 -25 -37 -015 -28 
81110 U*143TI002 (2E14) LOW PESISTIVITY 

10.90 -525 9.83 -7.489 1.77 -.32 -728 4.42 
S TD el8 -019 -47 1.717 -61 -83 .058 -50 

PERCENT O F  BASELINE 
53.4 87.9 52.7 97.4 97 134.8 96.9 45.6 

STDf 1.1 3.6 3.4 37.2 51 338.4 9.7 6.6 

OCD PCDa PCDb 



TABLE 16 SOLAR CELL I-V DATA (Cont.) 

81130 W144M0001 (4.4E12) LOW RESISTIVITY W142 00 000 
*SOL10 1 /8 /80 AMl: P0=91.60~W/CM^2 NO AR COATING 

ID ISC VOC IP LOG(I0) N R FF Eff OCD PCDa PCDb 

2R* 21.90 -559 19.83 -6.532 1.92 -a89 -744 
1 B 20.40 -595 18.85 -8.047 1-56 -a15 -766 
2 B 20.40 -595 18.96 -8.510 1.46 -a08 .775 
3B .* 20.40 -583 17.95 -5.503 2.55 -1.26 -702 
4B.* 20.40 .564 17.20 -4.688 3.14 -a78 -637 
5B .* 20.40 -576 17.43 -4.730 3.17 -1.87 -667 
1 C 17.40 -575 15.83 -6.938 1.85 -a91 0749 
2 C 16.60 -538 12.75 -4.079 3.91 2.12 9518 
3C* 11.10 a165 7.74 -10.903 .31 8.85 -367 
4 C 17.30 .525 14.16 -4.380 3.35 -.58 e600 
5 C 17.60 -560 15.15 -4.916 2.96 -2.22 .679 
6C .* 13-30 a186 9.67 -6.483 -67 6.02 -411 
7C .* 13.10 a176 9.66 -7.631 a51 6.25 -410 
8C.* 12.30 el54 9.49 -13.559 .22 6.64 a413 
9 C 17.60 ,558 15.18 -5.033 2.84 -1.76 -677 
lOC.* 16.70 -556 13.28 -3.510 5.34 -7.66 .626 
11C.* 15.10 -246 10.95 -5.853 1.02 6.48 -415 
1 S 17.70 .531 15.10 -5.085 2.66 - e l 1  ,643 
2 S 17.40 .563 15.01 -5.069 2.84 -1.59 a675 
3s 17.50 .577 16.33 -9.088 1.31 el9 a779 
4 S 17.60 .577 16.25 -8L172 1.50 a23 .757 
5 S 17.40 -563 14.74 -4.626 3.28 -2.34 .658 
6 S 17.30 -569 15.25 -5.734 2.36 -a58 -693 
>ALL TANG SAMPLES TESTED TOO POORLY TO MEASURE 

AVERAGES: 81130 BASELINE W142 00 000 
20.40 .595 18.91 -8.278 1.51 -el2 -770 9.89 1.69 -00 -00 

S TD .OO -000 -05 ,232 -05 a04 .005 .06 -00 * * 
81130 W144M0001 (4.4E12) LOW RESISTIVITY 

17.40 .558 15.07 -5.744 2.62 -.69 ,675 6.96 -80 -00 BOO 
S TD -28 ,018 a95 1.551 -77 1.24 ,071 -97 .25 * * 

PERCENT OP BASELINE 
85.3 93.8 79.7 130.6 174 *****  87.6 70.4 47.3 *****  *****  

STDX 1.4 3.0 5.3 21.2 59***** 9.7 10.3 14.7********** 



TABLE 16 SOLAR CELL I-V DATA (Cont.) 

81201 W145W001 (8.5Ell) W097 00 000 
*SOL11 1 /8 /80 AMl: ~ 0 = 9 1 . 6 0 ~ W / C ~ ^ 2  NO AR COATING 

ID ISC V O C  IP LOG(I0) N R FF E f f  

AVERAGES: 81201 BASELINE W097 OC 000 
22.08 a 5 5 7  20.01 -6.713 1.89 -.7: .743 9.66 

S TD -04 -002 -26 . 8 9 8  -27 -47 -012 -13 
81201 W145W001 (8.5Ell) 

21.16 .537 18.92 -6.270 2.00 -.50 -717 8.61 
S TD -14 .003 .?6 .686 .33 -86 -029 -38 

PERCENT O F  BASELINE 
35.8 96.4 94.6 106.6 106 134.7 96.5 89.2 

STDX - 8  .8 3.0 24.1 35 219.3 5.6 5.2 

OCD PCDa PCDb 



TABLE 16 SOLAR CELL I-V DATA (Cont.) 

81204 W146C0001 (3E15) W117 0 0  000 
*SOL11 1 /9 /80 AM1: PO=91.60MW/CMn2 NO AR COATING 

ID ISC VOC IP LOC(I0) N R FF Eff 

AVERAGES: 81204 BASELINE W117 0 0  000 
22.20 .551 20.27 -7.167 1.67 -.28 .747 9.65 

S 'ID - 2 7  -001 -26 -267 .08 a09 -006 -14 
81204 W146C0001 (3E15) 

21.15 -534 18.36 -5.204 2.63 -1.39 ,686 8.19 
S TD .44 -005 - 5 3  -723 - 5 4  e90 .021 a35 

PERCENT OF BASELINE 
95.2 96.9 90.6 127.4 158***** 91.9 84.8 

S TD X 3.2 1.0 3.8 13.2 41 575.6 3.5 4.8 

OCD PCDa PCDb 



TABLE 16 SOLAR CLLL I-V DATA (Cont .) 

81206 W147N/NIOOS (1.6E15) W097 0 0  COO 
*SOL11 1 19 /80 AM1: ~0=91.60MW/CM^2 NO AR COATING 

ID ISC VOC IP LOG(J0) N R FF Eff OCD PCDa PCDb 

AVERAGES: 81206 BASELINE W097 00 000 
21.95 ,549 20.03 -7.376 1.62 .22 -735 9.37 5.78 - 0 0  - 0 0  

S TD .11.005 a26 -536 -16 a22 -012 m25 1.08 * * 
81206 W147N/NI002 (1.6E15) 

21.80 m454 18.23 -4.965 2.31 1.03 e601 6.32 1-09 .OO a00 
S TD i25 .037 .48 -280 -22 a59 a025 e81 e59 * * 

PERCENT OF BASELINE 
99.3 82.7 91.0 132.7 143 480.0 81.7 67.4 18.8 ***** ***** 

STDX 1.7 7.5 3.6 9.0 29 *****  4.8 10.7 15.7 *****  ***** 



TABLE 16 SOLAR CELL I-V DATA (Cont.) 

90417 ~148N/MN002 (6E14) W079 00 000 
*SOL12 1 /10/80 AM1: P0-91.60~w/CM-2 NO AR COATING 

ID ISC VOC IP LOG(I0) N R FF Eff OCD PCDa PCDb 

AVERAGES: 90417 BASELINE W079 00 000 
21.65 .542 19.39 -0.518 1.86 -43 -701 8.69 4.64 .00 .00 

STD .15 .002 .10 -043 e02 el1 ,005 .02 a04 * * 
90417 ~148N/MN002 (6E14) 

21.15 .535 18.18 -5.225 2.65 -.70 ,666 7.97 3.08 -00 .OO 
S TD .19 ,017 .65 . 8 4 0  -61 m92.055 -79 1.42 * * 

PERCENT O F  BASELINE 
97.7 98.8 93.8 119.8 142 ***** 95.0 91.8 65.4 ***** ***** 

S TD X 1.5 3.4 3.8 13.5 35 310.3 8.6 9.3 31.5 ***** ***** 



TABLE 16 SOLAR CELL I-V DATA (Cont.) 

90418 Wl49N/FE003 (6E14) W079 0 0  000 
*SOL12 1 /10/80 AMl: P0=91.60MW/CMn2 NO AR COATING 

ID ISC VOC IP LOG(I0) N R FF Eff 

AVERAGES: 90418 BASELINE W079 00 000 
21.20 -551 19.07 -6.480 1.91 -a28 -722 8.91 

S TD el0 .007 el8 -098 -01 .33 -014 e34 
90418 W149M/FE003 (6E14) 

20.78 .529 17.79 -5.093 2.64 -.39 -653 7.60 
S TD .21 .012 .57 .511 -36 e49 -034 a61 

PERCENT OF BASELINE 
98.0 96.2 93.3 121.4 ?38 61.7 90.5 85.4 

S TD X 1.4 3.6 3.9 9.2 20 536.4 6.6 10.4 

OCD PCDa PCDb 



TABLE 16 SOLAR CELL X-V DATA (Cost.) 

90109 Wl50-N/V-003 (3E13) W079 00 000 
*SH2 1 /28/80 AMI: POm91.60MW/CMn2 NO AR COATING 

ID ISC VOC IP LOC(I0) N R FF Eff OCD PCDa PCDb 

2R* 21.90 e561 
a079 N BASE 
1 B 22.20 a556 
2B.* 22.40 m553 
3B.* 22.40 0556 
40 22.40 -557 
5B* 22.40 -551 
6 B 22-70 s565 
>I50 N/V 003 S 
1 20.30 .544 
2 20.20 .-37 
3 20.40 -539 
4 20.00 .537 
5 20.30 .541 
t 20.20 .541 
>I50 N/V 003 T 
1 20.50 0532 
2 20.00 0542 
3 20.20 .5?5 
4 19.90 .544 
5 20.50 .536 
6 20.30 .542 
2R 21.90 -560 
,150 N V 003 CTR 
1 20.30 a516 
2 20.20 .535 
3 20.20 .538 
4 20.30 .53i 
5 20.20 ,540 
6 19.80 .521 
7 20.20 a542 
8 20.20 -541 
9 20.40 -532 
10 20.30 -538 

AVERAGES: 90109 BASELINE W079 00 OOG 
22.43 -559 20.36 -6.862 1.80 -024 .735 9.75 

S TD 021 e004 ~ 3 0  -296 -10 .19 -011 -30 
90109 W150-N/V-003 (3E13) 

20.22 -537 18.26 -6.811 1.81 -022 ,726 8.34 
S TD m17.007 .34 a898 -32 a48 ,026 -38 

PERCENT OF BASELINE 
90.1 96.0 89.7 100.7 101107.4 98.8 85.5 

STDZ 1.6 1.9 3.0 17.9 25435.3 5.0 6.6 



TABLE 16 SOLAR CELL I-V DATA (Cont.) 

90125 U152TIOOl 2.5E14 U151 00 000 
*SH3 1 128180 AH1: P0=91.60HY/CM^2 NO AR CJATINC 

I D  ISC VOC I P  LOG(-0) N R FF Eff OCD eCDa PCDb 

AVERAGES: 90125 B A S E L I N E  W151 00 000 
21.78 ,508 19.85 -7.320 1.52 - 1 1  - 7 5 6  8.60 5.01 *OO -00 

S TD .I5 .003 .23 -710 .20 -31 -010 -10 .70 * * 
90125 W152TI001 2.5E14 

15.44 -447 12.98 -5.003 2-38 .46 -617 4.55 1.L4 -00 *OO 
S TD 1.63 .014 1.72 -478 e 2 2  m62 -030 -98 1.4' * * 

PERCENT OF B A S E L I N E  
70.9 88.0 65.4 131.7 156 415.9 83.9 52.8 28-7 ***** ***** 

STDX 8.0 3 . 3  9.5 13.8 37***** 5.3 12.1 36.3********** 



TABLE 16 SOLAR CELL I-V DATA iConc.! 

90129 ~ 1 5 3 - ~ / ~ 1 - 0 0 3 ( 1 - ? ~ 1 3 )  U079 00 000 
*SH4 1 /28/80 Ahl: PO-Yl.bOHW/CN'Z N O  A R  C O A T I N G  

ID ISC VOC IP LOG(I0) N R F F  E f f  

A V E R A G E S :  90129 UASELINP KC79 00 000 
21.47 -554 19.58 -7.233 1.68 - . 0 8  a741 9.32 

S TD el7 .002 -26 -469 -15 -16 .O11 -22 
90129 U153-N/TI-oo3(1.7E13) 

21.21 .538 18.50 -5.54'1 2.42 -.57 . 6 8 1  8.22 
S TD .28 . 0 1 4  .st) - 7 8 6  .51 . 7 3  . a 3 9  -64 

PERCENT OF BASELINE 
98.8 97.0 96.5 1 2 3 . 4  145 "**** 91.9 88.2 

STDX 2.1 2 . 8  6.2 16.5 46 *****  6.6 9.1 

OCD PCDa PCDb 

m o o  

5-46 
5.46 
4-55 
4-01 
2 -08 
2.24 
1 .OI 
1.04 
6.50 
1.56 
3-25 
4.68 
2.08 
2 l 08 
4 -03 
2 . 9 9  
4.29 
2.99 
3.90 
3-38 
2 . 9 9  
1.95 
2.73 

.oo .oo 

.oo .oo 

.oo moo 

.oo -00 

.oo m o o  

.oo -00 

.oo .oo 

.oo .oo 

.oo m o o  

.oo m o o  

.oo 000 

.OO .30 
-30 00 
.oo .OC 
- 9  .DO 
.oo .oo 
.oo -00 
-00 -00 
.oo .oo 
.oo .oo 
.oo so0 
.oo .oo 
.oo -00 
.oo .oo 



T is(; voc 'IP LoG(Ic) !I R ?p O i 3  PCDA PCDb 

AVERAGES: 90130 BASELINE W079 00 000 
22.45 -556 19.83 -5.691 2.30 - .62 -699 

S T3 -05 a005 012 1 .O6 -10 -004 
90130 W154-N/CR-003 (5E14) 

16-35 a525 16.76 -5.449 2.52 -.87 -676 
5 TD 047 0012 -60 -988 070 -93 .0&3 

. P E Y G I ~ T  OF BASELZNE 
E 0 . 2  94.5 84.5 104.3 110 58.0 96.8 

S T D X  2.3 3 1  3.6 20.4 34 199.5 6.7 



TABLE 16 SOLAR CELL I-V (Cant-) 

-. :3 ISC voc XP LOG(I0) W R PF 

22" 21.90 -562 19-72 
,50206 079 BASE 
1 S 11.90 -567 i9.99 
.'a* 11.70 .550 i S . 6 3  
5 F 21.70 .5Sb i3.29 
4 8 1  21.70 -548 18.13 
5?* 21.60 -534 18.48 
>go206 -, . . 
2 2i.i0'.54a 18.76 
3 21-30 -537 18.85 
4 21-60 -561 18-58 
5 21.00 ,550 18-88 
>50206 - 
1 20.90 0544 18.50 
1 20.90 0520 17.47 
A 21.00 - 5 3 5  18.10 
4 21.10 0539 18.38 
5 21.20 .540 18.74 
:F.= 21.90 .562 19.75 
> ~ 3 1 0 6  , 

21.30 .534 18.4; - 21.10 .53s  17.93 
4 * 21.00' -543 13.46 
6* 21.20 0526 14.56 
7 21.60 .S39 18.69 
8 21-60 .539  16.93 
9 21.50 .543 19.3: 

I f f  OCD 

000 .3C 
e o o  .oo , 
000 .oo 
-00 -00 
.oo 000 
.oo .OO 
.oo .oo 

AQ<LBACZS: 90206 BASELINE U079 30 000 
21-80 -563 19.64 -6.526 1.96 -048 - 7 2 7  9.44 3.97 -00 -00 

S 23 -10 -005 -35 .649 - 2 5  a24 -018 e35 032 4 

90206 U155-S/YO-001 (1E12) 
21.20 -539 13.5; -5.539 2.38 - .52  -683 8.25 2.31 -00 000 

S .-'ll -21 -007 .45 - 5 4 9  -34 -70 -028 -43 -64 * 
PERCLST 6 P  YASELXNE 

97.2 95.9 94.4 115el 121 91.1 93.9 $7.5 Sam3 ****a '****, 
STD X i . 4  2e0 4.0 17.7 34274.8 6-2 8.0 2 2 a 1 * * * . * ' * * ' *  



TABLE 16 SOLAR CELL I-V DATA (Cont.) 

902C2 W156-N/HO-002 (4E12) U079 00 000 
*SB2 1 /28/80 A U l :  PO-91-60NU/CNA2 NO AR COATING 

1 D ISC VOC IP L O  N R F F  E f f  OCD PCDa PCDb 

ZY* 21-90 -560 19-7C 
>go202 079 N-BASE 
1 B. 22.40 -544 18.89 
2B.* 22-40 -526 16-17 
38. 21-70 -685 17-97 
4 B 22.10 -563 19.95 
>go202 156 N/MO 002 S 
1 .* 19.90 -540 16.30 
Z 19-80 .497 15.88 
3 29.40 -533 17-49 
4 20-00 -526 17.27 
5 20.30 a530 17.55 
6 20.70 .533 17.66 
>go202 156 N/HO 002 T 
1 19.60 .531 17-00 
2 19.90 -530 16.93 
3 20-20 -543 17.58 
2R* 21-90 -561 19-81 
>go202 156 N/MO 002 CTH 
1 20-40 .529 17.40 
2 20,lO -535 17.28 
3 20.20 -533 17.70 
4 20.40 -526 17.38 
5 20-20 95.35 18.01 
6 20-00 -488 16.61 
7 19.90 .516 16.i9 
8 20.20 .511 17.11 
9 20.80 -519 I7.0b 
10 20-50 -517 17.57 
1 1  20.30 .517 16-54 

AVERAGES: 90202 BASELINE NO79 00 000 
22.10 -563 19.95 -6.580 1.91 -.34 -728 9-50 6-50 000 .OO 

S TD . O O  .OOO .OO .OOO .OO .OO . C O O  .OO .OO * L 

9C202 W J  56-NIMO-002 (4E12) 
20.21 -524 17.17 -4.657 2.83 -.94 a650 7.29 1.54 -00 -00 

S TD .29 .013 .53 0528 - 4 3  -50 -032 - 5 3  e38 * * 
PERCENT OF BASELINE 

91.4 93.0 86.1 126.2 148 -79.0 89.4 76-1 23.7 ***** ***** 
STDX 1.3 2.4 2.7 8.0  23 149.2 4.3 5 . 5  5.8 "**** ***** 



TABLE 16 SOLAR CELL I-V MTA (Cant -1 

i 3 I S C  VOC iP L O C ( I O )  N )1 FP B f f  OCU 

21.90 -561 19-78 -0.384 1-98 -1.03 
07s K-BASE 
22-40 0562 20.39 -7.238 1-68 932 
22.90 0553 20.18 -5.703 2 - 2 1  -030 
22.80 0559 20.00 -5.5'8 2-40 0.43 
22.60 0557 19.37 -5.837 2-87 -990 
22.60 0554 20.05 -6,104 2.08 0 3 1  
157 NJTIIV 001 SEED 
9 1 1 6 3 2  -5-033 2.60 -1-44 
l8.90 0521 15.76 -5.872 2.10 -972 
18.90 -513 16.44 -5.390 2.34 -051 
19.00 o 5 1 5  16-27 -4.942 2.67 -1.02 
18.10 -316 16.55 -5.957 2-04 -018 
19.30 -510 16-50 -6.961 2.62 -073 

157 N / T I / V  001 TAKC 
18.60 -521 16-08 - 5 o G S A  2-62 -1.59 
18.70 -520 16-25 -5,243 2.47 -1.13 
18-70 ,523 16.73 -be315 1-90 -025 
18.50 0524 16.48 -6.110 2-00 -947 
18.70 0523 16.81 -6,564 1.81 -*03 
18.80 -525 16-80 -6.164 1-98 -961 
18-50 -504 15-19 -4,185 3.43 -1.91 
21.90 -565 19-79 -6-417 1.98 -1.03 
157 N/TI/V 001 CENTER 
19.00 -529 15-85 -5,987 3;90 -5.11 
18.30 0528 16.76 -7-625 1-50 023 
18-60 -517 16.53 -6.083 1-98' -027 
18.80 -525 16.91 -6.555 1.82 0.15 
18-70 -523 16.88 -6,279 1-73 -01 
17.90 0520 16-17 -6.933 1-67 -35 
18-60 -522 16.52 -6.040 2.02 0.36 
18.50 05'3 16-57 -6.356 1.89 -.26 
18.70 ,522 16-82 -6.548 1.81 0-16 
18.70 -507 16.15 -5.163 2.47 0.81 

000 
000 
000 
moo 
m o o  

000 
000 
moo 
.oo 
-00 
000 
000 
000 

000 
000 
moo 
000 
-00 
000 
000 
000 . 00 
000 

AVERAGES: 90201 BASELINE W079 00 000 
22-68 .557 20.15 -6,143 2.11 -003  -698 9.33 5-20 

S TD -19 -004 -15 .665 -27 035 -018 022 -80 
90201 W157-N/TI/V-001 (TI-1ElO.V-lEl4) 

18.70 a519 16-45 -5-820 2.23 -.34 ,694 7.13 2.16 
S TD -27 -006 039 -875 -56 1.08 -027 -32 1-00 

PERCENT OF B A S E L I N E  
82.5 93.2 81.6 105.3 106***** 99.4 76.5 41.6 

STDZ 1-9 1.7 2.6 26.1 43 *a*** 6-6 5 4  28.5 



TABLE 16 SOLAR CELL I-V DATA (Cont.) 

90214 W158N-TI-V-CR001 (5E13-5E13-5.5E14) W079 00 000 
*SOL11 1 /9 /80 AH1: P0=91.60HW/CMa2 NO AR COATING 

ID ISC VOC IP LOG(I0) N R FF Eff OCD PCDa PCDb 

AVERAGES: 90214 BASELINE W079 00 000 
21.55 -561 19.62 -7.030 1.76 - a 3 7  ,743 9-50 5.72 -00 -00 

S TD .05 .OOO .10 -448 -15 .13 -011 e l 1  .67 * a 
90214 W158N-TI-V-CR001 (5E13-5E13-5.5E14) 

18.96 -528 16.89 -6.176 2.08 -a83 .714 7.56 1.26 a00 a00 
S TD .26 .OOh -45 -942 -48 .77 -028 .39 a32 * * 

PERCENT OF BASELINE 
88.0 94.0 86.1 112.2 118 -26.4 96.1 79.6 22.0 *****  ***** 

S TD X 1.4 1.1 2.8 19.9 39 369.2 5.2 5.1 8.7 ***** ***** 



TABLE 16 SCLAR CELL I-V DATA (Cont.) 

90216 W159N-CK-MN-TI-V001 ( 3 . 5 E 1 4 - 3 . 2 E 1 4 - 2 E 1 3 - 2 E 1 3 )  W079 00 000 
*SOL11 1 /9 /80 AM1: P0=9i.60MW/CM-2 NO AR COATING 

ID ISC VOC IP LOG(I0) N R FF Eff OCD PCDa 

AVERAGES: 90216 BASELINE W079 0 0  000 
21.90 a557 19.78 -6.637 1.87 -.24 -727 9.38 4.81 -00 

S TD .OO .OOO .OO .OOO .OO .OO .OOO .OO ,OO * 
90216 W159N-CR-MN-TI-V001 (3.5E14-3.2E14-2El3-2El;) 

19.35 .512 16.59 -5.470 2.52 -.45 .663 7.00 - 9 4  - 0 0  
S TD .30.025 1.23 1.188 9'8 -94.082 1.19 e44 * 

PERCENT OF BASELINE 
88.3 92.0 83.9 117.6 135 12.9 91.2 74.6 1 9 - 6 * * * * *  

STDX 1.4 4.5 6.2 1 7 . 9  42 392.0 11.2 12.7 9.1 * * * * *  

PCDb 



TABLE 16 SOLAR CELL I-V DATA (Cont.) 

90219 W160TJ.001 (1.7E14) W117 00 000 
*SOL1 1 1 / 9  /80 AM1: ~0=91.60MW/CM^2 NO AR COATING 

ID ISC VOC IP LOG(I0) N R FF Eff OCD PCDa PCDb 

AVERAGES: 90219 EASELINE W117 00 000 
21.75 -546 19.71 -7.285 1.62 -98 .709 8.89 3.38 -00 -00 

3 TD .15 .OOO el9 .I21 .03 -07 -006 .14 el3 * * 
90219 W160TIO01 (1.7E14) 

!la78 .486 10.61 -7.234 1.58 .79 ,710 4.30 .95 a00 -00 
S TD , 1 R  .C05 .32 .874 .34 .79 a025 a22 a 1 1  * * 

PERCENT OF BASELINE 
54.1 89.0 53.9 100.7 98 80.6 100.2 48.3 28.0 ***** ***** 

STDX 1.2 1.0 2.1 13.3 24 92.9 4.4 3.3 4.5 ***** ***** 



TABLE 16 SOLAR CELL I-V DATA (Cont .) 

90403 W**161TI002 21-31 OHM-CM (3E13) W117 0 0  000 
*SOL12 1 /10/80 AM1: ~0=91.60MW/CM*2 NO AR COATING 

ID ISC VOC IP LOG(I0) N R FF Eff OCD PCDa PCDb 

AVERAGES: 90403 BASELINE W117 0 0  000 
22.30 -553 20.39 -7.459 1.61 -11 -741 9.65 4-81 - 0 0  - 0 0  

S TD .10 .001 . 2 7  -647 .18 - 2 8  .009 -17 -39 * * 
90403 W**161T1002 21-31 OHM-CM (3E13) 

18.76 -477 15.92 -5.155 2.40 .47 ,627 5.95 1.18 - 0 0  *OO 
S TD 1.58 .005 1.65 -710 .35 -77 .023 -77 2.48 * * 

PERCENT O F  BASELINE 
84.1 86.3 78.1 130.9 149 418.7 84.6 61.7 24.6 ***** ***** 

STD% 7.5 1.0 9.2 16.3 41 *****  4.3 9.2 57.8 *****  ***** 



TABLE 16 SOLAR CELL I-V DATA (Cont.) 

90402 W162NI-TI001 (4E15-1.6E14) W117 0 0  000 
*SOL11 1 19 /80 AM1: P0=91.60MW/CMn2 NO AR COATING 

ID ISC VOC IP LOG(I0) N R FF Eff OCD PCDa PCDb 

AVERAGES: 90402 BASELINE W117 00 000 
22.38 -552 20.34 -7.152 1.71 .08 .732 9.56 4.63 .OO a00 

S TD el2 -003 -33 ,756 .22 -21 e017 -31 -96 * rL 
90402 W162NI-TI001 (4El5-1.6E14) 

12.73 -462 11.19 -6.128 1.86 .44 a677 4.21 -89 - 0 0  0 0 0  
S TD .23 e007 a26 ,503 .28 .59 ,025 - 2 0  -22 * * 

PERCENT O F  BASELINE 
56.9 83.7 55.0 114.3 109 557.9 92.5 44.1 19.1 *****  ***** 

S TD X 1.3 1.6 2.2 16.8 3 2 * * * * *  5.7 3.6 9.7********** 



TABLE 1 6  SOLAR CELL I-V DATA (Cont.) 

9 0 4 0 5  W163NIIV001 ( 4 E 1 5 - 4 . 4 E 1 4 )  W117 0 0  0 0 0  
*SOL12 1  / 1 0 / 8 0  AM1: P0=91.60MW/CMn2 N O  AR COATING 

I D  ISC VOC I P  LOG(I0)  N R  F F  E f f  

AVERAGES: 9 0 4 0 5  BASELINE W117 0 0  0 0 0  
21 .77  . 5 4 5  1 9 . 8 4  - 7 . 0 9 7  1 . 6 8  - .29 - 7 4 4  9 .35 

S  TD . 1 9  . 0 0 1  . 2 2  . 3 1 2  . 0 9  . 0 6 . 0 0 8  - 1 6  
9 0 4 0 5  W163NI/V001 ( 4 E 1 5 - 4 . 4 E l 4 )  

1 5 . 0 6  . 4 7 7  1 3 . 4 6  - 6 . 5 0 ?  1 . 7 1  e l 0  , 7 0 4  5 - 3 5  
S  TD . 2 2  . 0 0 2  . 2 5  - 3 8 2  e l 3  - 2 3  .0:1 - 1 5  

PERCENT OF BASELINE 
6 9 . 2  8 7 . 5  67.9 1 0 8 . 4  1 0 2 2 3 5 . 6  9 4 . 7  5 ? . 3  

STDX 1 . 6  . 5  2 . 0  9 .6  1 4  1 0 3 . 8  2 . 5  2 .6  

OCD PCDa PCDb 



TABLE 16 SOLAR CELL I-V DATA (Cont . ) 

90409 W164NI-MOO01 (4E15-4E12) W117 00 000 
*SOL12 1 /10/80 AM1: P0=91.60MW/CM"2 NO AR COATING 

ID ISC VOC IP LOG(I0) N R F F  Eff 

2R* 21.90 -553 19.86 -6.709 1.83 -.61 -742 9.50 
1B ' 11.60 e546 20.05 -8.553 1-32 .22 a767 9.56 
2 B 21.80 .544 19.82 -6.961 1.71 -.21 -737 9.25 
3 B 21.80 .545 20.24 -8.558 1.32 -27 -765 9.61 
4 B 22.00 -547 20.33 -8.238 1.39 .;2 .756 9.62 
5 B 21.70 -546 20.21 -8.935 1.25 a45 .767 9.61 
1 C 18.10 e503 16.09 -5.996 1.98 -a64 a708 6.81 
2 C 18.30 .SO2 16.34 -6.195 1.88 -.49 .713 6.93 
3 C 13.10 ,500 16.22 -6.343 1.82 -.42 .7!7 6.86 
4 C 18.50 -503 16.66 -6.520 1.75 -.45 . 7 2 5  7.14 
5 C 18.70 .SO3 16.80 -6.501 1.76 -.22 a718 7.14 
6 C 18.20 .499 16.30 -6.322 1-82 -.39 .715 6.87 
7 C 18.30 a495 15.98 -5.424 2.24 - . 8 4  -684 6.56 
8 C 18.30 e500 16.34 -6.244 1.85 -.26 .708 6-85 
9 C 18.1C -500 16.17 -6.222 1.86 -a46 .713 6-82 
1 OC 18.50 .498 16.29 -5.693 2.10 -.66 .694 6.77 
11C 18.20 -498 16.14 -5.925 1.99 -.62 .704 6.75 
1 S 18.00 -500 16.33 -6.952 1.60 -.21 -733 6.98 
2 S 18.70 e500 16.54 -5.790 2.06 -.72 .701 6.94 
3 S 18.70 .500 16.51 -5.742 2.08 -.69 a698 6.90 
4 S 18.70 .501 16.73 -6.312 1.83 -a28 -712 7.06 
5 S 18.80 .501 16.72 -5.987 1.96 -.63 -709 7.06 
6 S 18.70 .501 16.70 -6.251 1.85 -a26 .709 7.02 
IT.* 17.20 -493 13.76 -3.591 4.49 -5.87 .626 5.61 
2 T 17.80 .492 15.05 -4.615 2.87 -1.87 -654 6.06 
3T 18.00 -500 16.04 -6.156 1.89 -.38 .708 6.73 
4 T 17.60 .496 15.60 -5.904 2.00 -a71 .705 6.50 
5 T 17.70 -496 15.62 -5.325 2.03 -.49 -695 6.45 

AVERAGES: 90409 BASELINE W117 00 000 
21.78 ,546 20.13 -8.249 1-40 -21 -7'58 9.53 

S TD ..13.001 a18 .681 -16 e22 .011 -14 
90409 W164NI-MOO01 (4E15-4E12: 

18.29 -499 16.25 -6.044 1.96 ee.56 .706 6.82 
S TD a55 .003 -42 .450 -25 .34 .016 -25 

PERCENT O F  BASELINE 
84.0 91.5 80.7 126.' 140***** 93.1 71.6 

S TD X 2.1 .7 2.8 12.1 36620.3 3.5 3.7 

OCD PCDa PCDb 



TABLE 16 SOLAR CELL I-V DATA (Cont.) 

90515 W165C0002 (6E14) W133 0 0  000 
*SOL12 1 /10/80 AMl: P0=91.60MWICMn2 NO AR COATING 

ID ISC VOC XP LOG(I3) N R FF Eff OCD PCUa PCDl 

AVERAGES: 90515 BASELINE W133 00 000 
22.00 -550 19.84 -6.430 1.93 -a70 .734 9.39 3.60 .OO 0 0 0  

S TD .08 e001 .05 .264 -11 .14 e007 .08 -27 * * 
90515 W165C0002 (6E14) 

22.03 e547 19284 -6.507 1.97 -.79 "733 9.35 3.57 a00 .OO 
S TD - 1 8  .004 -44 -980 -43 .65 -023 .34 -64 * * 

PERCENT OF BASELINE 
100.1 99.4 100.0 98.8 102 87.2 100.0 99.5 99.2 * * * * *  * * * * *  

S TD X 1.2 . 8  2.5 20.0 29 1?4.6 4.0 4.4 26.6********** 



TABLE 16 SOLAR CELL I-V DATA (Cont.) 

90516 W166FE007 (1.06E15) W133 00 000 
*SOL12 1 /10/80 AN1: ~0=91.60~W/CM-2 NO AR COATING 

ID ISC Voc IP LOG(I0) N R FF Eff OCD PCDa PCDb 

AVERAGES: 90516 BASELINE U133 00 000 
22.06 .554 20.25 -7.567 1.57 -.15 -754 9-74 4.58 -00 -00 

S TD .14 -001 a24 -429 -11 el8 -008 -18 e22 * * 
90516 W166FE007 (1.06E15) 

20.95 e531 18.35 -5.502 2.40 -1.10 -696 8.20 ' - 5 5  .OO -00 
STD -56 -005 - 6 6  -728 . b 8  e84 .039 m56 -45 * * 

PERCENT OF BASELINE 
94.9 95.9 90.6 127.3 i a a  :=*** 92.4 84.2 33.9 ***** ***** 

STDX 3.1 1.2 4.3 14.3 40***** 6.1 7.3 lZ.O********** 



TARL.E 16 SOLAR CELI. 1-V DATA (Coat .) 

90517 Wlb7NBOOl (1.5E13) W133 00 000 
*SOL12 1 /10/80 AM1: P0-91.60NW/CM^2 NO AR COATING 

I D  I S C  VOC 1 Y  LOC(i0) N R FF Eff OCD P C D a  YCDb 

AVERAGES: 9 0 5 1 7  B A S E L l N E  W133 0 0  0 0 0  
21.85 .551 19.83 -be907 1.75 -.I2 .733 9.33 4.10 .00 - 0 0  

S TD .11 .002 .33 .533 . I 9  . 5 2  .005 .I2 .35 * * 
9 0 5 1 7  W167N1001 (l.SEl.3' 

18.74 .511 10.50 -5.782 2.'4 -952 a 6 9 2  7.01 .76 -00 .OC 
S TD .41 .00b .40 .541 ..!9 .45 .021 .31 .73 * * 

P E R C E N T  O F  R A S E L  I N E  
$ 5 . 8  91.7 8 J . 2  117.0 ! ? 2  * * * * *  94.5 75.1 18.4 *****  * * * * *  

S T D X  2 . 1  1 . 3  3.4 14.7 3 1  * * * * *  3.5 4.3 20.9********** 



TABLE 16 SOLAR CELL I-V DATA (Cont.) 

90518 b*168PH002 (l.lOE17) LOW RESISTIVITY W133 00 000 
*SOL12 1 !10/80 AMI: P0=91.60HU/CH^2 NO AR COATING 

ID ISC VOC IP LOG(I0) N R FF Eff OCD PCDa PCDb 

AVERAGES: 90518 BASELINE K133 0 0  000 
22.03 -553 20.35 -3.104 1.43 - 1 7  -758 9.77 4.25 - 0 0  - 0 0  

S TD .13 .0'02 .11 -042 -01 -05 -001 .07 -06 * * 
90518 W*168PH002 (l.lOE17) LOU RESISTIVITY 

21.38 -579 18.84 -5.856 2.53 -1.20 -706 9.26 1.74 - 0 0  .OO 
STD -25 -011 .b9 1.343 -71 - 7 7  -049 -76 - 9 7  * * 

PERCENT OF BASELINE 
97.0 104.7 92.6 127.7 176 *****  93.2 94.8 41.0 ***** ***** 

STDX 1.7 2.3 3.9 17.0 51 787.4 6.6 8.5 23.9 ***** ***** 



TABLE 16 SOLAR CELL I-V DATA (Cont .) 

90430 W*169PlI004 (1.3681 7) LOW RESISTIVITY W133 00 000 
*SOL12 1 /10/80 AM1: P0=91.60~W/CM^2 NO AR COATING 

ID ISC VOC IP LOG(I0) N R FF Eff 

AVERAGES: 90430 BASELINE W133 00 000 
21.93 ,555 19.87 -6.688 1.35 -.49 -737 9.48 

S TD .05 .001 .09 ,210 .08 .09 .006 .08 
90430 W*169PH004 (1.36E17) LOW RESISTIVITY 

21.20 . 5 7 5  18.57 -5.536 2.62 -1.28 .697 9.00 
S TD -17 no39 -59 1.031 -52 -65 -038 -65 

PERCENT OF BASELINE 
96.7 103.7 93.5 117.2 142-57.7 94.6 94.9 

STDX 1.0 1.8 3.4 18.5 35 198.8 6.0 7.' 

OCD PCDa PCDb 



TABLE 16 SOLAR CELL I-V DATA (Cont .) 

90503 W*i70PH005 (1.5E17) LOU RESISTIVITY W133 0 0  000 
*SOL12 1 /lo180 AHl: P0=91.60HU/CH-2 NO AR COATING 

ID ISC VOC IP LOG(I0) N R FF Eff 

AVERAGES: 90503 BASELINE W133 00 000 
22-63 -550 20.65 -7.293 1.63 -15 -736 9.70 

S TD .21 .002 .22 -139 -04 -09 -003 -15 
90503 W*170PH0@5 (1.5E17) LOW RESISTIVITY 

21.95 -574 19.36 -5.651 2 - 5 0  -1.26 -708 9.42 
S TD .29'.006 -46 -826 .48 - 5 8  .027 .43 

PERCENT OF BASELINE 
97.0 104.2 93.8 122.5 153 ***** 96.1 97.2 

STDX 2.2 1.5 3.3 13.0 34 ***** 4.1 6.0 

OCD PCDa PCDb 



TABLE 16 SOLAR CELL I-V DATA (Cont .) 

90628 W171Y002 (1.5E12) W133 00 000 
*SOL12 1 /10/80 AMl: PO=91.60HU/CH-2 NO AR COATING 

ID ISC VOC IP LOG(I0) N R FF Eff 

AVERAGES: 90628 BASELIhE W133 00 @OC 
21.83 -555 20.07 -7.851 1.54 - 0 5  .752 9.69 

S TD .05 . 0 0 2  .27 .892 .24 .32 -016 - 2 5  
90628 W171W002 (1 e5E12) 

21.29 -543 19.24 -6.647 1-84 -.SO -734 8.96 
S TD .31 -003 *39 e464 el9 -47 -017 .27 

PERCENT OF BASE?. INE 
97.5 97.3 95.9 115.3 119 ***** 97.5 92 .5  

STDX 1.6 - 9  3.3 16.2 32 ***** 4.4 5.2 

OCD PCDa PCDb 



TABLE 16 SOLAR CELL I-V DATA (Cont .) 

90713 U172CU006 (24E15) THREE INCH MATERIAL W133 00 000 
*SOL14 1 /10/80 AHl: P0-91.60MW/CM^2 NO AR COATING 

ID ISC VOC IP LOG(I0) N R FF Eff 

2R* 21.90 -562 20.03 
11B.t 22.90 -559 20.33 
I2B 22.90 -560 20.51 
13B 22.90 -560 20.99 
14B 22.60 -559 20.76 
2 18 22.70 -554 20.35 
2 28 22.90 .557 10.99 
2 3B* 20.30 -548 16.10 
2 4B 22.60 .555 20.55 
31B.e 23.50 -553 20.66 
32B.* 23.10 .550 20.34 
3 3B 23.30 a557 21.28 
3 4B 23.20 -557 21.31 
>THIS IS THE SEED WAFER 
1 S 20.70 -556 18.77 
2s .* 20.80 .543 15.31 
3 S 21.50 .554 18.96 
4s. * 19.80 -511 13.81 
5 S 22.40 .539 18.80 
6 S 21.20 .525 16.89 
7 S 22.60 -556 20.56 
8 S 23.40 -560 21.54 
9 S 22.30 a560 20.47 
10s 22.50 -556 20.28 
11s 22.50 -559 20.60 
13S.* 16.30 -379 11.81 
14s 22.90 -558 21.34 
15s 22.30 .556 20.07 
16s 22.90 -558 21.05 
17s 22.90 .558 21.15 
18s 22.80 -560 21.19 
19s 22.40 -560 20.09 
2 0s 22.80 e560 21.19 
2 1s 22.40 .558 20.69 
22s 22.50 .556 20.68 
>THIS IS THE CENTER WAFER 
1 C 21.70 .541 18.46 
2C 22.60 -553 20.46 
3C 24.00 -553 21.04 
4C.* 26.80 -538 20.74 
5C.* 28.20 ,552 21.64 
6 C 21.90 .554 20.16 
>THIS IS THE TANG WAFER 
1 T 20.80 -550 18.67 
2 T 22.50 .547 18.93 
3T 21.30 .5q9 19.05 
4T 20.30 -550 18.43 
5T 23.50 ,556 20.64 
6T 21.60 -558 19.95 
7T 21.90 e556 20.24 
9T 21.90 -556 19.65 

PCDa PCDb 



TABLE 16 SOUR CELL I - V  MTA (~ont .) 

21 .90  - 5 5 8  20 .16  
21 .60  . 5 5 5  1 9 . 9 0  
22 .30  - 5 5 5  20.37 
21 .50  - 5 5 6  1 9 . 6 7  
1 7 - 2 0  . 4 8 3  11011 - 

I S  WAFER A 
1 2 - 5 0  - 5 2 7  1 0 . 8 1  
20 .80  . 5 3 7  1 8 . 4 2  
1 8 - 6 0  - 5 4 2  1 5 . 8 1  
2 0 - 9 0  - 5 4 4  18 .72  
2 0 - 1 0  - 5 2 2  1 7 . 3 7  
1 6 . 8 0  . 5 2 9  1 3 . 9 7  
21 .80  . 5 4 8  19 .74  
20 .60  a 5 4 7  18 .34  
1 3 . 7 0  - 5 1 5  1 1 - 0 6  

I S  WAFER B 
22 .40  . 5 5 7  20.76 
2 2 . 4 0  e 5 5 3  20 .62  
22 .40  - 5 5 4  20.20 
2 2 . 5 0  . 5 5 2  20.44 
22 .40  a 5 5 1  20.22 
1 1 . 7 0  - 5 3 6  10 .24  
2 2 . 3 0  - 5 5 2  20 .21  
21 .60  . 5 5 3  1 9 . 8 4  
22 .30  - 5 4 9  1 9 - 7 9  
2 0 . 8 0  - 5 3 9  1 8 . 4 8  
2 1 . 5 0  - 5 5 2  19 .67  
21 .40  - 5 5 2  19 .56  

I S  KAFER C 
2 0 . 7 0  - 5 5 0  18 .67  
2 0 . 0 0  - 5 4 3  17 .24  
2 2 . 3 0  - 5 4 7  1 9 . 5 1  
2 2 . 6 0  - 5 5 2  20 .55  
2 1 . 9 0  - 5 4 9  1 9 . 6 4  
2 1 . 7 0  a 5 3 9  1 8 . 8 4  
2 2 . 1 0  - 5 4 6  19 .57  
1 7 . 6 0  . 5 3 7  1 4 . 7 1  
1 8 . 3 0  - 5 3 0  1 5 . 5 2  
1 8 . 8 0  - 5 4 0  16.24 

AVERAGES: 9 0 7 1 3  BASELINE W133 0 0  0 0 0  
2 2 . 8 9  - 5 5 7  2 0 . 8 4  -7 .054 1 .74  - .28  , 7 4 2  10.02 

S TD . 2 4  . 0 0 2  . 3 3  . 4 9 8  . l i  . 2 5  . 0 1 7  . 2 8  
9 0 7 1 3  W172CU006 ( 2 4 E 1 5 )  THREE I N C H  MATERIAL 

21 .39  ; 5 5 0  1 9 . 1 7  -6 .429 2 . 0 8  - .83  - 7 2 5  9 .05  
S TD 2 .12  - 0 0 9  2.19 1 .204  * 6 0  - 6 7  , 0 4 1  1 . 2 8  

PERCENT OF BASELINE 
93 .5  98.6  32.0 108 .9  1 2 0  ***** 97 .6  90 .3  

STDX 1 0 . 4  2.0 12.1 24.7  49  742 .5  7 .9  15.6  



TABLE 1 6  SOLAR CELL I-V DATA (Cant .) 

9 0 7 1 2  W173FE008 ( 5 . 1 E 1 4 )  THREE INCH MATERIAL W133 00  0 0  
*SCL14 1  / 1 0 / 8 0  AM1: P0=91.60MW/CN*2 NO AR COATING 

I D  ISC VOC I P  L O G ( I 0 )  N R F F  E f f  

2 1 . 9 0  - 5 6 0  19 .61  
2 2 . 0 0  e 5 5 5  19 .56  
2 2 . 5 0  . 5 5 5  20 .39  
2 2 . 4 0  . 5 5 5  20.22 
2 2 . 4 0  - 5 5 5  20 .16  
2 6 . 1 0  - 5 5 0  2L .40  

I S  THE SEED WAFER 
2 1 . 4 0  - 5 4 8  1 9 . 3 9  
2 1 . 3 0  - 5 4 6  1 9 . 0 3  
2 1 . 0 0  - 5 4 6  1 8 . 9 3  
2 0 . 7 0  . 5 4 4  1 8 . 3 1  
2 0 . 8 0  . 5 4 3  1 8 . 5 5  
2 1 . 0 0  - 5 4 3  18 .94  
2 0 . 3 0  . 5 4 1  1 8 . 3 3  
2 1 . 7 0  - 5 4 5  19 .54  
21 .50  . 5 4 6  1 9 . 5 1  
2 1 . 4 0  - 5 4 4  1 9 . 3 4  
2 1 . 6 0  . 5 4 4  1 6 . 6 1  
2 1 . 7 0  - 5 3 8  1 9 . 3 9  

I S  T H E  TANG WAFER 
17 .60  . 5 0 7  1 4 . 3 6  
1 9 . 0 0  . 5 2 0  1 6 . 5 6  
1 7 . 6 0  . 5 0 7  1 5 . 3 6  
1 8 . 1 0  3 1 1  1 5 . 8 3  
19 .50  , 5 2 2  1 6 . 6 3  
1 8 . 0 0  - 5 0 3  1 4 . 5 0  
17 .90  - 5 0 4  1 5 . 2 0  
1 8 . 8 0  . 5 1 4  1 6 . 4 9  
1 7 . 6 0  . 5 0 0  1 3 . 6 1  
19.00 , 5 1 7  1 6 . 1 3  
19.00 . 5 1 7  1 6 . 7 0  
1 8 . 6 0  . 5 1 2  1 5 . 5 3  
1 9 . 0 0  . 5 1 6  1 5 . 3 7  
1 8 . 1 0  . 5 0 8  1 5 . 5 9  
1 9 . 2 0  , 5 1 8  1 6 . 9 9  
1 7 . 4 0  . 4 9 8  1 3 . 9 9  

I S  THE CENTER WAFER 
19 .30  , 5 2 1  1 6 . 8 4  
19.90 . 5 2 6  1 7 . 3 3  
1 8 . 0 0  . 5 1 1  1 4 . 7 0  
1 9 . 8 0  - 5 2 6  1 7 . 2 0  
1 8 . 5 0  . 5 1 6  1 6 . 3 1  
20.40 . 5 2 7  1 8 . 1 6  
18 .90  . 5 1 4  1 6 . 3 5  
19.10 . 5 1 4  1 6 . 6 3  
1 9 . 5 0  . 5 1 7  1 7 . 1 8  
1 9 . 9 0  . 5 2 5  1 7 . 0 0  
20.10 . 5 2 9  1 7 . 7 5  
19 .00  . 5 1 9  1 6 . 7 4  
19 .20  . 5 1 9  1 7 . 0 4  
1 8 . 7 0  . 5 1 7  1 3 . 7 8  
1 8 . 9 0  - 5 1 4  1 6 . 6 0  
20.30 . 5 2 5  1 7 . 9 3  

OCD PCDa PCDb 



TABLE 16 SOLAR CELL I-V DATA (Cont.) 

>THIS I S  WAZER A 
1 20.90  - 5 4 1  18.44 -5.667 2.27 -a74  - 6 9 9  8.36 
2 21 .00  .535 18.71 -5.968 2.08 -.74 - 7 1 4  8 .49  
3 . *  21.10  a537 16.24 -3.380 5.24 -3.62 - 5 6 7  6 .80  
4 20.80 - 5 4 0  18.71 -6.420 1.90 -.46 , 724  8.60 
5 20 .70  - 5 3 6  18.60 -6.334 1 .93  -.61 - 7 2 6  8.51 
6 20 .50  - 5 3 6  18.33 -6.190 1.99 -.49 - 7 1 5  8.31 
7  20.30 - 5 3 7  18.32 -6.468 1 .88  -a80  a736 8.48 
8  20 .30  - 5 3 8  18.40 -6.691 1.80 -.71 , 742  8.57 
>THIS I S  WAFER B 
1 20.50 .526  16.70 -4.373 3.27 - 2 8  - 5 8 5  6.68 
2.* 19 .00  . 510  13.39 -4.579 2.98 8 - 6 0  .415 4.25 
3.* 20.70 a528 15.79 -3.510 4.81 -1.72 - 5 4 2  6.26 
5 .  20.30 - 5 2 7  17.96 -5.713 2.19 -a89 - 7 0 5  7.98 
5  19.20 - 5 2 3  1G.89 -5.535 2.29 -1.11 a699 7.43 
6  19.20 a519 16.77 -5.842 2.10 - 8 6  .659 6.95 
7  19.90 a520 17 .43  -5.384 2.36 -1.17 .695  7.60 
8  18.90 .519 16.44 -5.097 2.57 -1.91 -694  7.20 
9  18.00 .SO7 15 .18  -4.766 2.80 -.69 - 6 3 6  6.14 
1 0  18.20 - 5 0 9  15 .73  -5 .177  2.47 - .93 .671  6.57 
>THIS I S  WAFER C - METALIZATION LOOKS BAD - 
1. * 15.50 - 4 9 8  10 .13  -3.665 4.47 7.63 .390 3.18 
2.* 14.00 a502 10 .23  -5.588 2.31 12.74 - 4 2 6  3.17 
3.* 20.00 - 5 1 6  15 .00  -3.484 4.81 -1.10 - 5 2 2  5.70 
4  20.20 - 5 1 6  15.99 -4.044 3.67 e l 3  .559 6.16 
5  19.70 - 5 0 7  16 .29  -4.641 2 .88  - 5 5  - 5 9 '  6 .31 
6 . *  19.20 - 5 0 4  13.82 -3.559 4.55 1 . 7 8  .469 4.80 
7. * 17.00 .459 10.56 -2.776 7.32 -1.80 a397 3 .27  
8  20.20 - 4 9 1  15.87 -3.825 3.84 - . 9 3  m563 5 .91  
9  20.30 - 5 1 5  16 .41  -4.362 3.22 . 72  - 5 7 3  6 .33  
1 0  19 .30  .512  15 .05  -3.800 4.09 -.86 .554  5 .79  
1 1  18 .00  - 4 8 8  13 .88  -4.162 3.37 2.29 - 5 1 7  4.80 
12.* 17 .30  a507 11.54 -3.275 5 .55  2.55 - 4 2 0  3.89 

AVERAGES: 90712 BASELINE W133 00  000 
22 .43  - 5 5 5  20.26 -6.571 1 .88  -.38 e729 9.60 

S  TD . 0 5  . O O O  . l o  - 1 1 6  .05  - 1 6  .006  - 1 0  
90712 W173FE008 (5 .1E14)  THREE I N C H  MATERIAL 

19.72  - 5 2 4  17.16 -5.495 2.42 -.69 - 6 7 9  7.45 
S  TD 1 .09  - 0 1 4  1.36 .777  - 5 4  - 7 4 . 0 5 1  1 .01  

PERCENT O F  BASELINE 
87 .9  94.3 84.7 116 .4  128  17.6 93 .1  77.6 

STDZ 5.1 2.5 7.2 13.5 3 3  353.4 7.8 11 .4  



TABLE 16 SOLAR CELL I-V DATA (Cont.) 

90701 W174TA004 (8.4Ell) W133 0 0  000 
*SOL12 1 /10/80 AM1: P0=91.60MW/CM-2 NO AR COATING 

ID ISC VOC IP LOG(I0) N R FF Eff OCD PCDa PCDb 

AVERAGES: 9070i BASELINE W133 00 000 
22.00 .554 20.11 -7.368 1-62 -02 -743 9.56 5.04 - 0 0  - 0 0  

S TD .12 .001 .14 el55 .05 .13 -002 -07 el7 * * 
90701 W174TAO04 (8.4Ell) 

20.07 -537 17.91 -6.319 2.00 -el6 ,706 8.04 1-33 - 0 0  *0' 
S TD .18 .003 -44 .747 -37 - 6 0  .021 .32 .51 * * 

PERCENT OF BASELINE 
91.2 96.9 89.0 114.2 123 * * * * *  95.0 84.1 26.3 *****  ***** 

STDX 1.3 .8 2.8 12.2 27 *****  3.0 4.0 11.4 *****  *****  



TABLE 16 SOLAR CELL I-V DATA (Cont .) 

90702 W175W003 (2.9Ell) W133 0 0  000 
*SOL12 1 /10/80 AMI: P0=91*60MW/CM"2 NO AR COATING 

ID ISC VOC IP LOG(I0) r;' R FF E f f  

AVERAGES: 90702 BASELINE W133 00 000 
22.02 e547 20.05 -7.160 1.67 a04 -735 9.37 

STD .10 .001 .17 .294 .08 -11 ,009 el5 
90702 W175Wn03 (2.9Ell) 

21.62 -541 19.48 -6.544 1.87 -.40 .727 8.99 
S TD .25 .003 -36 .493 a21 .40 .014 e25 

PERCENT OF BASELINE 
98.2 98.9 97.2 108.6 1 1 2 * * * * *  98.8 95.9 

S TD X 1.G a7 2.6 10.9 19 ***** 3.1 4.2 

OCD PCDa P C D b  



TABLE 16 SOLAR CELL I-V DATA (Cont . ) 

90703 W177NjCR-MN001 (1.2El5-1.26E15) W079 0 0  000 
*aOL14 1 /10!80 AM1: P0=91.60MW/CMn2 NO AR COATING 

ID ISC V'3C IP LOG(I0) N R F F  y f f  

AVERAGES: 90703 BASELINS W079 00 000 
21.30 -549 19.34 -6.781 1.79 - . 6 2  -744 9.20 

S TD - 0 0  .OOO .OO .OOO .OO .OO .OOO .OO 
9Q703 W1;7N/CR-MN001 (1.2E15-1.26E15) 

18.05 a519 16.23 -6.535 1-90 -.84 .728 7.23 
S TD 1.07 ,007 1.20 .950 e45 .85 .026 .68 

PERCENT O F  bASELINE 
84.7 94.6 83.9 103.6 106 65.4 97.8 79.6 

S TD X 5.0 1.2 6.2 14.0 25136.7 3.5 7.4 

OCD P C D a  PCDb 



TABLE 16 SOLAR CELL I-V DATA (COW .) 

90704 w178NI~N-TI001 (8.6Ei4-8E13) W079 0 0  000 
*SOL14 1 /10/80 AMl: P0=91.60MW/C~"2 NO AR COATING 

ID . ISC VOC IP LOG(I0) N R FF Eff 

2R* 21.90 a556 19.53 -5.799 2.24 
>W079 BASELINE 
1 B 21.40 .552 19.69 -7.778 1.51 
2 B 22.10 -556 20.47 -8.454 1.37 
3 B 22.00 .556 19.97 -6.870 i.78 
4B* 21.50 a544 18.15 -4.505 3.20 
>W176 BASELINE 
1761* 21.80 e553 20.04 -7.821 1.50 
1762* 22.00 -553 19.72 -6.264 2.01 
1763* 21.70 e548 19.47 -6.337 1.96 
1764* 21.90 -558 20.10 -7.704 1.54 
lC* 5.90 .430 4.30 -4.166 3.70 
2 C 19.30 -528 17.65 -7.459 1.54 
4C* 14.50 -510 12.36 -4.925 2.76 
5 C 19.50 -528 18.C.l -8.385 1.32 
6C 18.60 -518 16.78 -6.818 1.70 
7 C 19.50 .528 18.10 -8.736 1.26 
IS* 16.50 .494 12.07 -3.588 4.55 
2 S * 19.20 -490 16.24 -5.1.63 2.37 
3 S 19.10 .517 17.05 -6.194 1.93 
4S* 19.60 .519 16-96 -4.348 3 ; 1 8  
1 T 19.20 e528 17.22 -6.292 1.93 
2T 19.10 e523 17.14 -6.529 1.82 
3 T 19.30 .524 16.98 -5.631 2.23 

AVERAGES: 40704 BASELINE W079 00 090 
21.83 a555 20.04 -7.701 1.55 -07 .749 9.59 

S TD .31 -002 e32 .649 a17 e28 .009 el9 
90704 w ~ ~ ~ N / M N - T I 0 0 1  (8.fE14-8E13) 

19.20 .524 17.37 -7.005 1.72 -.03 .726 7.73 
S TD .27 ,004 .46 1,026 -31 .45 .022 .36 

PERCENT OF BASELINE 
27.9 94.5 86.7 109.0 110-40.4 96.9 80.6 

ST>% 2.5 1 3.8 22.1 34 *****  4.2 5.3 

OCD PCDa PCDb 



TPBLE 16 S O W  CELL I-V DATA (Cont .) 

9 9 8 1 6  W179PH006 ( i : p l f )  W142 0 0  0 0 0  
*SOL14 1 1 1 0 1 8 0   AM^: PO=91.6OMW/C!4-2 N O  AR COATING 

I D  ISC VOC IP LOG(X0) N R FF E f f  OCD PCDa PCDb 

AVERAGES: 5 3 8 1 6  BhSELINE 
2 0 . 7 0  a594  1 9 . 1 5  

S TD 9 0 . 2 7  
9 0 8 1 6  WI79PH006 

2 1 . 5 9  - 5 9 0  1 9 . 6 0  
S Tn - 2 7  4 0 6  . 5 5  

PER-LNT OF BASCL INE 
1 9 4 . 3  9 9 . 4  1 0 2 . 4  

STDX 1 . 6  1 . 2  4.4 



TAZlLE 16 SOLAR CELL I-V DATA (Cont.) 

90817 h'180*TI001 (1.3E14) W057 OG 000 
*SGL14 1 /10/80 AHL: P0=91.60MW/CH^2 NO AR COATING 

ID ISC VOC IP LOG(I0) N R FF Eff OCD PCDa PCDb 

2R* 21.90 a557 19.79 -6.4'4 1.94 -.87 .740 9.55 ,OO -00 -00 
>SAMPLES 1 B  AND 3B HAVE BAD METALLIZATION 
IB* 17-50 .597 11.63 -4.977 3-10 15.01 .372 1-11 a78 -00 -00 
2B - 21.40 -507 19.31 -6.351 2.09 -1-12 -741 9.84 a78 -00 -00 
3B* 17-80 .589 12.72 -4.567 3.49 9-75 -426 4.72 -78 -00 -00 
5 B 21.50 0593 19.30 -7.162 1.80 -61 -719 9.69 1.56 -00 000 
1 C 10.50 -502 9.67 -8.220 1.34 -34 -752 4.19 .91 -00 -00 
2C 10.90 -503 9.95 -7.632 1-68 030 .737 4.27 -91 a00 -00 
3 C 10.80 -508 10.08 -9.348 1.15 -49 -775 4.50 -60 .OO -00 
4 C 10.80 -507 10.10 -9.732 1.09 1.02 .773 4.48 -78 .OO -00 
5 C 10.90 .507 10.15 -9.149 1.18 .61 .769 4.50 -78 .OO -00 
6 C 10.90 -507 10.19 -9.648 1-10 - 8 8  -776 4.52 .78 .OO .OO 
7 C 11.00 -508 10-24 -9.089 1-19 -47 -771 4.55 .;8 -00 -00 
8 C 10.80 .SO7 10.09 -9.528 1.12 -7s -774 4.48 -78 .OO -00 
1 OC 10.8~ -505 10.04 -9.033 1-19 -49 -769 4.44 .78 -00 -00 
1 S li.20 .SO5 10.31 -8.157 1.36 .17 -754 4.51 .?8 .OO .OO 
2 S 20.20 -530 18.07 -6.317 1.92 -a15 -710 8.04 -91 000 .OCl 
3 S 16.80 -498 9.68 -6.549 1.82 -a84 -718 4.09 a55 -00 -00 
4 S 11-90 -507 10.25 -9.276 1.16 -74 -769 4.54 -55 .OO -00 
5 S 10.80 -479 9.18 -5.122 2.54 -1.12 -646 3.54 -55 -00 -00 
6 S 11.10 -507 10.36 -5.452 1-13 -90 -770 4.58 -55 .OO -03 
1 T 1G.80 .SO3 9.67 -7.754 1.45 .49 .737 4.23 -91 .00 -00 
2 r 10.70 .SO7 9.90 -8.574 1.2d -41 -760 4-36 091 -00 -00 
3 T 10.60 .5CS 9.90 -9.588 1.11 -82 -774 4.39 -91 -00 -00 
4T 10.90 .SO5 10.04 -8.231 1.35 -32 -753 4.38 -91 -00 a00 
ST 10.40 .SO1 9.40 -6.453 1.68 -.76 -732 4.03 -91 -00 -00 

AVERAGES: 90'1 7 BASELINE W057 00 000 
21.4a -590 19.41 -6.757 1.95 -.26 -730 9-77 1.17 -00 -00 

S TD .05 -003 -10 a405 -15 -87 -011 -08 -39 * * 
90817 W180*TI001 (1.3E14) 

11.29 -505 10.37 -8.368 1.38 .32 -751 4-53 -78 .OO -00 
S TD 2.05 -008 1.79 1.264 .35 .58 -031 - 6 4  -14 * * 

PERCENT OF BASELINE 
52.7 85.6 53.5 76.2 7! 323.3 102.9 46.4 66.4 ***** ***** 

S TD X 9.7 1.9 9.5 27.3 25 ***** 5.9 9.0 37.8 ***** ***** 



TABL': 16 SOLAR CELL I-V DATA (Cont .) 

90820 Wl8lCR006 (1E15) W133 00 000 
*SOL14 1 /10/80 AH1: PO-91.60MW/CNn2 NO AR C O A T I K C  

I D  ISC VOC IP LOG(IO) N R F F  E f f  

AVERAGES: 90820 BASELINE W133 00 0?0 
22.42 , 5 5 2  20.66 -7.951 L . 4 6  -10 -755 9.89 

S TD .13 .003 .i4 .679 .15 .LO ,011 .17 
90820 W181CROOb (1El5) 

20.71 . 5 2 b  13-18 -b.427 lee7 -.51 -725 8.15 
S TD . I 1  ,002 - 1 6  .32? .13 .22 .008 .12 

PERCENT O F  BASELINE 
90.1 9 5 . 2  88.0 119.2 12b***** 96.0 82.4 

STDX 1 .0 .Q 1.4 11.3 13****f 2 . 5  2 . b  

OCD PCDa PCDb 



TABLE 16 SOLAR CELL I-V DATA (Cont.) 

90830 W182CR007 (4 .5E14)  U133 C'O 000  
*SOL14 1  / 1 0 / 8 0  AHl: PO==91.60HW/CH^2 NO AR COATING 

I D  ISC VOC I P  LOG(I0)  N R FF E f f  OCD PCDa PCD b 

AVERAGES: 90830 B A S E L I N E  W133 00  000  
22.10 - 5 6 1  20.40 -7.927 1 . 5 0  - . I4  .764  1O.OC 4 .03  a00  - 0 0  

S TD - 0 7  - 0 0 0  a05 - 3 3 3  - 0 8  - 1 1  a005 - 0 5  a30  " * 
90830 W182CR007 (4 .5E14)  

21.38 - 5 4 9  19.10 -6 .175  2.14 -.99 .724  9 - 0 0  2.33 - 0 0  - 0 0  
S TD 1.10  . 013  1.04 a924 - 5 1  - 6 0  .030 .77 1.06 * * 

PERCENT O F  B A S E L I N E  
96.7 98.0 93.6 122 .1  1 4 3  ***** 94 .8  90.0 57.8 ***** '**** 

FTD % 5.3 2.4 5.3 l5.4 43  *****  4.6 8.1 32.6 **+'* *****  



MBLE 16 SOLAR CELL I-V DATA (Cont.) 

90831 W183NB002 (2F12) U133 0 0  000 
*SOL14 1 /10/80 AM1: P0=91.60MU/CM-2 NO AR COATING 

1 D ISC VOC I? LOG(I0) N R FF E f f  

AVERAGES, 90631 BASELIN5 
21.83 - 5 5 6  ' 9 . 9 ?  

S TD .09 .OOO . 1 2  
50811 W183NB002 

19.44 .530 17.27 
S TD - 3 8  -004 - 4 4  

FERCENT OF BASELINE 
89.0 95.4 8G.5 

STDZ 2.1 . 8  2.7 

OCD YCDa PCDb 



TABLE 16 SOLAR CELL I-V DATA (Cant.) 

90904 W184PD001 (6.5E15) W133 0 0  000 
*SOL15 1 /10/80 AMl: ~0=91.60~W/CH^2 NO AR COATING 

ID ISC VOC IF LOG(I0) N R FF Eff OCD PCDa PCDb 

AVERAGES: 90904 BASELING W133 0 0  009 
21.77 .556 20.i3 -8.189 1.43 .07 .762 9.76 4.13 .OO - 0 0  

S TD .17 .001 .14 -576 -12 -16 -009 - 1 0  - 1 2  * * 
90904 W184PD001 (6.5Ei5) 

20.51.538 18.46 -6.943 1.75 -.54 -742 8.60 1 - 0 0  - 0 0  
S TD .97 .0!1 1.01 .815 .25 .48 .015 .70 1.05 * * 

PERCENT OF BASELINE 
93.3 96.8 91.7 115.2 122***** 97.3 88.1 41.0***** ***** 

STDZ 5.2 2.3 5.7 16.6 29 *****  3.1 8.2 26.1 *****  ***** 



TABLE 16 SOL4R CELL I-V DATA (Cont.) 

90906 W185CU-TI004 (!.2E15-1.5E14) W133 00 000 
*SOL15 1 /10/80 AM1: P0=91.60MW/CMn2 NO AR COATING 

ID ISC VOC IP LOG(I0) N R FF Eff OCD PCDa PCDb 

AVERAGES: 90906 BASELINE W133 00 000 
21.75 -553 19.90 -7.329 1.64 -.?9 .751 9.54 3.38 - 0 0  - 0 0  

S TD a05 .002 .09 .441 .12 .12 -009 -12 .20 * * 
90906 W185CU-TI004 (1.2E15-1.5E14) 

12.13 -459 10.72 -6.248 1.78 -27 -687 4.04 .54 - 0 0  .OO 
S TD -37.002 -29 -342 .13 -32 .009 .12 .02 * * 

PERCENT OF BASELINE 
55.8 83.0 53.9 114.8 109 293.8 91.5 42.3 16.0 ***** *****  

STDX 1.8 .6 1.7 10.1 17 199.6 2.3 1.9 1.9 * * * * *  ***** 



TABLE 16 SOLAR CELL I-V DATA (Cor~ t .  ) 

90907 W186C0003 (5.4E13) W133 0 0  000 
*SOL15 1 /10/80 AMl: P0=91.60HW/CM^2 NO AR COATING 

ID ISC VOC IP LOG(I0) N R FF Eff OCD PCDa PCDb 

AVERAGES: 90907 BASELINE 
21.78 , 5 5 5  19.82 

S T D  13 .002 .la 

30907 Wl86CO : 
21.93 .552 19.7. 

STD a67 e003 - 8 5  
PERCENT OF BASELINE 

100.7 99.6 94.7 
STDX 3 .7  . 8  5.0 



TABLE 1 6  SOLAR CELL I-V DATA (Cont .) 

9 Q 9 1 0  W187C0004 ( 2 . 8 E 1 4 )  W133 0 0  0 0 0  
*SOL15 1 / 1 0 / 8 0  Ar!l: P 0 = 9 1 . 6 0 ~ V / C ~ ^ 2  NO AR COATING 

I D  ISC VOC I P  LCG(T*) N R  FF E f f  OCD PCDa PC3b 

AVERAGES: 91'910 BASELINE W133 0 0  0 0 0  
2 1 . 7 3  . 5 5 5  1 9 . 8 3  - 7 . 0 9 8  1 - 7 2  - .44  . 7 4 8  9 .55 3 .77 . 0 0  . 0 0  

S TD . I 7  . 0 0 2  . 2 9  , 4 3 6  . I 4  . 2 1  - 0 0 8  . 2 1  . 4 2  * * 
9 0 9 1 0  W187C0004 ( 2 . 8 E 1 4 )  

2 1 . 4 8  ; 5 5 4  1 9 . 3 3  -6 .426  2 .01  - .8& . 7 3 3  9 . 2 3  3 . 1 3  - 0 0  - 0 0  
S  TD . 4 8  . 0 0 3  . 6 8  . 8 9 7  . 3 7  a 5 7  - 0 2 0  - 4 4  - 5 8  * * 

PERCENT OF BASELINE 
98 .8  9 9 . 8  9 7 . 5  1 0 9 . 5  1 1 7  2.0 97 .9  9 6 - 6  8 3 . 0  *****  ***** 

STDX 3 . 0  1 . 0  4 .9  1 9 . 0  3 3 2 8 7 . 8  3 .8  6 . 8  2 6 . 4 * * * * * * * * * *  



TABLE 16 SOLAR CELL I-V DATA (Cont.) 

90913 W188W004 (2Ell) W133 0 0  000 
*SOL15 1 /10/80 AK1: P 0 = 9 1 . 6 0 M ~ / ~ M - 2  NO AR COATING 

ID ISC VOC IP LOG(Ic) N R FF Ef f . PCDa PCDb 

AVERAGES: 90913 BASELINE W133 00 000 
22.27 ,555 20.21 -6.821 1.80 -.39 -738 9.65 3.38 .OO .OO 

S TD .25 .OOl .19 .379 .12 .20 ,007 .10 - 2 8  * * 
90913 W188W004 (2Ell) 

21.94 .551 19.89 -6.910 1.79 -a30 -735 9.40 3.04 .OO .OO 
S TD .24 .002 . 3 3  l.781 -27 -39 ,621 . 2 8  e 3 7  * * 

PERCENT O F  BASELINE 
98.5 94.i 98.4 98.7 99 123.0 99.6 97.4 89.9 *****  *****  

STDX 2.2 - 6  2.6 17.7 23 190.0 3.8 6.0 19.3 *****  ***** 



TABLE 1 6  SOLAR CELL I-V DATA (Cant .) 

9 0 9 1 4  W189NB003 ( 3 E l l )  W133 0 0  0 0 0  
*SOL15 1 / 1 0 / 8 0  AM1:  P0=91.60MW/CMn2 NO AR COATING 

I D  ISC V O C  I P  L O G ( I 0 )  N R  FF E f f  OCD PCDa ?CDb 

AVERAGES: 9091'; BASELINE W133 0 0  0 0 0  
2 1 . 8 3  ;:55 20 .02  - 7 . 5 8 5  1 . ~ 2  - .28  e 7 5 4  9 . 6 7  3 . 7 7  - 0 0  - 0 0  

S TD . 0 3 . 0 0 2  . 3 2  1 . 1 7 9  . 2 8  - 4 8 . 0 1 5  . 2 5  - 3 8  * * 
9 0 9 1 4  W189NB003 ( 3 E l l )  

2 0 . 7 4  . 5 4 5  1 8 . 4 6  - 6 . 0 6 1  2 . 1 6  - a 8 1  e 7 1 4  8 . 5 5  1 . 4 5  . O O  - 0 0  
S  TD . 2 2  - 0 0 6  a 5 9  , 7 7 3  - 4 6  . 4 1  - 0 3 2  - 5 1  . 4 1  * * 

PERCENT OF BASELINE 
9 5 . 0  98.2  9 2 . 2  1 2 0 . 1  1 3 3 - 8 6 . 9  94 .7  8 8 . 4  38.4  *****  *****  

STDX 1 .4  1 .4  4 .5  24 .2  5 5  8 8 4 . 8  6 .2  7.7 1 5 . 9  ***** ***** 



TllBLE 16 SOLAR CELL I-V DATA (Cont .) 

90917 W190CU-ZR001 (2E15-1.2E12) W133 00 000 
*SOL15 1  / 1 0 / 8 0  AMI: P0=91.60MF?CHn2 N O  AP. COATING 

I3 I S C  voc I P  L O G ( I O )  d R F F  E f f  OCD PCDa PCDb 

AVERAGES: 9091.7 BASELINE W133 00  000 
22.27 .557 20 .53  -8.062 1.46 - 2 4  , 7 5 4  9 - 9 9  3 + 0 0 0  0 0 0  

S  TD a05 a001 e l 8  .504  . 1 1  . 05  - 0 1 2  .2O - 4 3  * * 
, 9 0 9 1 7  W190CU-ZR001 (2E15-1.2E12) 

19.77 e533 17.52 -5.966 2.18 - .77 .706 7.86 - 7 9  - 0 0  . C O  
S TD . 2 3  , 0 0 2  . 45  .770  . 49  . 7 8  - 0 2 6  a31 . 13  * + 

PERCENT OF BASELINE 
88.8 95.6 85.3 126.0 149 *****  93.7 79.5 20.0 ***** ***** 

S TD X 1.2 . 7  2.9 14.8 47 468.3 5.0 4.8 5.8 * * * * *  ***** 



TABLE 16 SOL& CELL I-V DAi'A (Cont.) 

91107 W191CU-TAOOl (2~15-6.8~11) W133 00 000 
SOL16 1 /10/80 AMl: PO=91.60MW/CM^2 NO AR COATING 

ID ISC VOC IP LOG(I0) N n FF Eff OCD PCDa PCDb 

AVERAGES: 91107 BASELINE W133 00 000 
21.73.555 19.86 -7.384 1.65 -.20.747 9.53 3.95 .00 .00 

S TD .23 a004 -44 e952 .25 .34 e017 -36 .54 * * 
91107 W191CU-TAU01 (2E15-6.8Ell) 

23.47 .541 18.19 -5.962 2.15 -a69 a708 8.30 1.18 .OO * P O  
S TD -18 -003 - 3 0  -512 .29 .40 -015 -23 el8 * * 

PERCENT OF BASELINE 
94.2 97.4 91.6 119.3 129 ***** 94.9 37.1 29.9 ***** ***** 

STDX 1.8 1.2 3.6 18.2 3 9 * * * * *  4.3 5.6 9.3********** 



TABLE 16 SOUR CELL I-V DATA 'L3nt .) 

9 , 1 ~ 8  W192AG001 ( 2 . 2 8 ~ 1 5 )  W133 C.0 0 0 0  
SOL16 1 1 1 0 i 8 0  A M 1 :  P0=91.60Mk/CMA2 . N O  AR COATING 

I D  ISC V O C  I P  L O G ( I 0 )  N R FF E f f  OCD PCDa PCDb 

AVERAGES: 9 1 1 0 8  BASELINE W133 0 0  0 0 0  
N O  BASELINE 

9 1 1 0 8  W192AG031 ( 2 . 0 8 E 1 5 )  
2 1 . 3 7  . 5 4 4  1 9 . 2 0  - 6 . 4 4 4  1 . 9 4  - .SO  , 7 3 1  6.96 3 .17  - 0 0  e 0 0  

S TD . 2 1  , 0 0 2  .L9 . 6 3 2  a 2 5  - 4 3  m014 e l 9  . 3 8  * * 



TABLE 16 SOLAR CELL I-V DATA (Cont.) 

9l109 W193SN001 (4.85E18) W133 00 000 
SOL16 1 '10/80 AM1: P0=91.60MW/CH'2 NO AR COATING 

ID LSC VOC IP LOG(I0) N R FF Eff 

AVERAGES: 91109 BASELINE W133 00 000 
21.60 -556 19.64 -6.857 1.79 -.60 -746 9.46 

S TD -40 -004 .43 .218 -07 -18 -002 -27 
91109 U193SN001 (4.85E18) 

21.76 -559 19.79 -6.964 1.79 -.49 .744 9.57 
S T D  el8 .002 .26 -629 .22 . 3 9  -011 -18 

P E R C E N T  OF BASELINE 
100.7 100.6 100.8 98.4 100 119.1 99.8 101.1 

STD X, 2.7 1.0 3.6 12.7 17108.3 1.8 4.8 

O C D  PCDa PCD b 



TABLE 16 SOLAR CELL I-V DATA (Cont .) 

91113 U194TI012 (3.OE12) U133 00 000 
SOL16 1 /IG/SO AHl: PO-91.60HW/CHA2 NO AH COATING 

ID ISC VOC IP LOC(I0) N R  FF Eff 

A V E R A G E S :  91113 C A S E L I N K  
22.00 -561 20.15 

S TD .09 .002 .12 
91113 W194TJ012 

18.47 .542 16.58 
S TD -27. -004 -29 

P E R C E N T  O F  B A S E L I N E  
83.9 96.7 82.3 

STDX 1 .6  1.0 1.9 

OCD PCDa PCDb 



TABLE 16 SOLAR CELL I -V h4TA (Cont ,) 

91128 U195TI-V-MOO01 (3E12-3E12-6-0Ell) W133 03 000 
SOL16 1 /10/80 AM1: Po-91.50MU/CM-2 NO AR COATING 

ID ISC VOC IP LOG(I0) N R FF Eff 

19.81 
20.20 
20.23 
19.60 
1a.20 
16.39 
16.53 
14.98 
16.02 
16.34 
16.34 
15.78 
16.22 
16.22 
15.89 
16.74 
16.59 
lb. 73 
16.87 
16.65 
16.07 
15.60 
16.02 
16.13 
16.16 
16.32 

AVERAGES: 91128 BASELINE W133 00 000 
21.90 .556 20.01 -7.3b5 1.66 -a12 a745 9.59 

S TD .08 .002 .29 .761 -23 .36 -013 .23 
91 128 .U195TI-V-MOO01 (3E12-3ElZ-6.OE11) 

18.25 .521 16.22 -6.103 2.02 -.36 -703 7.08 
S TD -39 .004 .42 -430 -21 .32 -016 .30 

PERCENT OF BASELINE 
83.3 93.7 81.0 117.1 121 ***** 94.4 73.8 

S TD X 2.1 i . 2  3.3 15.0 32 ***** 3.8 5 . 0  

OCD PCDa PCDb 



TABLE 16 SOLAR CELL I -V DATA (Cont . ) 

91129 U196TI-V-HO-TA001 (3.OE12-3~OE12-6~OE11-3~OEll) W133 0 0  000 
SOL16 1 /10!80 AM1: PO=91.60MW/CM"2 NO AR COATING 

ID ISC VOC IP LOG(I0) N R FF Etf OCD PCDa 

AVERAGES: 91129, BASELINE W133 0 0  000 
22.33 -553 20.39 -7.325 1.63 -06 -740 9.66 4.00 .OO 

S TD - 1 9  -002 a15 -350 -10 - 2 0  ,004 -09 .47 * 
91129 W196TI-V-HO-TA001 (3.OE12-3.OE12-6.OE11-3.OEll) 

18.59 .527 16.53 -6.180 2.00 -el2 ,700 7.25 - 5 3  .OO 
S TD .23 .003 .31 -455 -22 -36 -013 -21 -41 * 

PERCEKT OF BASELINE 
83.3 35.3 81.1 115.6 122 *****  94.6 75.1 13.3 *****  

STD X 1.8 . 9  2.1 10.5 22 ***** 2.3 3.0 13.1 ***** 

PCDb 



TABLE 16 SOLAR CELL I-V DATA (Cont . ) 

91130 Wl97TI-V--0-TA-CUG01 (3E12-3E12-6Ell-3Ell-2E15) W133 00 000 
SOL16 1 /10/80 AMI: PO-91.60MW/CM-2 NO AR COATING 

ID ISC VOC IP LOG(I0) N R FF Ef f OCD PCDa PCDb 

>IHPI?ITY CONCENTRATIONS (4E12-2.8E12-5.3Ell-5~lEll-1.3E15) 
2R* 21.90 .562 19.86 -6.639 1.89 -.79 -744 9.69 -00 -00 -00 
1 B 22.30 .556 20.11 -6.416 1.95 -a66 -732 9.60 3.25 -00 -00 
2 B 22.30 .560 20.35 -7.110 1.71 -a36 -748 9.87 4.55 -00 -00 
3 B 22.40 .559 20.32 -6.630 1.87 -a84 -747 9.89 4-62 -00 -00 
4 B 22.20 .558 20.28 -7.191 1.68 -a26 -747 9.78 3.51 .OO -00 
5 B 22.30 -558 20.26 -6.817 1.80 -.53 -743 9.78 3.64 -00 -00 
1 C 18.30 .526 16.43 -6.374 1.89 -.61 -723 7.36 -39 -00 -00 
1 C 18.70 .525 16.81 -6.311 1.91 -.88 -730 7.57 -50 -00 -00 
3 C 19.10 .525 17.05 -6.049 2.03 -.90 -719 7.62 .SO -00 .OO 
4 C 18.50 a523 16.50 -6.078 2.01 -.78 -716 7.32 .50 -00 -00 
5 C 19.20 .524 17.07 -5.883 2.10 -1.02 -715 7.61 -50 -00 .OO 
6 C 19.30 .524 17.04 -5.661 2.22 -.98 -703 7.52 -50 -00 -00 
7 C 18.80 .524 16.77 -6.013 2.04 -.97 -719 7.49 .50 -00 -00 
8 C 18.90 -520 16.56 -5.340 2.40 -1.56 -700 7.27 .SO .OO -00 
9 C 18.90 -513 16.22 -4.935 2.67 -.1.31 -667 6-86 -50 -00 .OO 
1 OC 19.20 .523 17.04 -5.856 2.11 -.87 .709 7.53 .50 -00 -00 
1 IC 18.80 .522 16.82 -6.145 1.97 -.90 -723 7.50 -50 -00 -00 
1 S 18.90 -523 16-63 -5.472 2.33 -1.48 .705 7.37 -50 .00 -00 
2 S 19.30 -526 17.29 -6.150 1.98 -.97 -726 7.80 -52 -00 -00 
3 S 19.50 -515 17.31 -5.781 2.15 -1.18 .715 7.74 -52 .OO -00 
4 S 19.20 -526 17.22 -6.226 1.94 -.84 -725 7.72 .50 a00 .OO 
5 S 18.70 -524 16.78 -6.255 1.93 -.86 .726 7.52 -52 -00 . O O  
1 T 19.00 -523 16.22 -4.671 2.96 -2.31 .673 7.08 .41 .OO -00 
2 T 19.10 -526 17.03 -6.080 2.01 -a63 -712 7.57 .39 -00 -00 
3T 18.50 a520 16.25 -5.503 2.30 -1.21 a698 7.10 .39 -00 -00 
4 T 19.20 -524 17.01 -5.768 2.16 s.98 -708 7.53 .52 a00 -00 
5 T 19.00 -524 16.92 -5.948 2.07 -.95 -716 7.53 .52 .OO -00 
6 T 18.90 .523 16.96 -6.360 1.88 -.50 .721 7.53 .52 -00 .OO 

AVERAGES: 91130 BASELINE W133 00 000 
22.30 .558 20.27 -6.833 1.81 -a53 -743 9.79 3.87 *OO -00 

S TLl -06 -001 a09 a290 el0 -21 .006 a10 a52 * * 
91130 WlY7TI-V-MO-TA-CUOOI (3E12-3E12-6Ell-3Ell-2E15) 

18.95 .523 16.82 -5.858 2.14 -1.03 -711 7.46 .49 .00 600 
S TD .29 .003 .33 .438 .26 a38 -016 a22 .04 * a 

PERCENT O F  BASELINE 
85.0 93.7 83.0 114.3 119 5.2 95.7 76.2 12.6 * * * * *  * * * * *  

STDX 1.5 - 7  2.0 10.3 22 175.4 2.8 3.1 3.0 * * * * *  *****  
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