
SILICON MATERIALS TASK OF THE LOW COST SOLAR ARRAY PROJECT 
(PHASE II) 

Effect of Impurities and Processing on Silicon Solar Cells 

Phase II Summary and Eleventh Quarterly Report 

BY 
R. H. Hopkins 
J. R. Davis 
P. D. Blais 
A. Rohatgi 

P. Rai-Choudhury 
M. H. Hans 
J. R. McCorrnick 

July 1978 

Work Performed Unck Contract No. NAS-7-100-95433 1 

Westinghouse Research and Development Center 
Pittsburgh, Pennsylvania 

U.S. Department of Energy 

Solar Energy 



DISCLAIMER 

This report was prepared as an account of work sponsored by an 
agency of the United States Government. Neither the United States 
Government nor any agency Thereof, nor any of their employees, 
makes any warranty, express or implied, or assumes any legal 
liability or responsibility for the accuracy, completeness, or 
usefulness of any information, apparatus, product, or process 
disclosed, or represents that its use would not infringe privately 
owned rights. Reference herein to any specific commercial product, 
process, or service by trade name, trademark, manufacturer, or 
otherwise does not necessarily constitute or imply its endorsement, 
recommendation, or favoring by the United States Government or any 
agency thereof. The views and opinions of authors expressed herein 
do not necessarily state or reflect those of the United States 
Government or any agency thereof. 



DISCLAIMER 

Portions of this document may be illegible in 
electronic image products. Images are produced 
from the best available original document. 



AvrilrBk from the Nttionrl Tedrnirml Information st*, U. S. Departmnt of 
Cornmeroe, Spri@ield, Vir@ia 22161. 

Prim: Paper Copy $9.25 
Micmfiche $3.08 



DOE/JPL/954331-3 
Distribution Category UC-63b 

SILICON MATERIALS TASK OF.THE LOW COST 
SOLAR ARRAY PROJECT (PHASE 11) 

E f fec t  o f  Impur i t ies  and Processing on 
S i l i c o n  So la r  C e l l s  

i . NOTICE 

, report wuar prepad 8" account of work 

,ponwrrrd by the united Stater Government. Neither 

! 
uniled ~~~c~~ nor l c  United States Dcpwtmcnt of 

mntrsctors, ~ubconuactan. or l e i 1  cmployces. makes 
E ~ ~ ~ ~ ,  nor any of their employees, nor any of 

I 

I any war,anty, cxprell implied, or a~llmcS anY I e f l  
liability or rerponribiity rot l e  accuracy, com~leteneu 

1 

\ , uufulncs of any information, app~a tu r .  product o r  / proccs ,jiiwlood, or , ~ p ' ~ o n u  that i u  uo would not I 
infringe privately o m d  rid's. I 

_C_____C_--- 

Phase I1 Summary and Eleventh Quar te r ly  Report 

J u l y  1978 

. R .  H .  Hopkins, J .  R .  Davis,  P .  D .  B l a i s ,  
A .  Rohatgi,  P .  Rai-Choudhury, and M .  H .  Hanes 
Westinghouse Research & Development Center 

and 
J . R .  McCormick 

Dow Corning Corporation 

Contract No. 954331 

The J P L  Low Cost S i l i c o n  So la r  Array P ro jec t  i s  sponsored by 
t h e  U .  S .  Dept . o f  Energy and forms p a r t  o f  t h e  S o l a r  Photovol ta ic  
Conversion Program t o  i n i t i a t e  a major e f f o r t  toward t h e  development 
o f  low-cost s o l a r  a r r a y s .  This  work was performed f o r  t h e  J e t  
Propulsion Laboratory, C a l i f o r n i a  I n s t i t u t e  o f  Technology by 
agreement between NASA and DOE. 

Westinghouse R&D Center 
6310 Beulah Road 
Pittsburgh. Pennsylvania 15235 ~7 4 

n~~,3Ry7~ f2i '$..LIE ~aG"j~B32;T .s mTL2aTEL). 



TABLE OF CONTENTS 

. . . . . . . . . . . . . . . . . . . . . . . . . . . .  1 . SUMMARY 1 

. . . . . . . . . . . . . . . . . . . . . . . . .  2  . INTRODUCTION 4  

. . . . . . . . . . . . . . . . . . . . . .  3  . EXPERIMENTAL METkIODS 6 

. . . . . . . . .  3 .1  Impuri ty  Matrix and Crys t a l  P repa ra t i on  6  
. . . . . . . . . . . . .  3 . 1 . 1  Impurity Cons idera t ions  6 

. . . . . . . . . . . . . . . . . .  3.1 .2  Crys t a l  Growth 3 

. . . . . . . . . . . . . . . . .  3.2  S i l i c o n  Ingot Analysis  12 
. . . . . . . . . . . . . . . . . . .  3 . 2 . 1  R e s i s t i v i t y  14 

. . . . . . . . . . . . . . . . .  3 .2 .2  Etch P i t  Densi ty  14 
. . . . . . . . . . . . .  3 . 2 . 3  Carbon and Oxygen Analysis  14 

. . . . . . . . . . . . . . . .  3 .2 .4  Impuri ty  . Analysis  14 

. . . . . . . . . . . . . . . . . .  3 . 3  E l e c t r i c a l  Measurements 15 
. . . . . . . .  3 . 3 . 1  Recombination Lifet ime Veasurements 17 '  

. . . . . . . . . .  3 .3 .1 .1  Photoconductive Decay (PCD) 17 
. . . . . . . . . . . .  . . .  3 .3 .1 .2  Open C i r c u i t  Decay 19 

3 . 3 .  2 E l e c t r i c a l  Cha rac t e r i za t i on  by De ta i l ed  I-V 
Analysis  . . . . . . . . . . . . . . . . . . . . .  1.9 

3 . 3 . 3  Imwurity Analysis  by Deep Level Trans ien t  
. . . . . . . . . . . . . . .  Spectroscopy (DLTS) 26 
. . . . . . . . . . . . . . .  3 . 3 . 3 . 1  TheDLTSTechnique 26 

. . . . . . . . . . .  3 .3 .3 .2  Analysis  o f  t h e  DLTS Data 27 
. . . . . . . . . . . . . . .  ... 3.3.3 3 Salii~jle F r t p a r a t i o n  32 

. . . . . . . . . . . . . . . . . .  . 3.4 So la r  c e l l  ~ e a s u r e m e n t s  33 
3 . 4 . 1  C e l l  Fab r i ca t i on  . . . . . . . . . . . . . . . . . .  33 

. . . . . . . . . . .  3 .4 .2  S o l a r  Cel l  c h a r a c t e r i z a t i o n  33 

4 . ANALYSTS OF IYPURITY EFFECTS I N  SILICON AND SILICON SOLAR 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . .  CELLS 36 

. . . . . . . . . . . . . . . . . .  4 . 1  Ingot C h a r a c t e r i s t i c s  36 
. . . . . . . . . . . . . . . . . . .  4 . 1 . 1  R e s i s t i v i t y  36 

4 . 1 . 2  Mic ros t ruc tu ra l  Fea tures  and Impurity 
. . . . . . . . . . . . . . . . .  C h a r a c t e r i s t i c s  36 

. . . . . . . . . . . .  4 . 1 . 3  Carbon and Oxygen Content 38 
4 . 1 . 4  Metal I m ~ u r i t y  Content o f  S i l i c o n  Ingots  . . . . .  38 



TABLE OF CONTENTS (Cont . ) 
Page 

. . . . . . . . . . . . . . . . .  4 . 1 . 4 . 1  Data E v a l u a t i o n  39 
4 . 1 . 4 . 2  Best  Es t imates  o f  Impur i ty  C o n c e n t r a t i o n s  . . . .  44 

. . . . . . . . . . . . . . . . . . . . .  4 . 2  P r o c e s s i n g  S t u d i e s  50 
. . . . . . . . . . . . . . . . .  4 . 2 . 1  Thermal Treatment 50 

. . . . . . . . .  . . . . . . .  4 . 2 . 1 . 1  Clean ing  S t u d i e s  50 i 
4 . 2 . 1 . 2  G e t t e r i n g  S t u d i e s  . . . . . .  . r  50 . . . . . . . .  
4 . 2  .. 2 E v a l u a t i o n  o f  Bulk Recombinat i o n  L i f e t i m e s  f o r  

As-Grown and D i f f u s e d  S i l i c o n  . . . . . . . . . : .  59 

. . 
4 . 3  Modeling Impur i ty  E f f e c t s  i n  S i l i c o n  . .  - . . . . . . . .  59 

4 . 3 . 1  S h o r t  C i r c u i t  C u r r e n t  'as a '  Func t ion  of  D i f f u s i o n  
. . . . . . . . . . . . . . . . . . . . . . . . .  Length 65 

4 . 3 . 2  impurity' ~ e ~ e n d e n t  d i f f u s i o n  Length . . . . . . . .  67 
. . . . . . . . . . .  4 . 3 . 3  Open C i r c u i t  Vol tage  Behavior 69 

. . . . . . . . . . . . . . . . .  4 . 3 . 4  ~ f f i c i e n c ~  Behavior 71 

. . . . . . . . . . . . . .  4 . 4  A n a l y s i s  of  ? -base  S o l a r  C e l l s  74 
. . . . . . . . . . . . . . . . .  4 . 4 . 1  Model P r e d i c t i o n s  74 

. . . . . . . . . . . . . . .  4 .. 4 . 2  D e t a i l e d  I - V  A n a l y s i s  74 
4 . 4 . 2 . 1  I - V  A n a l y s i s  o f  p -base  S o l a r  C e l l s  w i t h  S i n g l e  

I m p u r i t i e s  . . . . . . . . . . . . . . . . . . .  79 
. . .  4 . 4 . 2 . 2  I-v Ana lys i s  o f  Multiply-Doped S o l a r  C e l l s  84 

. . . . . . . . . . . . .  4 . 4 . 3  P o l y c r y s t a l l i n e  M a t e r i a l  90 

. . . . . . . . . . . . .  4 . 4 . 4  Low R e s i s t i v i t y  M a t e r i a l  94 
4 . 4 . 5  F l o a t  Zone M a t e r i a l  . . . . . . . . . .  . . . . .  99 

. . . . . . . . . . . . . .  4 . 5  A n a l y s i s  o f  N-base S o l a r  C e l l s  100 

4 .  6 S p e c t r o s c o p i . ~  Character is t ics  of  I m p u r i t i e s  i n  S i l i c o n  . . 108 

5 . SOLAR GRADE SILICON: SOME CONSIDERATIONS FOR ITS USE . . . . .  113 

. . . . . . .  5 . 1  Feedstock P u r i t y / D e v i c e  Performance Modeling 120 
. . . . . . . . . . . . . . . . . . .  5 . 2  G r o w t h R a t e E f f e c t s  125 

. . . . . . . . . . . . . . . . . . . . . . . . . . .  6 . CONCLUSIONS 127 

. . . . . . . . . . . . . . . . . . . . . . . .  7 . PROGRAM STATUS 131 

. . . . . . . . . . . . . . . . . . . . . . .  7 . 1  P r e s e n t  S t a t u s  131 
. . . . . . . . . . . . . . . . . . . . .  7 . 2  F u t u r e A c t i v i t y  131 



TABLE OF CONTENTS (Cont.)  

Page 

. . . . . . . . . . . . . . . . . . . . . . . . . .  . 8 REFERENCES 133 

. . . . . . . . . . . . . . . . . . . . . . . . . .  9 . APPENDICES 135 

. . . . . . . . . . . . . . . .  1 . Segregat ion C o e f f i c i e n t s  136 
2 . Summary of E l e c t r i c a l  and Defecr C h a r a c r e r i s t l c  f o r  a l l  

I n g o t s . .  . . . . . . . . . . . . . . . . . . . . . . .  137 
3 . Carbon and oxygen concen t r a t ions  f o r  K e ~ r e S e n t a t i v e  

. . . . . . . . . . . . . . . . . . . . . . . . .  Ingots  141 
. . . . . . . . . . . . . .  4 . Ingot  Imuuri ty  Concentrat ion 144 

. . . . . . . . . . . . . . . .  5 . Wafer Cleaning Procedures 149 
6 . Photovol ta ic  C h a r a c t e r i s t i c s  of  ?!eta1 Im~uri ty-Doped 

S i l i c o n  Solar  C e l l s  under AM1 I l l umina t ion  . . . . . . .  151 



LIST OF ILLUSTRATIONS 

Figure 

. . . . . .  1 Impurity Matrix Under I n v e s t i g a t i o n .  

. . . . . . . . . . . . . . . . . .  2 Location o f  Ingot S a m ~ l e s .  13 

3 Schematic Diagram of Laser Exci ted Photoconductive Decay 
Lifet ime ?/reasurement Apparatus . . . . . . . . . . . . . . .  18 

. . . .  4 The Equivalent C i r c u i t  o f  a ?-n Junct ion  i n  t h e  Dark 2 1  

5 The Simplest Equivalent C i r c u i t  o f  a So la r  C e l l  (p-n junc t ion  
. . . . . . . . . . . . . . . . . . . . .  under i 1 luminat ion)  2 2 

6 Schematic Diagram of t h e  Procedure t o  Transform t h e  Measured 
. . . . . . . . . . . .  Dark I-V Data i n t o  i t s  Cons t i t uen t s .  24 

7 Typical  Experimental DLTS Spec t r a  f o r  Hole Trap i n  P-Type 2 8 
. . . . . . . . . . . . . . . . . . .  S i l i c o n  with T i  Impurity 

8 Arrhenius P lo t  o f  Trap Levels i n  P-type S i l i c o n  con ta in ing  
. . . . . . . . . . . . . . . . . . . . . . . . . .  Ti  o r  V .  31 

9 Schematic Diagram of t h e  Sample Arrangement used f o r  DLTS 
Measurements . . . . . . . . . . . . . . . . . . . . . . . .  34 

. . . . . . . . . . .  10 Photocurrent  a s  a Function o f  Lifet ime 66 

l1 voc a s  a Function of I . f o r  Metal-Doped S o l a r  C e l l s  . . : . 7 2  
S C 

12 Ef f i c i ency  Versus Short  C i r c u i t  Curren t .  . . . . . . . . . .  7 3 

13 Ef f i c i ency  Versus Metal Content ;  p-base Devices. . . . . . .  75 

14 Calcula ted  Versus Measured Ef f ic ie i lcy  f o r  Mu1 t i ~ l y  Do,p'ed 
. . . . . . . . . . . . . . . . . . . . . . . . .  D e v i c e s . .  78 

15 Transformed Dark I-V Curves f o r  Ti-doped 4 ficm S i l i c o n  So la r  
. . . . . . . . . . . . . . . . . . . . . . . . . . . .  C e l l s .  80 

16 Transformed Dark I-V Curves f o r  Cu-Doped 4 acm S i l i c o n  So la r  
. . . . . . . . . . . . . . . . . . . . . . . . . .  C e l l s . .  81 



LIST OF ILLUSTRATIONS (Cont . ) 

Figure  Page 
0 

17 Conper P r e c i ~ i t a t e s  Revealed i n  Wafers Cut from Ingots .  
Purposely  oped wi th  Copper. X-ray Topograp, Mo L Radia- 
t i o n ,  (111) Re f l ec t ion ,  Magnif icat ion Approximately 20X. . 8 2 

18 Transformed Dark I-V Curves f o r  Fe-Doped 4 Rcm s i l i c o n  S o l a r  
C e l l s .  . . . . . . . . . . . . . . . . . . . . . . . . . . .  8 3 

19 Transformed Dark I-V Curves f o r  Yn/Cu-do~ed 4 Rcm S i l i c o n  
s o l a r  C e l l s .  . . . . . . . . . . . . . . . . . . . . . . . .  85 

20 Transformed Dark I-!/ Curves f o r  Mn/Cr-doped 4 Rcrn S i l i c o n  
So la r  C e l l s .  . . . . . . . . . . . . . . . . . . . . . . . .  8 6 

21 Transformed Dark I-V Curves f o r  Cu/Ti doped 4 Rcm S i l i c o n  
So la r  C e l l s .  . . . . . . . . . . . . . . . . . . . . . . . .  8 7 

22 Transformed Dark 1-11 Curves f o r  Cu/Ti-doped 4 Rcrn S i l i c o n  
S o l a r c e l l s  . . . . . . . . . . . . . . . . . . . . . . . . .  88 

23 Transformed Dark I-V Curves f o r  V/Cu-doped 4 Rcrn S i l i c o n  
S o l a r  C e l l s .  . . . . . . . . . . . . . . . . . . . . . . . .  89 

24 S i r t l  Etched Wafcrs from P o l y c r y s t a l l i n c  Bascl inc Ingot W076 
. . . . . . . . . . . . . . . . . . . . .  Rcflectecl ~ i g h t  32X, 91 

25 Transformed Dark I-V curves f q r  Ti-doped 4 Rcm poly and 
S ing le  Crys t a l  S i l i c o n  So la r  C e l l s  . . . . . . . . . . . . .  92 

26 Transformed Dark I-V Curves f o r  T i  doped 4 RCm and 012 Rcm 
S i l i c o n  Solar  C e l l s .  . . . . . . . . . . . . . . . . . . . .  97 

27a Transformed Dark I-V Curves f o r  Cr-doped 4 Rcm S i l i c o n  S o l a r  
. . . . . . . . . . . . . . . . . . . . . . . . . . . .  C e l l s .  102 

27b Transformed Dark I-V Curves f o r  AT-do~ed 4 Rcrn Cz and Fz 
. . . . . . . . . . . . . . . . . . . .  S i l i c o n S o l a r C e l l s .  103 

28 . E f  f i c i e n c v  ?.'ersus Metal Content . Sol id  Curves a r e  n-Base; 
. . . . . . . . . .  Dashed Curves are Comearable u-Base Data 106 



LIST OF ILLUSTRATIONS (Cont . )  

Figure .. Page 

29 Transformed Dark 1 - V  Curves f o r  Ti-doped n  and T! Base 4 
ncm S i l i c o n  So la r  C e l l s .  . . . . . . . . . . . . . . . . .  107 

30 Trap Levels Determined by DLTS i n  Impurity-Doped S o l a r  
C e l l s .  . . . . . . . . . . . . . . . . . . . . . . . . . . .  109 

31 Predic ted  Var i a t ion  o f  C r i t i c a l  Liquid Impuri ty  Concentra- 
t i o n  f o r  Crys t a l  Breakdown with Crys t a l  Growth Veloc i ty  
During Czochralski  Pu l l i ng  of  S i l i c o n .  Metal Concentrat ions 
f o r  Vhich Breakdown Actua l ly  Occurred a r e  Ind ica t ed  by t h e  
Data Poin ts  (Assumes Heat loss  by Radia t ion  t o  OOIC 
Environment) . . . . . . . . . . . . . . . . . . . . . . .  116 

32 So lu t e  Build-up i n  t h e  Liquid (or  C r v s t a l )  a s  a  Function 
of  t h e  Volume of Crys ta l  Grown f o r  Sequent ia l  ( s o l i d )  o r  
Continuous (dashed) Melt Replenishment . . . . . . . . . .  117 

33 Schematic Diagram of  Model f o r  Est imating Performance Trade- 
o f f s  o f  I m ~ u r i t y  Bearing S i l i c o n  Feedstocks.  . . . . . . .  121 



LIST OF TABLES 

Page -..- 

1 Tyuical  impurity concen t r a t ions  Found i n  Meta l lurp ica l  Grade 
S i l i c o n . .  . . . . . . . . . . . . . . . . . . . . . . . . . 7 

3  C h a r a c t e r i s t i c s  of Dopant Ma te r i a l s .  . . . . . . . . . . . . 11 

4  Typical  ~ e t e c t i o n  L i m i t s  o f  Analv t ica l  Techniques Employed 
i n  t h i s  I n v e s t i g a t i o n .  . . . . . . . . . . . . . . . . . . . 16 

5 Concentrat ions o f  Unintentiohallv-Added Impur i t i e s  . . . . . 40 

6 Analysis  o f  S ~ a r k  Source Mass S p e c t r o g r a ~ h i c  Data. . . . . . 42 

7 Analysis  o f  N U  Data . . . . . . . . . . . . . . . . . . . . 43 

8 Best Est imate o f  Impuri ty  Concentrat ions . . . . . . . . . . 45 

9  Retent ion of  Recombination Li fe t ime.  . . . . . . . . . . . . 52 

10 Ef fec t  of  POCL.7, Ge t t e r ing  Time and Temnerature on Recombina- 
t i o n  Li fe t ime.  . . . . . . . ; ' ;  , . . . . . . . . . . . . . 5 h  

1 1  Ef fec t  of ~ u l t i p l e  Ge t t e r ing  Cycles on Recombination Li fe-  
time . . . . . . . . . . , . . . . . . . . . . . . . . . . . . . 58 

1 2  Bulk Lifet imes (Photoconductive Decay) f o r  S i l i c o n  Ingots  
Before and Af t e r  Phosphorus Dif fus ion .  . . . . . . ' .  . . . . 60 

13  Model C o c f f i c i e n t s  f o r  S ingly  Doped, P-base So la r  C e l l s .  . . 70 

14a Calcula ted  and Measured Normalized Short C i r c u i t  Curren ts  
and Eff ic i .enc ies  f o r  Mul t in le  Metal Addit ions.  . . . . . . . 76 

14b Impurity Concent ra t ions  f o r  Ingots  Tabulated i n  T a h l e  14a. . 77 

15 Coeiparison of  Low and I-Iigh R e s i s t i v i t y  P-Base Solar  C e l l s  
Dnped w i t h  Si.milar Concentrat ions o f  Metal Contaminants. . . 95 

16 Re la t ive  C e l l  Ef f ic iency  f o r  So la r  C e l l s  on 4  Qcm Floa t  Zone 
and Czochralski  S i l i c o n .  . . . . . , .  . . . . . . . . . . . . 101 

v i i i  



LIST OF TABLES 

Tab1 e  Page - 

17 Model C o e f f i c i e n t s  f o r  S i n g l y  Doped, N-Base S o l a r  C e l l s  . . 105 

18 T r a ~  Leve l ,  Concen t ra t ions  and Capture  C r o s s e c t i o n s  f o r  
Impurity-Doped S o l a r  C e l l s .  . . . . . . . . . . . . . . . . .  110 

19 T o l e r a b l e  Feedstock Impur i ty  C o n c e n t r a t i o n  t o  Achieve 
. . . . . . . . .  S p e c i f i c  S o l a r  C e l l  Performance L e v e l s .  . I 1 4  

. . . . .  20 Feedstock Impuri ty  C o n c e n t r a t i o n s  f o r  IVeb Growth. 119 

21 C a l c u l a t e d  and Measured Performance f o r  I n g o t s  Used t o  Model 
"So la r  Grade" Feedstock . . . . . . . . . . . . . . . . . .  123 

22 S o l a r  C e l l  Performance o f  Contaminated S i l i c o n  Web. . . . .  124 

23 E f f e c t  o f  Czochra l sk i  Growth Rate  on I m ~ u r i t y  Content  and 
C e l l  Performance.  . . . . . . . . . . . . . . . . . . . .  . 125 



This  i s  t h e  summary r e p o r t  f o r  t h e  Phase I 1  e f f o r t  under t h e  

S i l i c o n  Mate 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 I 1  o f  

t h e  nrogram has  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  va r ious  p roces ses ,  

metal contaminants and ,  contaminant -process  i n t e r a c t i o n s  on t h e  perform- 

ance of  t e r r e s t r i a l  s  j l icon s o l a r  c e l l s .  The study encompassed a v a r i e t y  

o f  a spec t s  inc luding  thermal t r ea tmen t s ,  c r y s t a l  growth r a t e ,  base doping 

concent ra t ion  (low r e s i s t i v i t y ) ,  base doping type  (n v s .  p ) ,  g r a i n  

,boundary s t r u c t u r e ,  and carbon/oxygen-met a1 . i n t e r a c t  i ons  ( f l o a t  zone vs  

Czochralski  growth). The work i s  now completed; some o f  t h e  h i g h l i g h t s  

a r e  given below. 

We have s tud ied  t h e  e f f e c t s  of  va r ious  m e t a l l i c  i m p u r i t i e s ,  

introduced s i n g l y  o r  i n  combination i n t o  Czochra lsk i ,  f l o a t  zone and 

p o l y c r y s t a l l i n e  s i l i c o n  ingo t s  and i n t o  s i l i c o n  r ibbons  grown by t h e  

d e n d r i t i c  web p roces s .  The meta ls  were added i n  con t ro l l ed  and reDro- 

duc ib l e  f a sh ion  along with a ~ r i m a r y  boron o r  phosphorus dopant .  Sub- 

sequent ly  a l l  c r y s t a l s  were analyzed chemical ly,  ~ i c r o s t r u c t u r a l l y ,  

e l e c t r i c a l l y  and v i a  s o l a r  c e l l  f a b r i c a t i o n  and t e s t i n g .  

The t o t a l i t y  o f  t h e  s o l a r  c e l l  d a t a  (comprisinp over 4000 

c e l l s )  i n d i c a t e  t h a t  i m ~ u r i t y - i n d u c e d  ~ e r f o r m a n c e  l o s s  i s  p r i m a r i l y  due 

t o  reducr ion  fn base d i f fus ivr i  le11gt11. Based on t h i s  assumption an 

a n a l y t i c a l  model has  been d e v e l o ~ e d  which p r e d i c t s  c e l l  performance a s  a 

func t ion  of metal impuri ty  con ten t .  The model has  now been v e r i f i e d  f o r  
b 

p-base ma te r i a l  by c o r r e l a t i n g  t h e  p ro j ec t ed  and measured performances of  

s o l a r  c e l l s  made on 19 i n g o t s  bear ing  m u l t i p l e  i m p u r i t i e s .  Only Fe, Cu 

and N i  dev ia t e  from t h e  model assumptions; d e t a i l e d  I-V s t u d i e s  coupled 

with metallography i n d i c a t e  t h e  va r i ance  i s  due t o  junc t ion  excess  c u r r e z t s  

induced by p r e c i p i t a t e s .  The model a l s o  desc r ibes  t h e  pe~fo rmance  of  n- 

base s o l a r  c e l l s  bear in?  s  h g l e  i m n u r i t i e s ;  no c o r r e l a t i o n  with m u l t i ~ l e  



contaminants has y e t  been a t t e m ~ t e d .  I t  i s  no tab le  t h a t  many metal con- 

taminants ,  e . g .  T i ,  V ,  C r ,  and Mn, produce cons iderably  l e s s  c e l l  pe r -  

formance r educ t ion  i n  n-base devices  than  i n  t h e  p-base c e l l s .  

Examination o f  c o m ~ a r a t i v e  s o l a r  c e l l  d a t a  i n d i c a t e  t h a t  both 

low (0.2 Slcm) and high (4 Rcm) r e s i s t i v i t y - p - b a s e  s o l a r  c e l l s  e x h i b i t  

s i m i l a r  e f f i c i e n c y  reduct ions  when i d e n t i c a l  impuri ty  concent ra t ions  a r e  

introduced i n  t h e  s i l i c o n .  However, t h e  d e t a i l e d  mechanisms of t h e  pe r -  

formance r educ t ions  d i f f e r .  Apparently i n  t h e  low r e s i s t i v i t y  ma te r i a l  

band gap narrowing combined' with t h e  c r e a t i o n  of excess  numbers o f  t r a p s  

(compared t o  t h e  high r e s i s t i v i t y  m a t e r i a l )  com~romise t h e  b e n e f i c i a l  

e f f e c t s  of  t h e  l a r g e r  open c i r c u i t  vo l t age .  

Three i m p u r i t i e s ,  T i ,  C r ,  and A1 were s tud ied  a t  s i m i l a r  doping 

l e v e l s  i n  FZ and CZ i ngo t s  i n  an effort t o  deduce any b e n e f i c i a l  e f f e c t s  

of  growth technique .  The T i  and Cr-doped c e l l s  produced e s s e n t i a l l y  t h e  

same performance r ~ d u c t i o n  due t o  lowered bulk l i f e t i m e  i n  both Fz and 

C z  i n g o t s .  However a  20% improvement i n  c e l l  performance f o r  Al-doped 

Fz i ngo t s  was observed.  The r e s u l t  i s  t e n t a t i v e l y  ascr ibed  t o  t h e  low 

l e v e l s  of carbon/oxygen i n  t h e  FZ i n g o t s .  

Prel iminary s t u d i e s  on ~ o l y c r y s t a l l i n e  ingo t s  conta in ing  i m -  

p u r i t i e s  i n d i c a t e  t h a t  s o l a r  c e l l  behavior  i s  spec i e s  s e n s i t i v e ,  and t h a t  

a 1 a rge  f r a c t i o n  of t h e  impur i t i e s  may be  segrcgatcd t o  the g r a i n  bound- 

a r i e s .  For Mn c e l l  nerformance of  t h e  ~ o l y  devices  was e r r a t i c  but 

junc t ion  degrada t ion  appeared dominant. Deta i led  I-V a n a l y s i s  of  t h e  

Ti-doped po ly  c e l l s  suggested t h a t  bulk l i f e t i m e  was b e t t e r  than  might 

be  expected f o r  t h e  amount of  T i  p r e s e n t .  This  b e n e f i c i a l  e f f e c t  was 

o f f s e t  by enhanced junc t ion  excess  cu r r en t  and reduced c o l l e c t i o n  

e f f i c i e n c y .  

In  t h c  proccq~ing a r o a  we demonstra ted t h a t  g e t t o l i n g  aL 900 u r  

1000°C i s  a  v i a b l e  means t o  r a i s e  t h e  bulk l i f e t i m e  i n  i ngo t s  conta in ing  

A l ,  C r ,  T i ,  and Mn. , 1:F mul t ip l e  g e t t e r i n g  cyc le s  a r e  emploved t h e  major 

enhancement i n  l i f e t i m e  occurs  i n  one cyc le ,  f u r t h e r  cyc l e s  a c t u a l l y  

producing some l i f e t i m e  degrada t ion .  D I  r i n s i n g  appeared t o  be t h e  most 



e f f e c t i v e  t reatment  f o r  minimizing prethermal  cyc l e  contamination and 

an optimum r i n s e  t ime can be def ined .  

Modeling of  s o l a r  c e l l  e f f i c i ency - impur i ty  r e l a t i o n s  makes i t  

~ o s s i b l e  t o  do t r a d e o f f  ana lyses  a t  var ious  s t a g e s  of t h e  process  sequence 

between t h e  feedstock and t h e  end product c e l l s .  I t  appears  u n l i k e l y  

t h a t  feedstock impnrity concent ra t ions  i n  excess  of one p a r t  p e r  m i l l i o n  

f o r  elements l i k e  T i  o r  100 pa r t s  per  m i l l i o n  f o r  more benign i m p u r i t i e s  

l i k e  N i  w i l l  be t o l e r a b l e  even with c r y s t a l  growth methods l i k e  Czochralski  

o r  s i l i c o n  web which e x h i b i t  l a r g e  melt s eg rega t ion  e f f e c t s .  The exact  

va lue  o f  t h e  acceptab le  impuri ty  content  f o r  So la r  Grade S i l i c o n  depends 

on t o l e r a b l e  c e l l  e f f i c i e n c y ,  c r y s t a l  growth method, melt replenishment 

s t r a t e g y  and c e l l  p rocess  sequence. 



2 . 0  INTRODUCTION 

Th i s  r e p o r t  is a  summary of t h e  a c t i v i t i e s  conducted under 

Phase I 1  of J P L  Contract  953331, t i t l e d  an ~ n v e s t i ~ a t i o n  of  t h e  E f f e c t s  

of  Impur i t i e s  and Processing on S i l i c o n  So la r  C e l l s .  The o b j e c t i v e  of  

t h e  s tudy i s  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 ,  p rocesses  and impurity- 

process  i n t e r a c t i o n s  on t h e  p r o p e r t i e s  of s i l i c o n  and on t h e  performance 

of  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 r e s u l t s  form a  b a s i s  from which 

s i l i c o n  producers ,  wafer manufactllrers and re1 1 f a h s i c a t s s s  can d o v ~ l o p  

appropriate 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  of  l e s s  pu re ,  l e s s  

c o s t l y  Solar  Grades of S i l i c o n .  

1-3 The o v e r a l l  approach-de ta i led  i n  e a r l i e r  r e p o r t s  - has been t o  

e s t a b l i s h  what concen t r a t ions  of commonly encountered i m p u r i t i e s  can be 

t o l e r a t e d  i n  t y p i c a l  s o l a r  c e l l s  f a b r i c a t e d  on 4 0-cm p-type s i l i c o n  

(Phase I ) .  From t h i s  foundat ion t h e  s tudy was broadened t o  inc lude  t h e  

in f luences  of thermal process ing  ( l i k e  g e t t e r i n g ) ,  c r y s t a l  growth r a t e ,  

base  doping concen t r a t ion  (low . r e s i s t i v i t y ) ,  base doping type  (n vs  p ) ,  

g r a i n  boundary s t r u c t u r e ,  and carbon/oxygen i n t e r a c t i o n s .  The T A S I I ~ ~ S  

~3f t h e s e  a c t i v i t i e s ,  based on. t h e  d e t a i l e d  ana. lysis  o f  128 s i l i c o n  
ingots ,  form t h e  bulk of t h i s  .document. ' 

In prepar ing  t h i s  summary our i n t e n t  has  been t n  make thr  TF- 

p o r t  s u f f i c i e n t l y  comprehensive and up-to-date  t h a t  it supercedes pre-  

v ious  q u a r t e r l y  r e p o r t s  and can s t a n d ,  e s s e n t i a l l y  on i t s  own, a5 a  

"handbooktt o f  impur i ty  e f f e c t s  i n  s i l i c o n  a s  we now understand them. 

The r e p o r t  format i s  designed t o  emphasize t h r e e  major t o p i c s  - exper i -  

mental methods, a n a l y s i s  of impur i ty  e f f e c t s  i n  s i l i c o n ,  and cons ide ra t ions  

i n  t h e  use of  So la r  Grade s i l i c o n .  The r e a d e r ,  depending on i n t e r e s t s ,  

may u t i l i z e  t h e  s e c t i o n s  irideperidently. (We have r e i t e r a t e d  some e a r l i e r  

d i scuss ions  of t h e  development and a p p l i c a t i o n  o f  impuri ty  eva lua t ion  

techniques because we be l i eve  t h e  sub jec t  i s  important i n  i t s  own r i g h t  



and of cons iderable  genera l  i n t e r e s t . )  Much a c t u a l  d a t a  has been i n -  

cluded i n  t h e  r e p o r t ,  e i t h e r  i n  t a b u l a r  o r  g raph ica l  form t o  f a c i l i t a t e  

a p p l i c a t i o n  by a  v a r i e t y  of p o t e n t i a l  u s e r s .  E a r l i e r  a n a l y t i c a l  . r e s u l t s  

and device  d a t a  have been r ev i sed  t o  r e f l e c t  t h e  most r ecen t  f i n d i n g s .  

The s t u d y . r e p r e s e n t s  t h e  work of  numerous i n d i v i d u a l s ;  t h e  . 

major a r e a s  i n  which each con t r ibu ted  were: 

R .  H .  Hopkins - Program Manager and S i l i c o n  Web S tud ie s .  

P .  D .  B l a i s  - Processing S tud ie s  and Lifetkme Measurements. 

J .  R .  Davis - Device Tes t ing ,  Data Syn thes i s ,  and Modeling. 

A .  Rohatgi - Deta i led  Device Analysis  and Deep Level Spectroscopy. 

M.  H .  Hanes - Deep Level Spectroscopy. 
. . 

P.  Rai-Choudhury - .Device Processing.  

J .  R .  McCormick - Czochralski  Ingot P repa ra t ion  and Evaluat ion.  

The succes s fu l  completion of t h e  experimental e f f o r t  depended 

on t h e  capable t echn ica l  a s s i s t a n c e  of H .  F .  Abt, J .  C .  Neidigh, D .  N .  . . ,  

Schmidt, C .  S .  S e i l e r ,  A .  M .  Stewart  and B.  F .  Westwood. D .  Labor 

prepared t h e  r e p o r t  t ypesc r ip t . ,  



3 .0  EXPERIMENTAL METHODS 

3 . 1  Impuri ty  Matrix and Crys t a l  Prepara t ion  

3.1.1 Impuri ty  Cons idera t ions  

The choice o f  impurity elements f o r  t h i s  i n v e s t i g a t i o n  was 

based on t h e  fol lowing cons ide ra t ions :  1)  t h e  presence of t h e  element i n  

mera l lu rg i ca l  grade s i l i c o n ,  a  s t a r t i n g  prndl~c t  i n  s eve ra l  o f  t h e  low 

c o s t  process ing  programs, 2) t h e  p o t e n t i a l  f o r  t h e  impur i ty  t o  be in -  

t r ~ d l ~ ~ e d  i n  A part ic l . l lar  p o l y s i l i c o n  procor;s, nnd 3 )  m a t e r i a l 3  uf cull- 

s t r u c t i o n  which might be used f o r  s i l i c o n  r e f i n i n g  o r  c r y s t a l  growth 

equipment. This  provides  a  d a t a  base covering most u se r  needs.  

Typical  impur i ty  concen t r a t ions  found i n  m e t a l l u r g i c a l  grade 

s i l i c o n  a r e  shown i n  Table 1 .'4 When m a t e r i a l s  o f  cons t ruc t ion  a r e  a l s o  

considered we a r r i v e  a t  t h e  impur i ty  mat r ix  shown i n  Figure 1. The 

mat r ix  i s  no t  ye t  complete,  e . g  a d d i t i o n a l  work i s  requi red  i n  t h e  a r e a  

of n-type i n g o t s ,  low r e s i s t i v i t y  p- type m a t e r i a l ,  and i n  eva lua t ing  

some a d d i t i o n a l  m a t e r i a l s  o f  c o n s t r u c t i o n ,  In estahli~hing the range 

of impuri ty  concen t r a t ions  t o  be i l l -vest igated,  t h e  fol lowing f a c t o r s  

were taken i n t o  account .  

1) r e s u l t s  ob ta ined  i n  prev ious  programs 5 

2 )  t hc  s o l i d  s o l u b i l i t y  l in l i t  u f  t h e  impur i ty  elements i n  

s i 1 icon  
6 .  

3 )  maximum melt concen t r a t ions  which a1 low s i n g l e  c r y s t a l  

gr'ow t h  
7 

4 )  concen t r a t ions  requi red  t n  permit a c c u r a t e  analys is  of thc 

impur i ty  concen t r a t ion  

5) maxim~im impur i ty  concen t r a t ions  f o r  which no s o l a r  c e l l  

performance degrada t ion  is observed. 



Table 1. Typical Impurity Concentrations Found in 
Metallurgical Grade Silicon 

Impurity Element 

A 1 

B 

Ca 

Cr 

C u 

Fe 

M g 

Mn 

N i 

P 

Ti 

v 
Z r 

Concentration (ppma) 



Figu re  . Impur i ty  Ma t r i x  Under I n v e s t i g a t i o n  

Boron, phosphorus and al.uminum a r e  e l e c t r i c a l l y  act iv; :  in !pur i t i cs  and t .herr.- 
fol-e cause  v a r i a t i o n s  i n  r e s i s t i v i t y  when used a s  a  secondary i~ i i pu r i t y .  

.L 1. Uncer ta in ty  i n  ocnc t  range clui! Lu d.Lscreparicy beti.!een c:!-ectricnl anti SS:,IS 
neasurerilen ts . 

! 

I 

+ 
Oxygen and carbon concen t r a t i ons  measured i n  approximately 50 i n g n c s  
doped .c;ith a d d i t i o n a l  i n ~ p u r i t i e s .  Two carbon doped i n g o t s  prepsrccl  
t o  d e t e r ~ n i n f  e fEec t  oE carbon.  

1 
Impur i ty  
Element 

Aluminum* 

Boron* 

Calc i~ im 

Carbori 

Chromium 

Copper 

I r o n  

Magnesium 

Manganese 

Mol.ybdenun 

Nickel. 

Oxygen 

~ ~ ~ u ~ ~ ~ I u ~ I I ! . ~ ~ ~  

Sod.i.~~rn 

Ti tanium 

Tan talurn 

Vanadium 

Zir1c 
+ 

Zirconium 

Approximate Concent ra t ion  Range I n v e s t i g a t e d  
I 

x 1 0 ' ~  atoms per  cm 
3 

4  ohm-cm p-type 0 .2  ohm-cm p- type 
. - ,  -- .. 

3  - 50** 

0 . 1  

20 - 500' 

0 . 1  - 1.1 0.5  

0.4 - 60 2 .3  

0.02 - 1 . 5  0.8 

0.003 - 0.03 

0.01 - 1 . 3  0.7 

.000046 - 0.0042 

0.4 - 4.0 

500 - 1700' 

1.u - 140 luu 

0.00036 - 0.36 0.2 

"0.0008 - 0.004 

0.0004 - 0.4 0.4 

CO. 001 

< O .  0007 

tt 

I . . i  nhr-cm n-type 
. 
-LA.- 

...~- 

3  - 50 

47 - 83 

0.3 - 1 . 0  

2.5 - 1 0  

0 .3  - 1 . 0  

1 . 0  

2 .3  

0.07 - 0.36 

C.4 

< O .  0007 
i 
! 

. . .I 



In gener,al i tems 2 )  and 3) above establ ished ' the- 'maximum i m -  

p u r i t y  concent ra t ion  which was introduced i n t o  f i r s t  genera t ion  ingo t s  

while  5) f i xed  t h e  completion of i n v e s t i g a t i o n  f o r  a  p a r t i c u l a r  impur.ity. 

3 .1 .2  Crvs t a l  Growth 

,Except f o r  f i v e  f l o a t  zone c r y s t a l s  a l l  i n g o t s  were prepared 

by Czochralski  p u l l i n g .  Phase I  i ngo t s  were grown i n  an NRC-2805 Crys t a l  
. . 

Growth ' ~ u r n a c k .  To provide a  . l a rge r  number of s i l i c o n  wafers  t h e  

ma jo r i t y  of  i ngo t s  prepared f o r  Phase I1 were grown i n  HAlylCO CG-800. 

Crys t a l  Growth Furnace. A new qua r t z  c r u c i b i e  was used f o r  each run;  

a l l  g r a p h i t e  elements were baked out  p r i o r  t o  loading  t h e  furnace .  

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

one p i ece  c r u c i b l e  charges were used throughout t h e  e n t i r e  program. 

Typical c h a r a c t e r i s t i c s  o f  t h i s  ma te r i a l  a r e  shown i n  Table 2 .  The 

i m p u r i t i e s  i n  t h i s  ma te r i a l  a r e  s u f f i c i e n t l y  low i n  concen t r a t ion  t h a t  

c e l l  performance i s  una f f ec t ed .  Undoped b a s e l i n e  a u d i t  i ngo t s  were p re -  

pared throughout t h e  program t o  eva lua t e  both charge ma te r i a l  and po- 

t e n t i a l  contamination from t h e  growth furnaces .  No .va r i a t i on  i n  c e l l  

performance from any of t h i s  m a t e r i a l  has  been observed.  

l'he p u r i t y  and mel t ing  p o i n t c o f  t h e  elemental dopants a r e  i n -  

d i ca t ed  i n  Table 3. Impur i t i e s  with high mel t ing  p o i n t s  and low vapor 

p re s su res  a r e  added t o  t h e  c u r c i b l e  charge p r i o r  t o  melt-down. Those 

with a  melt ing po in t  below t h a t  of s i l i c o n  o r  h igh  vapor p re s su re  a r e  

added t o  t h e  molten s i l i c o n  p r i o 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  impuri ty  added t o  t h e  melt  was based on t h e  t a r g e t  impuri ty  

concen t r a t ion  i n  t h e  ingot  and t h e  bes t  a v a i l a b l e  va lue  f o r  t h e  e f f e c t -  

ive  s e g r e g a t i o n c o e f f i c i e n t .  V a l u e s o f K  h a v e b e e n m o d i f i e d a s t h e  e f  f  
program has proceeded. Best e s t ima te s  o f  K f o r  t h e  elements i n v e s t i -  

ef f  
g a t e s  a r e  compiled i n  Appendix 1. 



Table 2.. POLYCRYSTALLINE SILICON ANALYSIS 

Analytical Method NAA Plass Spec Mass SpecIFreeze Out 
Impurity (ppba) (ppba) (ppba) 

Mass Spec/Freezeout 

A1 ~ 4 . 8  ppba; C 100 ppba - 500 ppba 



T a b l e  3 .  CHAMCTERISTICS OF DOPANT PIATERIALS 

I m p u r i t y  Element P u r i t y  (2 )  Form P l e l t i n g  P o i n t  (OC) 

Aluminum 

Calcium 

Carbon 

Chromium 

Copper 

I r o n  

Magnesium 

Manganese 

Molybdenum 

N i c k e l  

T i t  aniurn 

Tanta lum 

Vanadium 

Zirconium 

w i r e  

b l o c k  

g r a p h i t e  rod  

p e l l e t s  

zone r e f i n e d  
i n g o t s  

sponge 

I n g o t  

f l a k e  

p e l l e t s  

sponge 
w i r e  
c r y s t a l  

p o l y c r y s t a l  
r o d  
d e n d r i t e .  

f o i l  



Growth cond i t i ons  were a s  fo l lows:  p u l l  r a t e - 7  t o  8 . 5  cm/hr, 

ingot  diameter  -1 .2  t o  1 . 5  cm, c r y s t a l  r o t a t i o n  % 10 rpm, c r u c i b l e  ro -  

t a t i o n  % 3 rpm, growth atmosphere-argon. A l l  c r y s t a l s  were o r i e n t e d  on 

< I l l >  . For a  l imi t ed  number of i n g o t s  p u l l  speeds a s  l o w a s  2  cm/hr and 

up t o  15 cm/hr were employed t o  eva lua t e  r a t e  e f f e c t s .  A t  t h e  h igher  

r a t e s  e f f e c t i v e  seg rega t ion  increased  by a  f a c t o r  o f  about 1 . 4 .  

Five ingo t s  were grown us ing  a  Siemens VZA-3 f l o a t  zoner.  One 

. base l ine  ingot  was prepared from p rev ious ly  grown Czochralski  ingot  a s  

feeclstuck.. The C J L I I ~ X  l o u s  i n g o t s  ware grown us ing  dopcd p o l y c r y s t a l l i n e  

s i l i c o n  a s  feeds tock .  No pro'blems were encountered when c h r u r ~ ~ i w r ~  and 

aluminum meta ls  were used a s  dopants .  Use of t i t an ium metal d i r e c t l y  

as  a dopant pssvcd t b  be iiilpoqsihli?. When I:he ~ r r t r l  be11 zone passed th rough  

t h e  t i t an ium region  it was d i s rup ted  s u f f i c i e n t l y  f o r  t h e  ingot  t o  l o s e  

c r y s t a l  s t r u c t u r e .  A vacuum c a s t  heav i ly  doped p o l y c r y s t a l l i n e  s i l i c o n  

rod was l a t e r  prepared and a  s e c t i o n  o f  i t  welded i n t o  t h e  p o l y c r y s t a l l i n e  

feedstock rod t o  be zone r e f i n e d .  This. technique proved t o  be  succes s fu l  

and a  t i tanium-doped ingot  was prepared.  

1  
Nearly 50 d e n d r i t i c  web runs were performed t o  examine t h e  

e f f e c t s  of i m p u r i t i e s  on growth and c e l l  performance. The c r y s t a l s ,  

about 1 .5  cm wide, were pu l l ed  from 60g s i l i c o n  charges a t  78 cm/hr. 

The same p o l y s i l i c o n  and metal dopants  used i n  t h e  Czochralski  experiments 

were employed. 

A l l  i n g o t s  were c e n t e r l e s s  ground t o  1 . 2  cm then  etched t o  

remove saw damage. Analy t ica l  samples were cu t  from t h e  ingo t s  by 0.D 

sawing, wafers f o r  e l e c t r i c a l  eva lua t ion  arid c e l l  Fa.br'i.cation were cu t  

by I D  sawing. 

3 . 2  S i l i c o n  Ingot Analysis  

A b a t t e r y  of a n a l y t i c a l  methods was empioyed t o  analyze rhe  

as-grown i n g o t s .  The sampling procedure i s  schemat ica l ly  i l l u s t r a t e d  i n  

F igure  2 .  Speci~iiens f o r  e t ch  p i t  d e n s i t y ,  IR t ransmiss ion ,  spark source 

mass spectroscopy (SSMS) , and neutrorl a c t  iva l io l i  (NAA) were take11 p i in i a r i l y  

from region. (1) a l though some ana lyses  were a l s o  performed on ma te r i a l  



(1 ) .  3  cm seed a n a l y t i c a l  m a t e r i a l .  

( 2 ) .  12.5 cm c e l l  blank wafer ing .  

( 3 ) .  3 c m  t ang  a n a l y t i c a l  m a t e r i a l .  

I ngo t  W t .  0.3-0. .  6 kg. 

Charge W t .  0.85-1.5 kg.  

F i g u r e  2 L o c a t i o l ~  of I n g o t  Samples. 



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

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

was l imi t ed  t o  approximately 25 percent  of melt  weight.  This  insured  small  

v a r i a t i o n  o f  t h e  impur i ty  concent ra t ion  along t h e  l eng th  of  ma te r i a l  

eva lua ted .  Neutron a c t i v a t i o n  ana lyses  of seed and t ang  end samples 

from copper and manganese doped i n g o t s  i nd ica t ed  t o t a l  changes i n  i m -  

p u r i t y  concent ra t ion  along t h e  length  of t h e  ingot  of  25 percent  and of 

47 pe rcen t ,  r e s p e c t i v e l y .  Var i a t ion  wi th in  t h e  reg ion  devoted t o  s o l a r  

c e l l  blanks would be  s i g n i f i c a n t l y  l e s s  than t h e s e  extremes. 

3 .2.1 R e s i s t i v i t y  

R e s i s i t i v i t y  was measured on t h e  seed and tang  end of  each i n -  

grit w i t h  a Siltec-lflOO Pnilr pnlnr, prnhe: l , n n g i ~ ~ ~ r l l n a l  r e ~ i q 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  along t h e  ingo t  l eng th .  

3 .2 .2  Etch P i t  Densi ty  

The e t c h  p i t  d e n s i t y  was taken  on seed and t ang  specimens 

fol.lowing S i r t l  e t ch ing .8  The s l i c e s  examined were taken from t h e  ex- 

treme ends o f  reg ions  (1) and (3 ) ,  Figure 2.  The e t ch  p i t  d e n s i t y  of 

t h e  s o l a r  c e l l  blanks was most comparable t o  t h a t  of t h e  seed m a t e r i a l .  

3 .2 .3  .Carbon and Oxygen Analysis  

Carbon and oxygen concen t r a t ions  were measured by i n f r a r e d  

abso rp t ion .  The ampli tude o f  t h e  absorp t ion  peak f o r  carbon a t  606 cm*' 
- 1 and oxygen a t  1107 cm a r e  p ropor t iona l  t o  t h e  elemental concen t r a t ions .  

Constants  of  p r o p o r t i o n a l l y  f o r  t h i s  work were 2.2 f o r  carbon and 9 .6  

f o r  oxygen. 

3 .2 .4  I m p u r i t y A n a l m  

P r e c i s e  and accu ra t e  de te rmina t ion  of  impuri ty  concen t r a t ions  

posed t h e  most formidable t a s k  encountered dur ing  t h e  program. The max- 

imum melt concen t r a t ion  which could be achieved f o r  t h e  ma jo r i t y  of  e l -  

ements s tud ied  was i n  t h e  range of 1 x 1 0 ~ ~  atoms cm-3 t o  4 x 1 0 ~ '  atoms cm-) 

Higher melt concen t r a t ions  r e s u l t e d  i n  p o l y c r y s t a l l i n e  ingo t  growth. 

Th i s  concen t r a t ion  l i m i t  coupled wi th  t h e  extremely small  e f f e c t i v e  

seg rega t ion  c o e f f i c i e n t s  f o r  many o f  t h e  i m p u r i t i e s  ( see  Appendix 1)  



- 3 
prodr!ces ingot  concent ra t ions  ranging from l e s s  than  1012 atoms cm t o  

- 3 
va lues  a s  high a s  1 x 1 0 ' ~  atoms cm , corresponding t o  rkqui red  d e t e c t i o n  

limits of  from 0.02 p a r t s  per  b i l l i o n  t o  200 p a r t s  per  b i l l i o n .  Only 

spark source mass spec t rographic  and neutron a c t i v a t i o n  a n a l y t i c a l  

techniques a r e  app l i cab le  i n  t h e s e  r anges .  Typical d e t e c t i o n  l i m i t s  

f o r  t h e s e  two methods a r e  shown i n  Ta.ble 4 .  ( r e f s .  9 and 10 ) .  (Also 

shown i n  t h e  t a b l e  a r e  t h e  d e t e c t i o n  l i m i t s  f o r  t h e  e l e c t r i c a l l y  a c t i v e  

i m p u r i t i e s  based on r e s i s t i v i t y  measurements a s  well  a s  carbon and oxygen 

a s  measured by i n f r a r e d  absorp t ion2  Neutron a c t i v a t i o n  a n a l y s i s  coupled 

wi th  radiochemical s epa ra t ion  and measurement provides  t h e  lowest d e t e c t -  

i on  l i m i t s .  Due t o  budgetary c o n s t r a i n t s  and t h e  r e l a t i v e l y  long t imes  

requi red  f o r  t h e  measurements, t h i s  l a t t e r  method could not  be widely 

used i n  t h i s  program. The development o f  more s e n s i t i v e  analytTca1 

methods by t h e  National Bureau of  Standards may improve t h i s  s i t u a t i o n  
11 i n  t h e  f u t u r e .  

Each ingot  was analyzed by SSMS, NAA o r  a  combination of bo th  

methods. A vacuum c a s t  sample was a l s o  c o l l e c t e d  from t h e  r e s i d u a l  melt 

of each growth run .  This  quenched m a t e r i a l  was analyzed by emission 

spectroscopy o r  atomic absorp t ion  t o  provide t h e  melt  impur i ty  con- 

c e n t r a t i o n .  Segregat ion c o e f f i c i e n t s  determined f o r  t h e  most heav i ly  

doped ingo t s  were used t o  c a l c u l a t e  t h e  ingot  impur i ty  concen t r a t ion  i n  

ca ses  where t h e  ingot  impur i 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  o f  

a l l  t h e  a n a l y t i c a l  methods. 

3 . 3  E l e c t r i c a l  F'lcasurements 

A major endeavor of t h i s  program i s  t o  q u a n t i f y  t h e  r e l a t i o n s  

between t h e  impuri ty  content  of s i l i c o n  and t h e  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 t h e  contaminated m a t e r i a l .  To accomplish t h i s  o b j e c t i v e  r equ i r ed  t h e  

development and/or  a p p l i c a t i o n  of s o p h i s t i c a t e d  measurement techniques  

s e n s i t i v e  t o  t r a c e  impur i ty  l e v e l s  i n  t h e  m a t e r i a l .  The c o r r e l a t i o n  of 

d a t a  from recombinatAon l i f e t i m e  s t u d i k s  , deep l e v e l  t r a n s i e n t  spec t ros -  

copy, and d e t a i l e d  I - V  a n a l y s i s  coupled wi th  s tandard  s o l a r  c e l l  I - V  

measurements i s  one aspec t  of t h e  approach descr ibed  below. A second 

a s p e c t ,  t h e  development o f  a  model t o  pr .edict  t h e  behavior o f  s o l a r  c e l l s  



T a b l e  '4. T y p i c a l  D e t e c t i o n  L i m i t s  of A n a l y t i c a l  Techn iques  
Employed i n  t h i s  I n v e s t i g a t i o n  

Method o f  A n a l y s i s  . R e s i s t i v i t y  I n f r a r e d  Piass Spec NAA (ppba)/ .  
I m p u r i t y  (ppba) (ppba)  (ppba) Rout ine  (ppba) 

Aluminum 4 

Boron < 1 

Carbon %5 x 1 0  500 ---- 2 

Chromium 3 0 .04 /5  

Copper 1 5  0 .006 /3  

I r o n  3 o %1/20 l o 3  

Magnesium 

Manganese 

Molybdenum 

N i c k e l  

Oxygen 

Tanta lum 

'l'i tan ium 

Vanadium 

Zinc 

Zirconium 



conta in ing  s i n g l e  and m u l t i p l e  contaminants 'is presented  i n  s e c t i o n  4 .  

3 . 5 . 1  Recombination Li fe t ime Measurements . . 

3 . 3 . 1 . 1  Photoconductive Decay (PCD) - 

PCD measurements r e q u i r e  only  low temperature specimen p re -  

p a r a t i o n  and have been shown t o  c o r r e l a t e  wel l  with s o l a r  c e l l  perform- 

ance. ' Thus wc havc uscd t h e  technique ex tens ive ly  t o  t r a c k  t h e  response 

of  impurity-doped s i l i c o n  t o  va r ious  thermal a n d . g e t t e r i n g  t r ea tmen t s ,  

and t o  compare t h e  p r o p e r t i e s  of as-grown and :di-ffused wafers .  o r i g i n a l l y  

we used an LPE GaAs I R  emi t t i ng  d iode  a s  t h e  pulsed l i g h t  source  f o r  

measurements. ' That approach s u f f e r e d  from t h e  r e l a t i v e l y  high ab- 

so rp t ion  of  t h e  0.94 urn 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  

o f  t h e  source and t h e  r a t h e r  long r a d i a t i o n  decay t ime of t h e  pu l se .  We 

rep laced  t h e  LED wi th  a  YAG:Nd l a s e r  t o  f a c i l i t a t e  t h e  a n a l y s i s  of low 
12,13 r e s i s t i v i t y  and low l i f e t i m e  specimens. 

A schematic diagram of  t h e  l a s e r  exc i t ed  PCD appara tus  i s  

shown i n  Fig.,  3 .  The monochromatic. r a d i a t i o n  wavelength is 1 . 0 6  urn, 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  high 
- 1 p u r i t y  s i l i c o n  is  11.70 cm a t  2 9 8 ' ~ . ~  The 1 / e  depth  f o r  i n t r i n s i c  

s i l i c o n  is ,  t h e r e f o r e ,  0.85 mrn (34 mi l s )  and t h e  i n t e r n a l  r a d i a t i o n  

a f t e r  pass ing  through a  10 m i l  wafer i s  75 percent  of  t h a t  a t  t h e  i n -  

c iden t  s u r f a c e .  Absorption due t o  f r e e  c a r r i e r s  i s  small  a t  1 .06 u m  and 

may be neglec ted  f o r  r e s i s t i v i t i e s  g r e a t e r  than  0.07 ohm-cm. The ab- 

so rp t ion  c o e f f i c i e n t  does,  however, i n c r e a s e  wi th  tempera ture .  

The system arrangement i s  s i m i l a r  t o  t h a t  employed f o r  t h e  LED 

source ,  t h e  most s i g n i f i c a n t  change being t h e  t r a p  l i g h t .  The maximum 

i n t e n s i t y  of t h e  t r a p  l i g h t 1  was increased  approximately t e n  f o l d  t o  i n -  

su re  t h a t  a l l  t r a p s  remain f i l l e d  even f o r  Mn o r  V impur i ty  concen t r a t ions  
15 - 3  a s  l a r g e  a s  10 cm . l l le t r a p  l i g h t  source i s  a 300 warr qua r t z  

i od ine  incandesr.cnt la.mp (General E l e c t r i c  Type ELH-120 v o l t )  powered try 

a  dc r egu la t ed  power supply 
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In p r a c t i c e  t h e  system was c a l i b r a t e d  by measuring t h e  e f f e c t i v e  
I 

bulk l i f e t i m e  T a s  a  func t ion  of t h i ckness  f o r  a  number of specimens 
r 

then  determining S, t h e  su r f ace  recombination v e l o c i t y  mathematical ly  

from a  curve f i t  of t h e  d a t a .  Experimental cond i t i ons  a r e  then  chosen 

t o  minimize e r r o r s  from t h e  decay o f  h igher  o rde r  bulk modes and ob ta in  

t h e  c o r r e c t  i n j e c t i o n  l e v e l s .  For example, e r r o r s  due t o  t h e  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  i s  l imi t ed  t o  1 . 0  vol t /cm. 

Errors  due t o  i n j e c t i o n  l e v e l  w i l l  be l e s s  than  5% when t h e  i n j e c t i o n  

r a t i o  i s  l imi t ed  t o  5 x 1 0 - ~ .  E r ro r s  due t o  t h e  e f f e c t s  of  h igher  modes 
I - [ T ~  - ( ~ ~ ~ ~ - ~ ~ / ~ ) / 2 n 2 ]  can be kept i n  t h e  range +0-50% when t h e  r a t i o  

( 1 / ~ ) /  ( l / rooo)  i s  g r e a t e r  than 1  . O .  w i t h  t h e  leeway allowed i n  t h e  
1 

e l e c t r i c  f i e l d  and i n j e c t i o n  l e v e l  T can be accu ra t e ly  determined a f t e r  r 
t h e  higher  modes have decayed o r  t h e  s i g n a l  has decayed t o  l e s s  than  10% 

of  i n i t i a l  s i g n a l  a t  t = o.  From t h e  s u r f a c e  recombination v e l o c i t y  
1 

and t h e  measured T r e l i a b l e  va lues  of t h e  bulk recombination l i f e t i m e  r 
T can be der ived .  Deta i led  procedures  appear i n  r e f e r e n c e s  1 2  and 13. r 

3 . 3 . 1 . 2  Open C i r c u i t  Decay 

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

methods descr ibed  i n  s e c t i o n  3 . 4 ,  measurements were made o f  minor 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  vo l t age  decay method.' Data a r e  taken us ing  a  

Tektronix type-S p lug - in .  The forward c u r r e n t  i n j e c t i o n  l e v e l  was s e t  

a t  20 d / c m 2  which r e s u l t s  i n  a  base c a r r i e r  concen t r a t ion  approximately 
2  

equal t o  t h a t  produced by 100 mW/cm i l l u m i n a t i o n .  Under t h e s e  cond i t i ons  

we obtained 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 

with those  obtained us ing  t h e  photoconductive decav method. 

The mathematical model we r e c e n t l y  developed ( sec t ion  4) pre-  

d i c t s  q u i t e  wel l  t h e  e f f e c t  of mu l t ip l e  contaminants on s i l i c o n  s c l a r  

c e l l  e f f i c i e n c y ;  however, i t  cannot ,  because of  i t s  phenomenological 

na tu re ,  be used t o  analyze a  number of  process- induced e f f e c t s  which 

in f luence  s o l a r  c e l l  behavior .  Nor can t h e  non l inea r  e f f e c t s  of  i m -  

p u r i t i e s  such a s  copper,  n i c k e l  and i r o n  be completely explained wi th in  



t h e  context  o f  t h e  model. For t h i s  reason we s e t  out  t o  develop a  

p r a c t i c a l  a n a l y t i c  and experimental technique which would al low sepa ra t ion  

o f  t h e  junc t ion  and base reg ion  e f f e c t s  from each o t h e r  and from e f f e c t s  

due t o  con tac t ing  a n d ' r e s i s t a n c e  phenomena. The technique,  which r e -  

p r e s e n t s  a  s y n t h e s i s  o f  our  i deas  a s  well a s  some which have appeared 

over  t h e  yea r s  i n  t h e  l i t e r a t u r e ,  i s  descr ibed  below. We b e l i e v e  t h e  

approach provides  a  powerful t o o l  f o r  a s se s s ing  both impur i ty  and 

p roces s  dependent e f f e c t s  on s o l a r  c e l l s  s o  t h e  d i scuss ion  i s  presented  

. i n '  some d e t a i l  with t h e  hope t h a t  it w i l l  prove va luab le  t o  o t h e r s  
, . 

working i n  t h e  f i e l d .  Applicat ion of t h e  a n a l y s i s  t o  s p e c i f i c  impur i ty  

r e l a t e d  problems IS covered I n  Sec t ion  4 .  

Dark I-V c h a r a c t e r i s t i c s  of  a  p-n junc t ion  s o l a r  c e l l  a r e  

. equal ly  important  a s  t h e  photocurren t  because they  determine how much of  

t h e  e l e c t r i c a l  energy developed by t h e  c e l l  w i l l  be  a v a i l a b l e  a t  t h e  

output  t e rmina l s  and how much w i l l  b e  l o s t  a s  h e a t .  The dark I-V 

c h a r a c t e r i s t i c s  depend on va r ious  cu r r en t  t r a n s p o r t  mechanisms along with 

t h e  s e r i e s  (R ) and shunt (R ) r e s i s t a n c e s .  The two most dominant s  s h  
c u r r e n t  mechanisms a r e  t h e  d i f f u s i o n  and recombination i n  t h e  quasi-  

n e u t r a l  r eg ions  and recombination i n  t h e  space charge r eg ion .  These 

w i l l  be  r e f e r r e d  t o  a s  bulk cu r r en t  ( I  ) and junc t ion  excess  c u r r e n t  b  
( I . ) ,  r e s p e c t i v e l y .  Surface 'leakage cu r ren t  ( I  ) i s  u s u a l l y  r ep re sen t -  

3 sh  
ed by a  shunt  r e s i s t a n c e  a c r o s s  t h e  junc t ion .  Thus t h e  dark I-V 

c h a r a c t e r i s t i c  o f  a  p-n junc t ion  can be expressed more a c c u r a t e l y  a s  .14 

. . . .  . . .  . 
where I O 1 i s  t h e  r e v e r s e  s a t u r a t i o n  cu r r en t  which f o r  t h e  most simple 

condi t ions  o f  uniform doping, no s u r f a c e  recombination and l a r g e  quas i  

n e u t r a l  reg ion  width compared t o  d i f f u s i o n  l eng th ,  can be w r i t t e n  a s  
15 



where D ,  T ,  N A , . N  and n .  have t h e i r  usua l  meaning. The express ion  f o r  D 1 

IO1 i s  much more complex i n  t h e  presence of  d r i f t  f i e l d  o r  back s u r f a c e  
15 

f i e l d .  For a  uniformly d i s t r i b u t e d  impur i ty  c e n t e r  having a  s i n g l e  

energy l e v e l  near  t h e  middle of  t h e  band gap, IO2 can be w r i t t e n  as 
14 

where W i s  t h e  width of  space charge reg ion  and  is is t h e  e f f e c t i v e  

minor i ty  c a r r i e r  l i f e t i m e .  

Thus t h e  equiva len t  c i r c u i t  of a  p-n junc t ion  i n  t h e  dark 

can be represented  by Figure 4 .  

F i g .  fr 

The simp!esf_ ec-.i.valent c i r c u i t  of a  s o l a r  c e l l  [p-n junc t ion  under 

i l l u m i n a ? l s ~ )  i s  shown i n  F igure  5 ,  where t h e  photocurrent  i s  r ep resen ted  

by a  cu r r en t  genera tor  I L '  



Fig. 5 

Tcrminnl currcnt of the solar cell is given by 

where Id is given by Eq. (I). In principle, one can take six or more 

I-V data points and make them fit to Eq. (1) by a computer technique to 

get the device parameters. However, Eq. (1) represents a one-dimensional 

lumped approximation model while the distributed parameters in a real 

device may have considerable anisotropy. If the device does not submit 

to this model it may not be possible to obtain the computer solution. 

This section describes how to obtain device parameters experimentally 

with reasonable accuracy by the I-V analysis. 

First step in the I-V analysis deals with the determination of 

series and shunt resistances. The series resistance is determined from 

the measured dark and lighted I-V.data in the high current segment (V> 

.5 volts, I 1 Isc) where the diode current-voltage characteristics can 

be approximated by 

I = I  = T O  I eq('t I - IdR s )/nKT _I in dark d tl 

Id = IL - IL2 = I. I eq ' 2 (IJ,-I~)~S''~* -1  11n0sr I (6) 
i lluminat ion 



where I and V a r e  t h e  te rmina l  c u r r e n t s  and v o l t a g e s .  For t h e  same 
t t 

c u r r e n t  ( I  flowing through t h e  diode i n  t h e  dark and t h e  l i g h t e d  con- 
d 

d i t i o n s ,  E q .  (5)  and (6) g ive  

Thus R can be obtained wi th in  reasonable  accuracy by t h e  knowledge of  
S 

Voc,  I L  (= I ) and a  dark  I-V d a t a  p o i n t  a t  Id  = IL .  , Even small va lues  
S C 

of s e r i e s  r e s i s t a n c e s ,  i n  t h e  range of  0 .5  t o  10  f o r  1 .cm2 c e l l  can 

r e s u l t  i n  approximately 5 t o  10% reduct ion  i n  t h e  c e l l  e f f i c i e n c y .  The 

s e r i e s  r e s i s t a n c e  does not  a f f e c t  t h e  open c i r c u i t  vo l t age  but  it lowers 

t h e  f i l l  f a c t o r  t o  hu r t  t h e  c e l l  performance. Large s e r i e s  r e s i s t a n c e s  

can lower t h e  s h o r t  c i r c u i t  cu r r en t  below t h e  photocurren t  and can be 

e a s i l y  seen a s  curva ture  i n  t h e  high cu r ren t  segment (V> .5  v o l t s )  of t h e  

measured log I-V p l o t  ( F i g .  6 ) .  The s e r i e s  r e s i s t a n c e  becomes inc reas ing -  

, l y  important a t  high c u r r e n t s ,  high i n t e n s i t i e s  and high temperatures .  

Unlike t h e  s e r i e s  r e s i s t a n c e  l a r g e  shunt  r e s i s t a n c e  i s  d e s i r -  

a b l e .  The shunt r e s i s t a n c e  has  t o  be  very sma l l ,  l e s s  than  10000, i n  
16 

o rde r  t o  hu r t  t h e  c e l l  performance-.- Such low shunt r e s i s t a n c e s  can be  

observed a s  cu rva tu re  i n  t h e  low cu r ren t  segment (V< . 4  v o l t s )  o f  t h e  

measured log I  vs  V p l o t  ( ~ i ~ .  6 ) .  I f  t h e  shunt r e s i s t a n c e  i s  small  

enough t o  hu r t  t h e  c e l l  performance, then  under r e v e r s e  b i a s  condi t ion  

most of  t h e  cu r r en t  w i l l  f low through t h e  shunt r e s i s t a n c e  (Ish >>Io2)  
17 

and Rsh  can be determined wi th in  reasonable  accuracy by 
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I f  t h e  shunt r e s i s t a n c e  i s  l a r g e  (R z 20K), then  RSh determined by t h e  sh 
above method w i l l  not be a s  accu ra t e  because I o i  may become apprec i ab le  

component, o f  t h e  r e v e r s e  c u r r e n t .  

Once RS and RSh a r e  known, then  fo l lowing  t ransformat ions  a r e  

made . i n  E q .  (1) t o  remove t h e i r  i n f luence  '(see Figure 6 ) .  

I f  t h e  i n f luence  of  Rs  and RSh i s  n e g l i g i b l e ,  t hen  t h e  above t ransform- 

a t i o n  i s  not  necessary .  

The next  s t e p  i n  t h e  I-V a n a l y s i s  involves  s epa ra t ing  IB and 

I  i .  e .  , t h e  response of  t h e  bulk and t h e  junc t ion  r e g  ion, r e s p e c t i v e l y .  
j ' 

This  can be c a r r i e d  out  e x a c t l y  by computational methods; however, an 

acceptab ly  accu ra t e  graphica l  method i s  i l l u s t r a t e d  i n  Figure 6b, where 

IB(V) - IXl(V) - IX2(V1 (11) 

I .  (V) = IX2(V) - IB(V) % Ix2 
I 

(12) 

The v a l i d i t y  of t h i s  method.depends on t h e  f a c t  t h a t  f o r  most devices  

I .  >> I  when V < . 3  v o l t s  a s  i nd ica t ed  i n  E q .  (12) .  Therefore ,  t h e  
I' B 

parameters o f  I .  ( I o 2  and n) can be determined i n  t h i s  vo l t age  range 
1 

(V c: 2. . 3 )  and E q .  (11) provides  IB.  H i g h  I i s  undes i r ab le  bccau3c 
j  

i t s  va lue  a t  t h e  peak power poin t  i s  t h e  measure of  t h e  photo-cur ren t  

l o s t  i n  t h e  space charge reg ion  which lowers t h e  c e l l  vo l t age  and t h e  

f i l l  f a c t o r .  



Unce I  has been separa ted  from t h e  measured I-V curve ,  
b  I01 

can be obta ined  from t h e  i n t e r c e p t  of  log I a t  V = 0. For n+p junc t ions ,  B 
IO1 can be approximated by E q .  (13) t o  determine t h e  l i f e t i m e  

The above approximation inc ludes  seve ra l  assumptions s t a t e d  e a r l i e r  i n  

t h e  d i scuss ion  of I 
01' 

The doping eoncent ra r ion  N i n  t h e  base  can be A 
more a c c u r a t e l y  determined from t h e  measured reverse-b iased  C-V . 

18 19 
c h a r a c t e r i s t i c s .  Published d a t a  can then  be  used t o  f i n d  t h e  mob i l i t y  

(up) and f i n a l l y  E i n s t e i n  relationship D - - I -- KT can bo u ~ o d  t o  dotormine 
u 9 

thk  d i f f u s i v i t y  D .  Thus i f  I s l i d e s  up, it  i n d i c a t e s  a decrease  i n  t h e  B 
bulk l i f e t i m e  and t h e  upward movement o f  I  sugges ts  increased  junc t ion  

j 
recombinat ion,  and v i c e  v e r s a .  The transformed I-v p l o t s  w i l l  b e  used 

l a t e r  i n  t h e  d i scuss ion  t o  d e s c r i b e  t h e  impuri ty  e f f e c t s  q u a l i t a t i v e l y .  

3 .3 .3  ~ m p u r i t y  Analysis  by Deep Level Trans ien t  Spectroscopy (DLTS) 

Deep l e v e l  t r a n s i e n t  spectroscopy provides  a  means t o  eva lua t e  

t h e  type  and concen t r a t ion  o f  e l e c t r i c a l l y  a c t i v e  contaminants p re sen t  

i n  s i l i c o n  a t  l e v e l s  well  below t h e  limits a c c e s s i b l e  by s tandard  

chemical methods such a s  t hose  d iscussed  i n  s e c t i o n  3.2.  The method 

o f f e r s  p o t e n t i a l  f o r  a s s e s s i n g  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 ,  a s  

wel l  a s  f o r  observing changes i n  impuri ty  a c t i v i t y  due t o  process ing .  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 repa ra t ion ;  r e c e n t  experimental  

r e s u l t s  appear i n  s e c t i o n  4 .  

3 . 3 . 3 . 1  The DLTS Technique 

The DLTS measurements were performed wi th  t h e  h e l p  of a  double- 

boxcar i n t e g r a t o r .  In  most cases  a  100 psec pu l se  ranging from 8 vol.ts 

r e v e r s e  b i a s  t o  2 v o l t s  forward b i a s  was used t o  f i l l  t h e  minor i ty  and 

t h e  ma jo r i t y  t r a p s  i n  t h e  r e v e r s e  b iased  dep le t ion  r eg ion .  When t h e  

minor i ty  and t h e  ma jo r i t y  t r a p  peaks showed a cons iderable  ove r l ap ,  on ly  



a r eve r se  b i a s  pu l se  (-8 t o  - 2  v o l t s )  was used t o  s tudy  t h e  ma jo r i t y  t r a p s .  

A t  t h e  end of each pu l se  a  capac i tance  t r a n s i e n t  i s  observed a s  t h e  f i l l e d  

t r a p s  begin t o  empty by thermal emission.  The s'ample was pulsed cont inu-  

ous ly  while being heated from l i q u i d  N temperature t o  50°C a t  a  r a t e  of 
2 

1°c / sec .  Due t o  t h e  hea t ing  the  t ime cons tan t  of  t h e c a p a c i t a n c e  t r a n -  
1 , . 

s i e n t  and t h e  emission r a t e  (e= / T )  changes m o n ~ t o n i ' c a l l ~ . .  . . . The double'  

boxcar i n t e g r a t o r  processes  t h e  capac i tance  t r a n s i e n t  t o  g ive  an output  

which corresponds t o  t h e  average d i f f e r e n c e  of  t h e  capac i tance  amplitude 

a t  sampling times t and t2 .  The boxcar output  achieves a  maximum when 1 
t h e  t ime cons tan t  of t h e  capac i tance  t r a n s i e n t :  which i s  changing con- 

t i nuous ly  with t h e  temperature,  passes  t h rough  t h e  r i t e  windbw. ( t 2 - t l )  

Changing t h e  r a t e  window s h i f t s  t h e  peak t o  a  d i f f e r e n t  temperature,  

Figure 7 .  The r a t e  window was va r i ed  by changing t h e  boxcar t ime base 

t from 0 .5  t o  100 m secs  and s e t t i n g  t h e  g a t e  de l ays  t and t2 a t  10% 
B 1 

and 90% o f  t h e  t ime base.  Thus t l  = 0.1  tB  and t 2  = 0.9  tB. 

3 . 3 . 3 . 2  Analysis  of t h e  DLTS Data . . 

Figure 7 shows a  t y p i c a l  DLTS output  f o r  a  ma jo r i t y  t r a p  ob- 

t a i n e d  from t h e  sample P-Ti-008 ( P  i n d i c a t e s  p- type ,  N r e p r e s e n t s  n-base 

ma te r i a l  i n  t h i s  d i scuss ion ) .  Minori ty  t r a p s  e x h i b i t  i nve r t ed  peaks a- 
2 0 

bove t h e  zero  l e v e l .  The DLTS d a t a  was analyzed us ing  Lang's approach. 

i n  which t h e  capac i tance  t r a n s i e n t  i s  assumed t o  be exponent ial  

where AC(o) i s  t h e  capac i tance  change due t o  pu l se  a t  t .  =' 0, and t h e  

normalized DLTS output  s i g n a l  a t  any temperature i s  given by 

c Ct,) -c it,) 
S (T) = 

AC (0) 

The time cons tan t  a t  t h e  peak temperature i s  determined by so lv ing  f o r  

t h e  fol lowing condi t ion  
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- 1 
which gives T = ( t l - t 2 )  ( In  ' / t 2 )  

ma x 

The emission r a t e  (e )  a t  t h e  peak temperature i s  obtained from 

s i n c e  

1 e  = - -  - 1 - 1 
T max ( t l - t ? )  - ( In  t , / tz l  - 

t l  = 0 . 1  t and t = 0 . 9  t 
B 2 B 

Thus each peak gives an emission r a t e  a t  t h e  peak temperature.  The 

emission r a t e ,  i n  gene ra l ,  i s  given by 

uV N 
e  = 

t h  c  exp ( - E / k ~ )  
g 

where u i s  t h e  cap tu re  c ros s  s.ection of t h e  t r a p ,  V i s  t h e  thermal 

v e l o c i t y ,  Nc i s  t he  d e n s i t y  o f  t h e  s t a t e s  i n  t h e  band t o  which t h e  

thermal emission t a k e s  p l a c e ,  g  i s  t h e  degeneracy of t h e  t r a p  l e v e l ,  E 

i s  t h e  energy l eve l  of t h e  t r a p  with r e spec t  t o  t h e  band edge t o  which 

thermal emission occurs ,  k i s  t h e  boltzman cons tan t  and T i s  t h e  abso lu t e  

temperature.  Using t h e  fol lowing expressions 

~ l l e  app rupr i a t e  va lues  of t h e  parnmcters f o r  S i ,  and assuming g = 1 

leads  t o  
2 e  = C a T exp (-E/kT) 



where 
25 

C = 6.4 x 10 . f o r  t h e  conduction band 

and C = 1 . 0  x  f o r  t h e  va lence  band 

Assuming t h e  cap tu re  c ros s  s e c t i o n  t o  be  temperature independent one 

g e t s  

e  = c o T~ exp (-E/LT) 
0 

(23) 

e  
In  (2' = In  . C  + lnu  - E/kT 

'I' 0 

2  1 Thus t h e  energy l e v e l  can be obta ined  from t h e  s lope  of  In  ( e / ~  ) v s  /T 

and t h e  i n t e r c e p t  g ives  t h e  c r o s s  s e c t i o n .  I t  is  important t o  recognize 

t h a t  t h i s  i s  only  a very approximate method o f  g e t t i n g  t h e  cap tu re  

c r o s s  s e c t i o n .  M i l l e r  e t .  a121 poin ted  out  t h a t  cap tu re  c ros s  s e c t i o n  

can have sharp  temperature.dependence and then  t h i s  method may g ive  more 

than  an o r d e r  of magnitude h igher  va lues .  The e l e c t r i c  f i e l d  i n  t h e  

dep le t ion  l a y e r  a l s o  may a f f e c t  t he  ca-pture c r o s s  s e c t i o n .  

2  
Figure 8 shows t h e  i n  ( e / ~  ) p l o t  f d r  t i t an ium and vanadium 

hole  t r a p s .  When Arrhenius p l o t s  a r e  made they  a r e  s ca l ed  t o  t h e  con- 

ven t iona l  p l o t t i n g  v a r i a b l e s  y  = In p ~ j  . e and x  = 1000/T. A complltr,r 

prugram c a l c u l a t e d  t h e s e  v a r i a b l e s  from t h e  input  d a t a  and then p l n t t c d  
' 

them a s  shown i n  t h e  f i g u r e .  The program a l s o  f i n d s  t h e  s lope  ( B )  and 

i n t e r c e p t  (A) f o r  t h e  b e s t  l i n e a r  f i t  t o  g ive  t h e  energy l e v e l  and t h e  

c ros s  s e c t i o n  (a ) .  The confidence limits f o r ' t h e  est imated energy and 
0 

t h e  c ros s  s e c t i o n  a r e  ca. lculated from ' 

s = z (Y -A  R X ) ~  
N - 2  

where N i s  t h e  number of d a t a  p o i n t s .  t h e  e r r o r  l i m i t s  f o r  t h e  energy a r e  
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where t i s  t h e  d i s t r i b u t i o n  parameter f o r  N-2 degrees of freedom and 

f r a c t i o n a l  e r r o r  L and X i s  t h e  mean va lue  o f  x.  m 

The t r a p  d e n s i t y  was found by inc reas ing  t h e  pu l se  width u n t i l  

no change i n  t h e  peak amplitude was de tec ted ,  i n d i c a t i n g  t h e  s a t u r a t i o n  

o f  t h e  t r a p .  The t r a p  d e n s i t y  i s  t hen  

where 

s i n c e  

N i s  t h e  t r a p  d e n s i t y  T 
C i s  t h e  junc t ion  capac i tance  a t  t h e  r e v e r s e  b i a s  

15 . - 3  
N -N i s  t h e  n e t  doping d e n s i t y  - 5 x 10 cm D A 

AC (0) = 
C ( t l )  - C(t2) - Peak ampli tude i n  capac i tance  u n i t s  - 

S (TI -t e  1 / T  max e  - t2 / rmax 

t l  = 0 . 1  t g ,  t2  = 0 . 9  t and T~~~ 

t~ = -  
B 2 . 7 5  

AC (0) = 1.48( Peak Amplitude) 

3 . 3 . 3 . 3  Sample Prepara t ion  

For DLTS measurements sample devices  should have 

s u f f i c i e n t l y  low capac i tance  t o  permit  ba lanc ing  t h e  measurement b r idge .  

The device  a l s o  should have r e l a t i v e l y  low s u r f a c e  leakage c u r r e n t .  Be- 

cause t h e  1x1 cm s o l a r  c e l . 1 ~  wc have used t o  s tudy  impuri ty  e f f e c t s  ex- 

h i b i t  t o o  g r e a t  a  capac i tance  and leakage cu r ren t  ( I  = 8 v o l t s  > 100 uA) 
sh 1 v 

t o  f a c i l i t a t e  DLTS, small  a r e a s  were mesa etched from t h e  o r i g i n a l  s o l a r  

c e l l s  f o r  t h e  measurements. The f r o n t  metal con tac t  (Ti-Pd-Ag-grid) was 

removed while  t h e  back con tac t  was r e t a i n e d .  Ti-Au was then  evaporated 

o n  t h e  f r o n t  su r f ace .  (Elec t ron  beam evaporat ion was used f i r s t  t o  

evapora te  300 A' T i  and then  20000 A' Au on t o p  of  i t )  T h i r t y  m i l  d o t s  

were mesa etched us ing  t h e  p h o t o r e s i s t  technique.  The smaller jvnc t ion  

obta ined  had a  leakage c u r r e n t  of t h e  o rde r  of  10-100 nA a t  approximately 



8  v d l t s  r e v e r s e  b i a s .  A s e t  of t h r e e  '30 m i l  d o t s  was sc r ibed  from each 

c e l l  and mounted on a  TO5 header ,  a s  shown i n  F ig .  9 .  Sapphire was used 
' t o  i s o l a t e  t h e  sample from t h e  header .  The measurements were then  con- 

ducted a s  noted above. 
. . . . -  

3.4 So la r  Ce l l  Measurements 

3 . 4 . 1  Ce l l  Fab r i ca t ion  

So ia r  c e l l s  were f a b r i c a t e d  by a  convent ional  p roces s .  The 

precleaned wafers were phosphorus d i f f u s e d  a t  850°C f o r  50 minutes f o r  
. 

n+p c e l l s  and p+n c e l l s  were boron d i f f u s e d  a t  8 7 5 0 ~  f o r  30 minutes.  

This r e s u l t e d  i n  a  junc t ion  depth of 0.35um f o r  both n  and p-base c e l l s .  

The corresponding shee t  r e s i s t a n c e s  were 60 and 90 ohms/square.   he 
2 

c e l l s  with an a r e a  of 1 .03 cm were mesa-etched and me ta l l i zed  with 

Ti-Pd-Ag us ing  an e l e c t r o n  beam system. .The  f r o n t  p a t t e r n  was a  f i v e -  

f i n g e r  g r i d  with 5.4% a rea  coverage. 

C o n t a c t s  were s i n t e r e d  at" 5 5 0 " ~  f o r  15 minutes i n  hydrogen. 

The average e f f i c i e n c y  of  base - l i ne  c e l l s  (no added impur i t i e s )  was 

about 10% without a n t i - r e f l e c t i o n  coa t ings .  With coa t ings  t h e  average 

e f f i c i e n c y  was 14 .1%.  The usua l  experimental run  c o n s i s t s  of 15 t o  

25 wafers from t h e  metal-doped i n g o t s  a long with 5 t o  8 uncontaminated 

b a s e l i n e  wafers .  

3 . 4 . 2 ' -  So la r  C e l l  Cha rac t e r i za t ion  

Current -vol tage  measurements were made. under i l lu rn ina t  ion  from 

3 qua r t z - ind ine  (F.1.H) s imu la to r ,  The l i g h t  l e v e l  was s e t  a t  91. 6mw/cmL 

f o r  t h e  AM1 spectrum based on t h e  c a l i b r a t i o n  of a  NASA s tandard  c e l l .  

The l i gh ted  I-V d a t a  was obtained d i g i t a l l y  and s t o r e d  i n  a  computer 

d a t a  base.  A number o f  dat.a reduct ion  programs were used t o  examine 

var ious  c e l l  p r o p e r t i e s .  The primary method of a n a l y s i s  was based on 

t h e  s  ingle-exponent i a l  111odel: 

T Z  T - T ' [ e x p l ( V +  IRs)/nVT) - 11 
s  C 0 

(28) 
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Figure 9 Schematic diagram o f  t h e  sample clrrangcment used f o r  
DLTS measurements. 



where V i s  t h e  thermal vo l t age .  The f i t  g ives  t h e  parameters I o ' ,  Rs and 
T 

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

condi t ion  : 

V i s  obtained from Eq. (28) and t h e  c e l l  e f f i c i e n c y  was then  determined 
P 

by : 

Eff = (V X I  x100)/(91.6xAo) 
P  P  

(301 

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

given by : 

FF = EFF/ (VocISc) (31) 



4 . 0  ANALYSIS OF IVPURITY EFFECTS IN SILICON 

AND SILICON SOLAR CELLS 

4 . 1  Ingot  C h a r a c t e r i s t i c s  

4 . 1 . 1  R e s i s t i v i t v  

Nu nrul~lellls were e ~ ~ c u u ~ ~ L e , r e d  i n  nieetirlp r e s i s t i v l r y  r e a u l r e -  

ments c a l l e d  f o r  i n  t h e  i m p u r i t y  m a t r i x  excep t  i n  a  few i n s t a n c e s  where 

r e l a t i v e l y  l a r g e  r e s i s t i v i t i e s  (6-9 ohm cm) were observed .  We a t t r i b u t e d  

t h i s  t o  i n t e r a c t i o n  between t h e  boron dopant and t r a n s i t i o n  metal  d o p a n t s .  

I n g o t s  W-080, V092, V*-116 and W-118 were D-type m a t e r i a l  compensated 

w i t h  d e l i b e r a t e  phosphorus a d d i t i o n s .  Th i s  produced s i g n i f i c a n t l y  h i g h e r  

r e s i s t i v i t i e s  t h a n  normal ly  observed  f o r  t h e  boron c o n c e n t r a t i o n s  p r e s e n t .  

Yie ld  o f  t h i s  m a t e r i a l  was l i m i t e d  due t o  t h e  d i f f e r e n c e s  i n  s e g r e g a t i o n  

c o e f f i c i e n t s  o f  boron and ~ h o s ~ h o r u s .  R e s i s t i v i t y  d a t a  f o r  a l l  i n g o t s  

grown d u r i n g  Phases I and I1 a r e  comuiled i n  A ~ p e n d i x  2 .  

4 . 1 . 2  M i c r o s t r u c t u r a l  F e a t u r e s  and Impur i ty  C h a r a c t e r i s t i c s  

S t r u c t u r a l  breakdown due t o  c o n s t i t u t i o n a l  s u n e r c o o l i n g  i s  a  

c h a r a c t e r i s t i c  o f  a l l  ingo t s ,g rown from h e a v i l y  d o ~ e d  m e l t s .  T h i s  break- 

down, evidenced by t h e  appearance o f  a  f e a t h e r e d  p a t t e r n  on t h e  c r y s t a l  
1 s u r f a c e  and i m p u r i t y  i n c l u s i o n s  i n  t h e  i n t e r i o r  o f  t h e  i n g o t ,  o c c u r s  a t  

- 3 
mel t  i m p u r i t y  c o n c e n t r a t i o n  i n  t h e  r a n g e  o f  2 x 1 0 ~ ~  atoms cm t o  5x10 

2  0  

- 3 
atoms cm f o r  i n g o t  d i a m e t e r s  o f  approx imate ly  4 cm and growth r a t e s  o f  

from 7 cm hr - '  t o  9 cm h r - l .  A t  h i g h e r  growth r a t e s  t h e  o n s e t  o f  b reak-  

down occur red  a t  lower i m p u r i t y  c o n c e n t r a t i o n s  a s  would b e  expected from 
7 

. theory.  I n  a d d i t i o n  t o  t h c  phenomena of brealtdown, below a r c  l i s t e d  by 

. . element o t h e r  problems encountered d u r i n g  C z o c h r a l s k i  n u l l i n p .  

A 1  umi num Maxir~~u~ri cor icer l t ra t ion l i m i t e d  due t o  a c c e p t o r  

c h a r a c t e r i s t i c  

Boron No ~ r o b l e m  



Calcium 

Carbon 

Chromium 

Copper 

Iron 

Magnesium 

Manganese 

Mo 1 y:bdenum 

Nickel 

Oxygen 

Phosphorus 

Sodium 

Tit an ium 

  ant alum 

vanadium 

Zinc 

Zirconium 

Volatile-nearly complete loss from melt 

when elemental form used 

No problem - maximum concentration limited 

by solid solubility of approximately 10 ppma 

At high melt concentrations (3x10~' atoms 
- 3 

cm ) particles form on the melt resulting 

in ingot twinning 

No problem - maximum concentration limited 

by solid solubility 

No problem 

Volatile - significant loss of material from 
melt. Mg vapor highly flammable presenting ex-, 

haust hand1 ing problem 

No problem 

No problem-small segreagat io'n coefficient 1 imits 

ingot impurity concentration 

No problem - fraction of'nickel found to be. 
lost from early melts using Ni powder douant 

Level established by dissolution of quartz 

crucible 

No problem-concentration in p-type ingots 

limited by compensation effect 

Highly volatile-impossible to.retain in melt 

to achieve measurable quantity in ingot 

No problem-smal'l segregation coefficient limits 

ingot concentration 

NO prdbl em-small segregation coefficient limits 

ingot concentration 

No problem-small segregation coefficient limits 

i n g o t  conccntrat ion . . 

Highly volat ile-toxic zinc vapor evolved from 

melt poses health hazard 

No problem-small segregation coefficient limits 

ingot concentration ,. 



In  Appendix 2 a r e  t h e  e t ch  p i t  d e n s i t i e s  ob ta ined  on seed and 

t ang  end s l i c e s .  In  many i n s t a n c e s ,  s t r u c t u r a l  breakdown occurred near  

t h e  end of t h e  i n g o t ;  t h i s  was r e f l e c t e d  by t h e  presence of  l i neage  i n  

t h e  t ang  s l i c e s .  So la r  c e l i  blanks had e t c h  p i t  d e n s i t i e s  comparable 

t o  seed end v a l u e s .  No p a r t i c h l a r  emphasis was placed on growing d i s -  

1 o c a t i o n . f r e e  i n g o t s ;  however, approximately 30 percent  o f  t h e  i n g o t s  

prepared were d i s l o c a t i o n  f r e e  i n  t h e  seed reg ion .  We have found no 

a f f e c t  on s o l a r  c e l l  c h a r a c t e r i s t i c s  a t t r i b u t a b l e  t o  v a r i a t i o n s  i n  

de fec t  s t r u c t u r e  over  t h e  range of e t c h  p i t  d e n s i t i e s  encountered. 

P o l y c r y s t a l l i n e  s t r u c t u r e  was purposely induced i n  t h r e e  i n g o t s  

by seeding t h e  c r y s t a l  from a  p o l y c r y s t a l l i n e  seed.  The s t r u c t u r e  o f  

t h i s  ma te r i a l  i s  considered along wi th  o t h e r  a n a l y t i c a l  r e s u l t s  i n  

s e c t i o n  4.3.  

4 .1 .3  Carbon and Oxveen Content 

Normal carbon and oxygen concen t r a t ions  found i n  Czochralski  

grown ma te r i a l  a r e  i n  t h e  range  of 2.5x1016 atoms cm-3 t o  5 x 1 0 ~ '  atoms 

cm-3 f o r  carbon and 5 0 x 1 0 ~ ~  atoms cm-3 t o  1 5 0 x 1 0 ~ ~  atoms cm-3 f o r  oxygen. 

No s i g n i f i c a n t  v a r i a t i o n s  from t h e s e  va lues  were observed except f o r  t h e  

h ighe r  carbon va lues  i n  purposely doped i n g o t s .  Carbon and oxygen i n  

t h e  f l o a t  zone i n g o t s  were below t h e  . l imits of  d e t e c t i o n .  Carbon and 

oxygen con ten t s  f o r  a l l  odd-numbered i n g o t s  a r e  t a b u l a t e d  i n  Appendix 3. 

4 .1.4 Metal Impuri ty  Content of  S i l i c o n  Ingo t s  

Fundamental t o  t h e  success  of  t h e  program was t h e  reasonably  

a c c u r a t e  de te rmina t ion  o f  t h e  impur i ty  concen t r a t ion  i n  each ingo t .  

Samples from a l l  i n g o t s  were analyzed by spark  source mass spectroscopy 

and s e l e c t e d  samples were subject'ed t o  neutron a c t i v a t i o n  a n a l y s i s .  * 
The r e s u l t s  have been r epor t ed  on a  r e g u l a r  b a s i s  i n  q u a r t e r l y  progress  

r o p o r t s  and only  ncw d a t a  o r  d a t a  considered t o  be o f  p a r t i c u l a r  i n t e r e s t  

i s  d iscussed  he re .  

* Neutron 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 



The measured concen t r a t ions  of  t h e  i n t e n t i o n a l l y  added i m -  

p u r i t i e s  a r e  compiled i n  Appendix4. The t a r g e t  concen t r a t ion  is der ived  

by mul t ip ly ing  t h e  melt concent ra t ion  (based on atoms of melt  and atoms 

of impuri ty  element added) t imes  t h e  e f f e c t i v e  seg rega t ion  c o e f f i c i e n t  

(Appendix 1 ) .  The t a r g e t  va lues  shown i n  Appendix 4  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  va lues  of K e f f .  The c a l c u l a t e d  concen t r a t ions  

r ep re sen t  t h e  product of measured melt  concen t r a t ion  co r r ec t ed  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  seg rega t ion  c o e f f i c i e n t .  

Measured concen t r a t ions  a r e  averaged SSMS d a t a ;  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 d a t a .  The N/A e n t r i e s  i n d i c a t e  t h a t  no impur i ty ,  save t h e  de- 

s i r e d  donor o r  accep to r ,  was added t o  t h e  i n g o t .  

4 .1 .4 .1  Data Evaluat ion 

In gene ra l ,  good agreement e x i s t s  between t a r g e t  and c a l c u l a t e d  

concen t r a t ions .  Target  d i f f e r e n c e s  occur  f o r  t h e  impur i t i e s  calcium, 

magnesium, sodium, and z inc  which a r e  v o l a t i l i z e d  from t h e  mel t .  The 

discrepancy i n  n i cke l  concen t r a t ion  f o r  ingot  W-006 was caused by a  l o s s  

of n i c k e l  powder used a s  a  dopant dur ing  furnace  evacuat ion .  

A c a l c u l a t e d  va lue  wi th in  - + 60 percent  o f  t h e  t a r g e t e d  va lue  

was considered s u f f i c i e n t  t o  i n s u r e  t h a t  t h e  melt  was p rope r ly  doped. 

Usually t h e  agreement was cons iderably  b e t t e r  t han  t h i s .  

The measured va lues  i n  Appendix 4  a r e  e i t h e r  s i n g l e  measurements 

o r  t h e  average o f  s eve ra l  de te rmina t ions .  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 no t  

present  j.n doped and undoped i n g o t s .  The s e n s i t i v i t y  of  t h e  SSMS'measure- 

ments i s  inadequate  t o  d e t e c t  t h e  ma jo r i t y  of  p o t e n t i a l  contaminants 
- 3 

below t h e  concen t r a t ion  of  approximately 1 . 5 ~ 1 0 ~ ~  atoms cm , so  NAA, 

was used t o  exa.mine 18 s e l e c t e d  samples. Typical  concen t r a t ions  of  

un in ten t iona l ly-added  i m p u r i t i e s  a r e  given i n  Table 5. A l l  d e t e c t e d  i m -  

pur ' i ty  cvncen t r a t ions  a r e  well below concer l t ra t ions  which would have 

any impact. nn solar c e l l  performance; 

I t  may be noted from t h e  Appendix t h a t  t h e  concent ra t ion  o f  

impur i t i e s  i n  a  number of t h e  ingo t s  i s  below t h e  l i i n i t  o f  d e t e c t i o n  of 

t h e  measurement method. In t h e s e  i n s t a n c e s ,  t h e  measured concen t r a t ion  



Table 5 Concentrations of Unintentionally-Added Impurities 

Impurity 

Ant irnony - 

Arsenic 

C r 

Cu 

Gold 

Iron 

Nickel 

Titanium 

Zirconium 

Con entration 
Atoms/cm 

S 
(ppba) 

1.3 x 10 11 (0.0026) 
" 12 

7 x 10 (0.142 

2 x 10 
12 

(0.04) 

5 x 10 12 (0- 1) 

%1 x' 10 9 
( .00002) 

( 5  x 10 l3 * ((1) 

< 5  x 10 12 (<O .1) 

<8 x 10 13 (<1.6) 

< 3  x 1.0 13 (<O. 62 

*Iron was detected at concentrations of 1 x 10'~- 1.7 x atorns/cin 3 

in, ingots heavily doped with nickel. 



i s  shown t o  be l e s s  than t h e  l i m i t  of d e t e c t i o n .  Two of  t h e  i m p u r i t i e s ,  ? 

tantalum and zirconium, have not  y e t  been de t ec t ed ;  molybdenum was de- 

t e c t e d  i n  only one ingo t .  For t h e  above r easons ,  it i s  d i f f i c u l t  t o  

e s t a b l i s h  t h e  accuracy of t h e  primary nieasurement techniques  f o r  each 

impurity element.  Where s u f f i c i e n t  d a t a  e x i s t s  an assessment has been 

made of both SSMS and NAA a s  a  measurement t o o l .  The SSMS d a t i  a r e  

analyzed i n  Table 6 ,  which shows t h e  mean va lue ,  t h e  number of 'measure-  

ments made a s  well  a s  t h e  s tandard  d e v i a t i o n .  For c e r t a i n  i m p u r i t i e s ,  

t h e  h ighes t  ach ievable  concen t r a t ion  i s  near t h e  d e t e c t  ion  l i m i t ;  t h i s  

produces a l a r g e  s tandard dev ia t ion ,  e .  g magnesium and vanadium. Re- 

s u l t s  ob ta ined  by NAA e x h i b i t  much l e s s  v a r i a b i l i t y  although d a t a  f o r  

fewer elements a r e  a v a i l a b l e ,    able 7 .  NAA d a t a  has  been found t o  

c o n s i s t e n t l y  provide an accuracy of - + 30 pe rcen t .  

A s  noted zirconium has  not  ye t  been de t ec t ed  so  al.1 ' t a r g e t  and 
. . 

ca l cu la t ed  zirconium concentrat i .ons shown i n  Appendix 4 r ep re sen t  upper 

l i m i t s .  Nei ther  z inc ,  sodium, nor calcium have been de t ec t ed  s i n c e  they  

evaporated from t h e  melt. Aluminum is found by both  SSMS and r e s i s t i v i t y  

measurements s i n c e  i t  i s  e l e c t r i c a l . 1 ~  a c t i v e  a t  room temperature.  A 

h igher  aluminum concen t r a t ion  by a s  much a s  t e n  t imes ,  i s  measured by 
1 SSMS than  by e l e c t r i c a l  measurements. Since molybdenum was de t ec t ed  i n  

one ingot  a l l  c a l c u l a t e d  concen t r a t ion  va lues  a r e  based on t h i s  a n a l y s i s .  

A l imi t ed  number of  tang  end s l i c e s  a l s o  were analyzed.  I f  

t h e  samples were taken  from a  r eg ion  of  good c r y s t a l  s t r u c t u r e ,  i . e ,  

well i n  advance of apparent s t r u c t u r a l  breakdown, agreement with seed 

end measurements was e x c e l l e n t .  Tang end concen t r a t ions  were always 

g r e a t e r  by from 25 percent  t o  approximately 4 5  percent  depending on t h e  

exact l o c a t i o n  of t h e  sample and t h e  melt  volume consumed. However t h e  

c l o s e r  t h e  s l i c e s  l i e  t o  t h e  reg ion  where s t r u c t u r a l  breakdown occurs ,  

t he  nea re r  i s  t h c  impur i ty  concen t r a t ion  t o  t h a t  of t h e  me l t .  Changes 

i n  concent ra t ion  of 4 t o  5 o rde r s  of magnitude wi th in  a  few cen t ime te r s  

a r e  common. Thus g r e a t  c a r e  must be take11 when employing d a t a  gathered 

from t ang  end m a t e r i a l .  



Table 6 Analysis of Spark Source Fiass Spectrographic Data 

S SPIS SSFIS 
Mean/# of Measurements Standard Deviation 

Impurity (ppba)l (ppba) 



I n g o t  B - - 

T a b l e  7 A n a l y s i s  of  N M  Data 

I m p u r i t y  - 
T a r o e t  Conc. Pleasured Conc . 

PS 3 '  x 1 0 ~ ~ a t o m s / c m  3 
x 1 0  8torns/cn 

. . 

;+ Keutron A c t i v a t i o n  A n a l y z i s  performed a t  ~ r a k t d e r k  u n i o n  A ~ G .  knd'Gknera1 
A c t i v a t i o n  A n a l y s i s  



4 .1 .4 .2  Best Est imates  of Impuri ty  Concentrat ions 

Table 8 con ta ins  our  b e s t  e s t ima te  of  t h e  impur i ty  concen t r a t ion  

c h a r a c t e r i s t i c  of  each ingot  supp l i ed .  The es t imated  va lue  i s  based on 

t h e  cu r r en t  t o t a l  d a t a  a v a i l a b l e  f o r  each i n g o t .  Also incorpora ted  i n t o  

t h e  e s t ima te  i s  t h e  degree of r e l i a b i l i t y  i n  t h e  e f f e c t i v e  seg rega t ion  

c o e f f i c i e n t s .  I t  is t h i s  bes t  es t imated va lue  which i s  used i n  a l l  

analyses  drawn throughout t h e  r e s t  o f  t h e  r e p o r t .  For many ingo t s  t h e  

impuri ty  concen t r a t ions  were s u f f i c i e n t l y  low t h a t  no d i r e c t  measurement 

was poss ib l e .  In  t h e s e  c a s e s  e i t h e r  no va lue  is shown i n  t h e  t a b l e  o r  

t h e  upper l i m i t  i s  quoted. Bearing i n  mind t h e  s t a t e d  cau t ions  r e l a t i n g  

t o  t h e  d e t e c t a b i l i t y  of  some elements and t h a t  our  d a t a  base w i l l  bc  

j.mproved a s  more measurements a r e  made, we have at tempted t o  a s c e r t a i n  

t h e  degree of  u n c e r t a i n t y  i n  t h e  concent ra t ion  va lues  compiled i n  Table 

8. We a l s o  assume t h a t  keff i s  concent ra t ion  independent (which appears  

reasonable  i n  view of t h e  s o l a r  c e l l  d a t a  descr ibed  l a t e r ) .  The est imated 
. . 

percentage u n c e r t a i n t i e s  a r e  a s  fo l lows:  

For some c a s e s  t h e  u n c e r t a i n t y  is  l a r g e r  t han  d e s i r e a b l e  bu t  

s t i l l  probably wi th in  t h e  bounds needed t o  i d e n t i f y  t h e  u t i l i t y  of a  

s o l a r  grade s i l i c o n .  Extensive use  of NAA would cons iderably  improve 

t h e  s i t u a t i o n  f o r  i m p u r i t i e s  l i k e  Mu, Ta ,  T i ,  V ,  Zr and W I . ,  



Table 8 ' Best  Estirnnte of Impur i ty  Concent.rnti .ons 

E e s t E s t i ~ n a t e o f  , 

I n g o t  I m p u r i t y  Conc. 
I d e n t i f i c a t i o n  -- (101 5 atorns/cm3) 



TABLE 8 (cont . ) 

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

~ - 0 3 1 - ~ r / ~ ~ I n - 0 0 1  

W-03 2->lg-003 

\J-033-Ti-002 

15-034-00-000 

\J-035-V-002 

W-036-Zr--002 

\J-037-~r/Ti-001 

W-038-A1-002 

\I-039-Ni-003 

W - 0 4 0 - ~ r / ~ i - 0 0 1  

W-041-~i/Cr/Cu-001 

W-042-Ti-003 

\J-043-~e/Ti-001 

1?--0rift-Fe-003 

W-045-Cr/Fc/~i-001 

W-046-E'elV-001 

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

It-048-Ti-004 

\-I-U49-V-O03 

W - 0 5 0 - ~ i / ~ - 0 0 1  

\?-05l-cu/'ri-001 

W-052-Ni-004 

W-053-Poly 

\J-054-00-000 

CI-055-Cu-004 

14-056-CU-005 

tS .-05 /-UU-000 

. . 15-058-00-000 

C!-059--00-000 

I*!-060 00.--0OC 

\J-O6I.--.Cr/%i-OO].. 

I~!-062-.XjCu-(~Q1 . 

h'-063-~/(:1:-001 

W--OG~-N/;.;;I-~O,~ 

Best E s t i m a t e  of 
Impuri ty Conc. 

(1.0' 5 atomslcn3) 



TABLE 8 (Cont . ) 

I n g o t  
I d e n t l f i c a  t i o n  -- - - . .. -. - - - 

I3c:st E s t i m a t e  of 
1rnpur i . ty  Conc. 



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

~~-094-Fln-O05/Poly 

W-095-Mn-006 (F) 

W-096-PIn-007 (S) 

W-097-00-000 

IJ-098-NO-002 

\J-099-FZ-001 

W-100-Cu/Ti-002 

14-101-FZ-002 

W-102-Ti-006/Poly 

W"'103-Ti-001 

\ ~ - 1 0 4 - ~ u / ~ i - 0 0 3  

' dic105-V-001 

\J-106-N/Al-002 

IJ-107-FZ/A1-001 

rd-i o~-@-on7 

IJ-109-C-002 

1dP-110-Fe-001 

~-1Ll-Cu/V-0U1 

W-112-Ta-001 

IJ-113-FZ/Cr-001 

1-:-114-00-200 

\<-llS-N/C~1-002 

\J*-116-?h-001 

TABLE 8 (Cont . ) 

Rest  >is t i l n a  t e  of 
Impur i t y  Cogc. 

(10 l aa  tonls/cm3) - 



Ingot 
Identification 

W-122-73. -007 (F) 

W-123-73.-008 (S) 

TABLE 8 (Cont . ) 

Rest Estimate of 
Impurity Conc. 

3 
(l~l"atoms/cn ) 

0.000018 

0.0003 

See Data Sheet 

0.039 

< 0.030s 

Low resistivity p-type ingot identification. 



4.2 Processing S tud ie s  

The degree  o f  e l e c t r i c a l  a c t i v i t y  of  impur i t i e s  i n  s i l i c o n -  

and hence dev ice  p r o p e r t i e s - i s  a  func t ion  of  t h e  thermal h i s t o r y  o f  t h e  

m a t e r i a l ;  The purpose of t h e  s t u d i e s  descr ibed  he re  was t o  examine t h e  

e f f e c t  of sequences o f  hea t  t rea tment  and g e t t e r i n g  cyc le s  a s  well  a s  

growth h i s t o r y  on t h e  p r o p e r t i e s  of  s i l i c o n  infused  with c o n t r o l l e d  

amounts of i m p u r i t i e s .  In  t h i s  contex t  we used recombination l i f e t i m e  

measurements t o  t r a c k  t h e  e f f e c t s  of  process ing .  Th i s  information can 

then  be used t o  des ign  process  sequences which minimize t h e  harmful 

a s p e c t s  of t h e s e  contaminants on s o l a r  c e l l  performance. 

4 .2 .1  Thermal Treatment. 

Mi t iga t ion  o f  impuri ty  e f f e c t s  r e q u i r e s  removal o f  t h e  i m -  

p u r i t i e s  themselves o r  a  reduct ion  of  t h e i r  e l e c t r i c a l  a c t i v i t y .  In  

e i t h e r  c a s e  some motion of t h e  impuri ty  atoms i s  necessary  with p r a c t i c a l  

r a t e s  being ache ivable  only  a t  e leva ted  temperatures .  S tud ie s  such a s  

t h e s e  a r e  complicated by t h e  p o t e n t i a l  presence of s u r f a c e  contaminat ion.  

Such impur i t i e s  can d i f f u s e  from t h e  s u r f a c e  i n t o  t h e  s i l i c o n  l a t t i c e  

dur ing  high temperature c y c l e s  may d iminish  o r  mask any expected improve- 

ment i n  l i f e t i m e  due t o  t h e  t r ea tmen t .  The magnitude of t h e  e f f e c t  would 

i n c r e a s e  a s  t h e  wafer t h i ckness  decreased.  For t h i s  reason some d i scuss ion  

of t h e  problem is warranted h e r e .  

4 . 2 . 1 . 1  Cleaning S tud ie s  
1 2  - 3  

Bulk impuri ty  l e v e l s  a s  low ~s  1x10 cm can seve re ly  reduce 

recombination l i f e t i m e . '  The number o f  impuri ty  atoms, N .  1 necessary  t o  

e f f e c t  a  wafer of t h i ckness ,  h  can be  expressed.  

3 2 
S i l i c o n  con ta ins  5 x 1 0 ~ ~  atoms/cm , o r  1 . 3 7 ~ 1 0 ~ ~  atoms/cm per  monolayer. 

Assuming a  s i m i l a r  packing d e n s i t y  f o r  contaminants;  t h e  number of  impuri ty  

monolayers, N necessary  t o  e f f e c t  l i f e t i m e  would be m 



The f a c t o r  2  being necessary  t o  account f o r  both s u r f a c e s  of a  wafer .  A 
- 6 

s i l i c c n  wafer 0.0254 cm (10 mi l s )  t h i c k  thus  r e q u i r e s  only  9 . 3 ~ 1 0  of  a  

monolayer of  contamination p r i o r  t o  hea t  t rea tment  t o  provide  t h e  p o t e n t i a l  

f o r  reduced l i f e t i m e .  Fo r tuna te ly ,  most contamination i s  organic  i n  

na tu re  and is e i t h e r  evaporated o r  is  ashed dur ing  thermal process ing .  

P r a c t i c a l  experience ( e . g , r e f e r e n c e  22) i n d i c a t e s  t h a t  t h e r e  

is d i f f i c u l t y  i n  p re se rv ing  recombination 1  i f e t i m e  dur ing  high temperature 

d i f f u s i o n s ,  and con t ro l  of t h i s  degrada t ion  i s  r e q u i s i t e  p r i o r  t o  s tudying  

methods f o r  m i t i g a t i n g  bulk impur i ty  e f f e c t s .  Thus we i n i t i a t e d  a  s tudy  

s i m i l a r  t o  t h a t  performed by Yang e t .  a l :  23 except t h a t  recombination 

l i f e t i m e  was used a s  t h e  eva lua t ion  method; Thick s i l i c o n  specimens 

were used t o  minimize contamination ( v i z ,  Equation 32) and t o  maximize 

t h e  accuracy of l i f e t i m e  measurements. 12'13 The l i f e t i m e  of each sample 

was measured before  and a f t e r  t h e  s'hort anneal cyc l e .  An updated summary 

o f  t h e  r e s u l t s  o f  t h e s e  experiments i s  provided i n  Table 9 .  The specimens 

were sawn e x t r a  t h i c k  and etched t o  0.115 + .001 cm (45-46 mi l s )  t o  - 
minimiz& higher  mode e r r o r s  i n  PCD measurements.13 Samples A and B were 

from a  second boron doped ingot  with 4 R cm r e s i s t i v i t y .  These samples 

were sawn fol lowing t h e  hea t  t rea tment  t o  determine whether t h e  l i f e t i m e  

was adverse ly  e f f e c t e d  by propagat ion of saw damage dur ing  t h e  annea l ing  

c y c l e .  The i n i t i a l  l i f e t i m e s  l i s t e d  f o r  t hese  samples i s  t h a t  t y p i c a l  

of 4 R cm ingo t s  we have s tud ied  p rev ious ly  s i n c e  PCD measurements cannot 

be performed without saw p repa ra t ion .  Comp,aring.the da ta .  f o r  samples 

A and B,  with t h a t  from samples 19 and 20, we concluded t h a t  some saw 

damage does propagate  dur ing  t h e  anneal cyc l e  bu t  t h a t  t h i s  i s  a  l e s s e r  

f a c t o r  c o n t r i b u t i n g  t o  l i f e t i m e  degrada t ion .  A s i g n i f i c a n t  i nc rease  i n  

sample l i f e t i m e  was rioted whenever HCIl was added t o  t h e  furnace  atmosphere. 

Sample 21a was processed i n  oxygen, but  t h e  furnace  was precleaned with 

HCR t o  determine whether t h e  l i f e t i m e  improvement stemmed from furnace  

decontamination o r  s i l i c o n  s u r f a c e  c leaning .  The d a t a  i nd ica t ed  t h a t  

lllost of ,the in lprove~~~ent  was obtained f o r  1.1CR e t ch ing /c l can ing  of t h e  

s i l i c o n  su r f ace  not  furnace cleanup.  The r e s b l t s  of t h e  experiments on 

sample 21b cor robora ted  the  i n i t i a l  p o s t u l a t e  t h a t  sample contaminat ion,  

not  thermal damage, i s  r e spons ib l e  f o r  t h e  degrada t ion  of l i f e t i m e .  



TABLE 9 

R e r e n t i o i  o f  Rec:ombln,ation ' - i f e t i m e  
Pnnt?al 15 % i n .  a t  100OJC 

Cool i ng Rate,  d T / d t  = 1  OC!Mi n, 
- - - - 

WAFER CLEANING rr ( u s e c )  T, ( u s e c )  rf, 
SAY PL E PRDCEDURE ( 1  j FURrIACE ATMOSPHERE IN IT4L  FINAL T i  COMMENTS 

19 Clean 3  95% O 9  + 5% HCL 52.6 6.9 0.131 .Note 2  
L 

20(3)  C lean  3  95% O 2  + 5% HCL 52.3 9 .O 0 .172 No te  2  

A Clean 3  95% O2 + 5% HCL 6 ~ . 7 : ~ '  4.9 0.078 

B C lean 3  95% o2 .+ 5% HCL 62.717) ' 10 .4  0.166 

21 a  C lean 3  0, 52.1 5.9 0.113 Note  4 
L 

21 b - See Ro te  5  52.1 13.5 0.259 

VI 
22 Clean 3  95% 02 + 5% HCL 52.1 18 .8  0.361 Notes 2  and 6  

23 Clean 4  95% O2 + 52 HCL 52 .0  9 .3  0.179 No te  2  

24 Clean 5  95% O2 + 55 HCL 51.5 6.6 0.128 No te  2  

2  5  C lean 6 95% O 2  t 5% HCL 58.4 6 .7  0 .115 . Note  2 

2  6  C lean 3 95% O 2  + 5? HCL 52.3 8 .35 0.160 Notes  2,  8 ,  and 11  

2  7  C lean 3 95% D2 + 5% HCL 52.3 8 .19  0.157 Notes  2, 9, and 11 

1  B C l ~ a n  3  95% 3, + 5% HCL 52.8 5.14 0.097 Notes  2, 10,  and 11 
L 

Procedure  d e t a i l s  i n  A p x n d i x  5 .  
Furnace p rec leaned  S h r s .  w i t h  35% 0 2  + 5% HCL. 
Edge o f  specfmen e t c i e d  2-3  m i l s  t o  remove S E W  damaqe. 
Furnace p rec leaned  :! hours  8 1200°C w i t h  95% 0 2  + 5% HCL. 
21 a  g e t t e r e d  45 min .  POCl @ 950°C. 
D I  R inse  = 2  m i " .  , F i n a l  r i n s e  = 5 m i n . ,  H20 r e s i s t i v i t y  = 18  Megohn. 
Average i n i t i a l  v a l u e .  
A l l  D I  r i n s e s  = 5  m i n .  
I n t e r m e d i a t e  D I  r i n s e s  = 3  rnin, f i n a l  r i n s e  = 10  rnin. 
In j t e rmed ia te  D I  r i n s e s  = 3 m in ,  f i n a l  r i n s e  = 15 m i n .  
Anneal t i m e  = 3  112 h r .  ( c o s t r o l l e r  m 3 l f u n c t i o n ) .  



The r e s u l t s  f o r  sample 22 c l ea r ly . show t h a t  c leaning  procedures  

which minimize contamination s t rong ly  e f f e c t  l i f e t i m e .  Moreover, con t ro l l ed  

f i n a l  r i n s i n g  i n  DI water  i s  more e f f e c t i v e  f o r  c leaning  than  complicated 

and e x ~ e n s i v e  ac id  techniques .  The e f f e c t  of  vary ing  t h e  f i n a l  DI r i n s e  

cyc l e  t ime can be observed by not ing  t h a t  Clean 3  s p e c i f i e s  a  s tandard  

30 second f i n a l  r i n s e  (Appendix 5 ) .  Samples 19 ,  20, A and B were a l l  

r i n s e d  f o r  30 seconds, annealed with 5% HCg., and t h e  average v a l u e ' o f  

f i n a l  l i f e t i m e  was 7.80 lJsec (a = 2 . 1 ) .  

Due t o  a  malfunct ion i n  t h e  programmed furnace  ramp c o n t r o l l e r  

samples 26, 27 and 1B were annealed f o r  3  1/2 hours  (normal = 15 min.) 

and t h e  f i n a l  l i f e t i m e s  must be  viewed wi th  cons ide ra t ion  t h a t ,  a s  a  

group, t hey  may be  lower than  normal. We ignore  t h i s  va r i ance  f o r  t h e  

moment. Note t h a t  samples 22 and 26 were r i n s e d  u l t i m a t e l y  i n  DI water  

f o r  5  minutes producing an average pos t  anneal l i f e t i m e  of  1 3 . 6  usec  

(a = 5.23) .  (The l a r g e  va lue  of  s tandard  dev ia t ion  i s ,  evidence 

t h a t  sample 26 was adverse ly  e f f e c t e d  by t h e  longer  anneal c y c l e ) .  

Samples 27 and 1 B  u t i l i z e d  f i n a l  r i n s e  t imes  of  10 and 15 minutes 

r e s p e c t i v e l y ,  and t h e  pos t  anneal l i f e t i m e s  were 8 .19  'and 5.14 usec.  

These r e s u l t s  suggest  t h a t  an optimum f i n a l  D I  r i n s e  t ime e x i s t s  which 

w i l l  maximize t h e  pos t  anneal l i f e t i m e  and t h a t  t h e  t ime i s  i n  t he  v i c i n i t y  

of 5  minutes.  This  r e s u l t  can be  p l a u s i b l y  explained i f  we assume t h a t  

t h e  maximum l i f e t i m e  is a s soc i a t ed  wi th  minimum s u r f a c e  contaminat ion.  

A minimum of  two t ime dependent competing mechanisms a r e  necessary  t o  

d e s c r i b e  such a  func t iona l  r e l a t i o n  between l i f e t i m e  and f i n a l  r i n s e  

t ime.  We cons ider  two probable mechanisms i n  our  model. The f i r s t  

mechanism involves  t hose  contaminants which a r e  so luab le ,  CS i n  deionized 

water according t o  t h e  r e v e r s i b l e  r e a c t i o n  

The r e a c t i o n  .toward S i  can be reduced t o  i n s i g n i f i c a n c e  by 1owerj.ng t h e  

contamination l e v e l  i n  t h e  de ionized  water, f o r  example by t h e  use  of  

high r e s i s t i v i t y  deionized water  ( i n t r i n s i c )  a t  h igh  flow r a t e s .  The 



decontamination r e a c t i o n  r a t e ( t o  t h e  l e f t  s i d e  ir, t h e  equat ion i s  

according t o  t h e  law o f  mass a c t i o n .  

where r i s  t h e  r e a c t i o n  r a t e  cons t an t .  The minus s ign  denotes  t h a t  
S 

s o l u b l e  contaminants a r e  being removed from t h e  su r f ace  i n t o  t h e  flow- 

ing  water .  The o t h e r  mechanism t o  be  considered i n  t h i s  model i s  t h a t  

due t o  i n so luab le  ( p a r t i c u l a t e )  contamination i n  t h e  water  being de- 

p o s i t e d  on t h e  s i l i c o n  s u r f a c e .  Examples of t h i s  form o f  contamination 

inc lude  b a c t e r i a ,  pathogens, y e a s t ,  mold, v i r u s e s ,  and e t c .  These 

contaminates  a r e  p re sen t  even i n  sub-micron (0 .22  um] f i l t e r e d  water 

s i n c e  they  a r e  e i t h e r  t oo  small  t o  be f i l t e r e d  o r  t hey  mul t ip ly  by 

d i v i s i o n  downstream from t h e  submicron f i l t e r .  P a r t i c u l a t e  contamination 

cannot r e a d i l y  be  d isso lved  and is t h e , r e a s o n  why t h e  s'emiconductor 

i n d u s t r y  has  embraced t h e  concept of  sp in  scrubing .  The loca l i zed  na tu re  

of p a r t i c u l a t e  contaminat ion would be  o b l i t e r a t e d  dur ing  anneal ing o r  

d i f f u s i o n .  The r a t e  o f  p a r t i c u l a t e  contamination a l s o  fo l lows  a  mass 

a c t i o n  equat ion according t o  

d C ~ i  - -  
d t  - r  C 

I' F W  

where r i s  t h e  contaminat ion r a t e  cons tan t  f o r  p a r t i c u l a t e  contaminat ion.  
P  

The t o t a l  contamination r a t e  i s  t h e  sum of Equations 34 and 35. 

d t  (34) 

T u t a l  Soluabie  P a r t i c u l a t e  



The s o l u t i o n  t o  Equation 3 7  with apu ronr i a t e  . . boundary va lues  i s  

where C (0) i s  t h e  su r f ace  contamination on t h e  wafer p r i o r  t o  t h e  s t a r t  S i 
of  t h e  deionized water r i n s e  cyc l e .  The optimum r i n s e  t ime i s  ob ta ined  

by d i f f e r e n t i a t i n g  Equation 38 and so lv ing  f o r  t .  

> 

t - 1 - - 
opt  r s  [ :s :si (o)]  1 

\ 
P PW 

Equation 40 impl ies  t h a t  t h e  optimum r i n s e  t ime i n c r e a s e s  a s . t h e  

p a r t i c u l a t e  contaminat ion,  C , dec reases  (higher  p u r i t y  water) ,. The 
P w 

optimum r i n s e  t ime becomes "negative" (no r i n s e  suggested)  when 

r C > r C . (0 ) .  Equation 40 d e s c r i b e s  ou r  experimental obse rva t ions  
p pw - s S1 

obtained f o r  var ia .b le  r i n s e  t imes .  Addi t iona l  work w i l l  be  done i n  

modeling t h i s  phenomenon, t o  develop experimental  v e r i f i c a t i o n  of  t h e  

model. 

4 . 2 . 1 . 2  Ge t t e r ing  S tud ie s  

With some confidence i n  maintaining adequate  bulk l i f e t i m e  

dur ing  hea t  t rea tment  we undertook a  s e r i e s  of g e t t e r i n g  s t u d i e s .  POCg3 

g e t t e r i n g  was t h e  pri111e approach adopted f o r  t h c s e  experiments.  Table 

10 i l l u s t r a t e s  t h e  r e s u l t s  ob ta ined  f o r  an experimental mat r ix  of 

v a r i a b l e  t ime and temperature.  The i m p u r i t i e s  T i ,  C r ,  Fe and A 1  were 

s e l e c t e d  f o r  t h i s  s tudy  based on t h e i r  c o n t r o l a b i l i t y ,  absence of 

shal low t r a p p i n g ,  and pronounced e f f e c t  on l i f e t i m e . '  Each o f  t h e  



TABLE 10 

EFFECT OF POCL3 GETTERIblG TIYE AND TEMPERATURE 
ON RECOMBINATION LIFETIME 

I m p u r i t y  
( conc . /cm3) 

I m p u r i t y  
3)  (Conc./cm 

WU66 
T i  005 
3 .3x1013 

W058 
C r 0041 
1 .ox10 
W069 
Fe 004 
1 ~ 1 0 1 5  

NO70 
A 1  003 
5x1016 

G e t t e r i  ng T ime ( M i  n) 
G 

0.49 

0.03 

0 .04 

1.75 

15 

0.59 

1.13 

2 . 3 7  

0.90 

60 

0.50 

2.95 

2 .61 

0.76 

240 

U .34 

0.89 

2.12 

0 .74  

960 

0.63 

0 .30  

1 ,98 

0.27 



i m p u r i t i e s  e x h i b i t s  a  c h a r a c t e r i s t i c  maximum i n  l i f e t i m e  a s  a  func t ion  

of g e t t e r i n g  t ime,  a t  f i x e d  temperature,  Table 10 .  This  r e s u l t  was not 

a n t i c i p a t e d  from simple g e t t e r i n g  theory .  The t ime r equ i r ed  t o  reach 

maximum l i f e t i m e  dec reases  with inc reas ing  temperature.  The d a t a  suggest 

t h a t  two competing mechanisms a r e  a c t i v e ,  but  experimental d a t a  i s  too  

s c a r c e  ye t  t o  model t h e  process .  The decrease  i n  l i f e t i m e  beyond t h e  

maximum o r  peak va lue  i s  most. probably due t o  an i n c r e a s e  i n  t h e  number 

of e l e c t r i c a l l y  a c t i v e  s i t e s  f o r  a given impur i ty  o r  a  s h i f t  i n  t h e  

t r a p  l e v e l  toward t h e  c e n t e r  of  t h e  band gap, which i n c r e a s e s  t h e  cap tu re  

c r o s s  s e c t i o n .  DLTS measurements w i l l  be  used i n  t h e  f u t u r e  t o  determine 

t h e  d e t a i l e d  na tu re  of t h e  l i f e t i m e  v a r i a t i o n .  

One p o s s i b l e  explana t ion  f o r  t h e  decay i n  l i f e t i m e  a f t e r  t h e  

maximum was t h a t  t h e  phosphorus su r f ace  concen t r a t ion  f a l l s  wi th  increased  

d i f f u s i o n  t ime.  This  would diminish t h e  number of  a c t i v e  g e t t e r i n g  s i t e s  

a v a i l a b l e .  

To t e s t  t h i s  simple i d e a  and t o  i n c r e a s e  t h e  s i z e  of t h e  

g e t t e r i n g  mat r ix  we examined t h e  e f f e c t s  of m u l t i p l e  g e t t e r i n g  cyc le s .  

Get te red  impur i t i e s  tend t o  be concent ra ted  mainly i n  t h e  t h i n  d i f f u s e d  

n+ l a y e r  of  s i l i c o n ,  ( s ee  e .g  r e f e rence  1 )  and smal le r  amounts i n  t h e  

phospho- s i l i c a t e  g l a s s .  This  sugges ts  t h a t  t h e  concent ra ted  i m p u r i t i e s  

can be p h y s i c a l l y  removed from t h e  wafer by e t ch ing  o f f  t h e  g l a s s  and 

t h e  t h i n  n+ l a y e r .  The wafer could then  be g e t t e r e d  a  second time t o  
' 

f u r t h e r  remove i m p u r i t i e s ,  and t h e  c y c l e  repea ted  a s  many t imes  a s  

necessary  t o  achieve  t h e  r equ i r ed  s i l i c o n  p u r i t y .  The r e s u l t s  of t h i s  

type  of s tudy  a r e  given i n  Table 11. The l i f e t i m e  reaches  a  maximum 

value  a f t e r  one g e t t e r i n g  c y c l e ,  and f u r t h e r  c y c l e s  only  degrade t h e  

l i f e t i m e .  This  d a t a  c o n t r a d i c t s  t h e  p o s t u l a t e  of t h e  s imple theory-  

t h a t  s a t u r a t i o n  of  t h e  g e t t e r i n g  s i t e s  i s  occur ing .  The decay i n  l i f e -  

t ime beyond t h e  peak val.ue i s  appa ren t ly  un re l a t ed  t o  t h e  c f f e c t i v e n s s s  

of  t h e  n+ l a y e r .  Wafer contaminat ion i s  a l s o  r u l e d  ou t  by t h e  f a c t  t h a t  

t h e  l i f e t i m e  of t he  s imultaneously processed b a s e l i n e  specinlens I l u c t u a t e d  

somewhat but d id  not  decay monotonical ly .  



TABLE 11 

EFFECT OF MULTIPLE GETGERING CYCLES* ON RECOMBINATION LIFETIME 

1  2 3 ' 4 5 6 
I n g o t  As Grown G e t t e r  C y c l e  G e t t e r  C y c l e  G e t t e r  C y c l e  G e t t e r  C y c l e  G e t t e r  C y c l e  G e t t e r  Cyc' le 

Identification ( u s e c )  ( ~ s e c )  ( v s e c )  ( p s e c )  ' ( v s e c )  ( ~ s e c )  ( u s e c )  

* G e t t e r l . n g  c y c l e  c o n s i s t s  of c l e a n i n g  samples i n  NH40H + H202 f o l l o w e d , b y  PI1 r i n s i n g  f o r  5 m i n u t e s  

g e t t o r i n g  - n  POC13 f o r  1  h o u r  a t  1000°C, s l c w  c o o l  ( 1°C/min) t o  200°C, E t c h  p h o s p h o r s i l i c a t e  

g l a s s ,  and e t c h  s i l i c o n  t o  remove c o n t a m i n a t e d  n+ l a y e r  ( n o t e :  N+ l a y e r s  i n  b a s e l i n e  samples were  

n o t  removed). 



Taken toge the r  d a t a  from POCR g e t t e r i n g  t ime temperature 
3 

experiments and t h e  m u l t i p l e  g e t t e r i n g  sequences suggest  t h a t  maximum 

bulk l i f e t i m e  develops wi th in  a  f i n i t e  time pe r iod .  The peak l i f e t i m e s  
15 

we observed .here  f o r  % 10 impuri ty  doping a r e  cons iderably  l a r g e r  than  

i n  t h e  as-grown i n g o t s ,  but s t i l l  l e s s  than t h a t  necessary  f o r  h igh ly  

e f f i c i e n t  s o l a r  c e l l  performance. The maximum g e t t e r e d  l i f e t i m e  is  

apparent ly  con t ro l l ed  by t h e  ! 'degradation mechanism" and not  by t h e  
b 

e f f e c t i v e n e s s  of t h e  phosphorus n+ l a y e r .  

The na tu re  of t h i s  degrada t ion  phenomenon must be b e t t e r  under- 

s tood be fo re  f u l l y  e f f e c t i v e  g e t t e r i n g  can be  achieved.  Experiments 

designed t o  t h i s  end a r e  i n  p rog res s .  

4 . 2 . 2  Evaluat ion of Bulk Recombination Lifet imes f o r  As-Grown 
and Diffused S i l i c o n  

A s  an ad junct  o f  t h e  process ing  s t u d i e s  and t o  monitor t h e  

e l e c t r i c a l  p r o p e r t i e s  of wafers before  and a f t e r  t h e  s tandard  s o l a r  c e l l  

d i f f u s i o n  cyc le s  we have measured t h e  bulk recombination l i f e t i m e s  of a l l  

i ngo t s  by t h e  PCD method. A l l  measurements beyond ingot  W056 were made 

us ing  t h e  l a s e r  exc i t ed  PCD equipment which i s  capable of  measuring l i f e -  

t ime i n  low l i f e t i m e ,  low r e s i s t i v i t y  s i l i c o n .  The l i f e t i m e s  of on ly  

two ingots, ,W059 and W110, could not  be determined due t o  i n s u f f i c i e n t  

s i g n a l .  A compilat ion of t h i s  d a t a  base i s  p resented  i n  Table 1 2 .  

4 . 3  Modeling Impurity E f f e c t s  i n  S i l i c o n  

The impuri ty  e f f e c t s  model descr ibed  i n  t h e  fol lowing s e c t i o n  

was der ived  t o  provide a  means of  p r e d i c t i n g . t h e  performance behavior  of 

s o l a r  c e l l s  made from s i l i c o n  conta in ing  known concentrat , ions o f  va r ious  

i m p u r i t i e s  a s soc i a t ed  with s i l i c o n  r e f i n i n g  and process ing .  

Several  key assumptions under1i.e t h e  model formula t ion .  

(a)  Ce l l  performance is p r i m a r i l y  c o n t r o l l e d  by t h e  p r o p e r t i e s  

of  i t s  l a r g e s t  r eg ion ,  i t s  base ,  and t h e  dominant e f f e c t  

of i m p u r i t i e s  i s  t h e  r educ t ion  of t h e  base d i f f u s i o n  

length  through recombination processes , .  



TABLE 1 2  

Bul  k L i f e t i m e s  (Pho toconduc t i ve  Decay) f o r  S i  1  i c o n  I n g o t s  
B e f o r e  and A f t e r  Phosphorus D i f f u s i o n  

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

Wool-00000 

W002-00000 

iJO03-00000 

W004- Cr001 

W005-Mn001 

W006-Ni001 

WOO7-Cu001 

W008-Ti001 

WOO9-VOO1 

M010-Ni002 

W O l  1  -Zr001 

W012-cr002 

W013-Mn002 

w n i  4-or100o 

NO1 5-ZtiOO1 

W016-Fe001 

wn17-Cu002 

W0 18- Fe002 

A01 9-CuO03 

W020-00000 

W021 -Mg001 

wo22-00000 

WO23-00000 

W024-Mg002 

bJO25-00000 

W026-Mn003 

W027-Mn/Cu001 

L i  f e t i m e  (As-Grown) 
~ ( ~ s e c )  a ( ~ o t e  1 )  

7.1 1  . 1 ( 5 )  

6.3 0 .6 (2 )  

11.6  2 .3(2)  

0.35 0 . 2 ( 3 )  

1 . 8 ( 2 )  - - 
11 .3  2 .7(2)  

6.9 0 . 9 ( 4 )  

2.0 0 . 5 ( 3 )  

0 .4  0 .1  ( 3 )  

6 . 8  2 .6 (3 )  

2.6 0 .2 (2 )  

<o . 4  0 .1 (2 )  

1 . 2 ( 2 )  1 . 0 ( 3 )  

7.5 0 . 4 ( 2 )  

7 .2  0 . 6 ( 2 )  

0 ;5  0 . 0 ( 2 )  

8.8 0 ' 1  ( 2 )  

8.1 5 .5 (2 )  

4.3 3 . 3 ( 2 )  

7.0 1 . 7 ( 2 )  

8 .2  0 . 8 ( 2 )  

7 .8  1 . 0 ( 2 )  

1  .93 - - 
7.5  0 . 9 ( 2 )  

7 .6  0 . 0 ( 2 )  

5.1 0 . 2 ( 2 )  

22 .3 (2 )  2 .3 (2 )  

L i  f e t i m e  
~ ( p s e c )  

6.9 

8.6 

8 .4  

1 . 1  

0.3 

7.7 

6.6 

0 . 4  

< 2 . 2 ( 2 )  

3.4 

2 .4  

4  .Y 

10 .5 (2 )  

8.3 

5.3 

3.8 

7 .1  

0.6 

5.7 

7 . 3  

7.7 

9.1 

N o t e  4  

10.2 

12.7 

9 . 3  

0 . 5  

( ~ i  f f u s e d )  
a(Note  1 )  



TABLE 1 2  ( C o n t i  nued)  

B u l k  L i  f e t f m e s  ( ~ h o t o c o n d u c t i v e  Decay) f o r  S i  1  i c o n  I n g o t s  
R e f o r e  and A f t e r  Phosphorus O i  f f u s i o n  

(LED EXCITATION) 

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

L i f e t i m e  
~ ( ~ s e c )  

2 .9  

1 . 1  

~ 0 . 3  

N o t e  5 

7 .2  

3.1 

21 .8  

1 . 2  

1.2 

0 . 5  

0 .7  

2 .0  

c0 .2  

co .  2 

0 . 8  

0 .9  

1 . 3  

0 .1  

<o .1 

3.4 

4.30 

3.7 

1  .1 

0 .5  

0.1 

( As-Grown) 
a ( N o t e  1 )  

0 . 2 ( 2 )  

L i f e t i m e  
- r (psec)  

1 . 9  

6 .2  

0 . 4  

c0.3 

7.1 

2.9 

1 . 7  

1 . 5  

1  .o  
0 . 4  

co.1 

6 .5  

1 . 4  

0 . 4  

0 - 7  

0 . 5  

6 .6  

1  . o  
c0 .1  

2 . 6  

5.1 

4.3 

1 .1 

1 . 6  

N o t e  3 

( ~ i  f f u s e d )  
 note 1 )  

0 . 0 ( 2 )  

0 . 4 ( 4 )  

0 . 1 ( 2 )  . . 

0 . 0 ( 2 )  . . 

1 .1  ( 2 )  

0 . 1 ( 2 )  

0 . 1 ( ? )  

0 . 2 ( 2 )  

0 . 0 ( 2 )  

0 . 1  ( 2 )  

0 . 0 ( 2 )  

1 . 5 ( 2 )  

" 0 . 4 ( 2 )  , . 

0 . 3 ( 2 )  

0.1 ( 2 )  

No te  1 .  Sample s i z e  shown i n  p a r e n t h e s e s .  

No te  2.  L i f e t i m e  measurements s u b j e c t  t o  l a r g e  e r r o r s  due t o  extr,eme 
s h a l l o w  t r a p  d e n s i t y .  

No te  3. P o l y c r y s t a l l i n e  i n g o t  - -  no e v a l u a t i o n  p e r f o r m e d .  

No te  4. L i f e t i m e  measurements n o t  p r a c t i c a l  du.e t o  l o w  r e s i s t i v i t y .  

N o t e  5.  L i f e t i m e  measurements n o t  p o s s i b l e  due t o  v e r y  l o w  l i f e t i m e  
( A V  t o o  s m a l l  ) . 

6 1 



TABLE 12 (Cont  . )  

RECOMBINATION LIFETIME MEASURED BY PHOTOCONDUCTIVE-DECAY METHOD 
(Q-SWITCHED Nd : YAG ~ a s e r  E x c i t a t i o n )  

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

L i  f e t i m e  ( As-Grown) L i f e t i m e  ( D i f f u s e d )  
T ( U S ~ C )   note 1 )  ~ ( ~ s e c )  o (No te  1 )  

*6 .6  

*6.3 

"6.2 

*6.7 

1.84 

1.76 

Note  2 

11.45 

- - 
*7 .8  

* ! i . r j  , 

*4 .6  

1 .78 

Note  2 

15.67 

0 .60  

12.11 

U . / 7  

7.64 

0.34 

0'. 73 

0 .75 

0.85 

1 .SO 

0.88 

6.43 

1 .75 

0.09 

1 . 6 8  

-- -- 

N o t e  1 .  Sample s i z e  shown i n  p a r e n t h e s i s  
N o t e  2.  I n s u f f i c i e n t  e l e c t r i c a l  s i g n a l  f o r  measurement 
N o t e  3 .  L i f e t i m e  measurements s u b j e c t  t o  l a r g e  e r r o r s  due t o  ex t reme s h a l l o w  

t r a p  d e n s i t y  
* Measured by LED e x c i t a t i o n  sou rce  



TABLE 1 2  ( C o n t . )  

RECOMBINATION LIFETIME MEASURED B Y  PHOTOCONDUCTIVE-DECAY METHOD 
( Q - ~ w i  t c h e d  Nd: YAG L a s e r  E x c i t a t i o n )  

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

L i f e t i m e  . (As-Grown) L i f e t i m e  ( D i f f u s e d )  
~ ( u s e c )   note 1 )  T ( I J S ~ C )  u ( N o t e  1 )  

W104-Cu/Ti -003 

No te  1 .  
No te  2 .  
Note  3 .  

0 .45  0 .16  0.02 ( 2 )  0.05 ( 2 )  

Sample s i z e  shown i n  p a r e n t h e s i s  
I n s u f f i c i e n t  e l e c t r i c a l  s i g n a l  f o r  measurement 
L i f e t i m e  measurements s u b j e c t  t o  l a r g e  e r r o r s  due t o  ex t reme 
s h a l l  ow t r a p  d e n s i t y .  



TABLE 12 (Con t . )  

RECOMBINATION LIFETIME MEASURED BY PHOTOCONDUCTIVE-DECAY METHOD 
( Q-Swi t c h e d  Nd : YAG Lase r  E x c i t a t i o n )  

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

L i f e t i m e  (As- Grown) L i f e t i m e  ( D i f f u s e d )  
- r (usec)  note 1 )  - r ( ~ s e c )   mote 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 

N o t e  1 .  Sample s i z e  shown i n  pa r ' en thes i s  
No te  2 .  I n s u f f i c i e n t  e l e c t r i c a l  s i g n a l  f o r  measurement 
N o t e  3 .  L i f e t i m e  measurements s u b j e c t  t o  l a r g e  e r r o r s  due t o  ex t reme 

s h a l l  ow t r a p  d e n s i t y  . 
* Low r e s i s t i v i t y  p - t y p e  i n g o t  i d e n t i f i c a t i o n .  



(b) The impuri ty  induced d i f f u s i o n  l eng th  r educ t ion  r e s u l t s  

e i t h e r  by c a r r i e r  reccmbination v i a  deep c e n t e r s  a s soc i a t ed  

with t h e  impur i t i e s  o r  by c a r r i e r  mob i l i t y  l o s s  due t o  

ionized impuri ty  s c a t t e r i n g .  

(c) The number of e l e c t r i c a l l y  a c t i v e  c e n t e r s  is a  spec i e s  

dependent l i n e a r  func t ion  of  t h e  t o t a l  m e t a l l u r g i c a l  

concent ra t ion  of t h a t  impur i ty .  

The hypotheses suggest t h a t  t h e  base d i f f u s i o n  l eng th ,  Ln ,  i s  

a  c h a r a c t e r i z i n g  parameter f o r  t h e  impuri ty  e f f e c t s .  Experience has  

shown t h a t  t h e  d i f f u s i o n  length  o r  equ iva l en t ly  t h e  l i f e t i m e  i s  d i f f i c u l t  

and time consuming t o  measure a c c u r a t e l y .  The l a r g e  number of  samples 

and d a t a  n e c e s s i t a t e d  a  s impler  measurement. So la r  c e l l  p rocess ing  

e f f e c t s  make it necessary  t o  o b t a i n  a  s t a t i s t i c a l l y  meaningful d a t a . b a s e .  

We have t h e r e f o r e  chosen t o  model t h e  impuri ty  e f f e c t  a s  a  func t ion  of  

t h e  s h o r t  c i r c u i t  c u r r e n t ,  a  more e a s i l y  measured q u a n t i t y  and d i r e c t l y  

r e l a t e d  t o  t h e  d i f f u s i o n  l eng th .  

4 . 3 . 1  Short  C i r c u i t  Current a s  a  Function of  Di f fus ion  Length 

Tlie r e l a t i o n s h i p  berween ISc and L can be obta ined  by so lv ing  
n 

t h e  c a r r i e r  t r a n s p o r t  equat ions  i n  t h e  base  with appropria . te  boundary 

cond i t i ons .  A one-dimensional computer s o l u t i o n  i s  shown a s  t h e  s o l i d  

curve i n  Fig.  10. The b a s i c  equat ion i n  t h i s  s o l u t i o n  i s :  

where NA = t h e  number of  photons w i t h  wavelength 

L A  = t h e  absorp t ion  l eng th ,  l / a X  

R = t h e  r e f l e c t i o n  c o e f f i c i e n t  
X 

x = d i s t a n c e  from t h e  c e l l  su r f ace .  The s o l u t i o n  a t  a  s i n g l e  

wavelength i s  then:  

I, = qA(N,/L,) (1 - R,) . (1-exp(-x(l /L,+l /Ln)))  (42) 
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The a c t i v e  base  th i ckness ,  x,  f o r  a  d i f f u s i o n  l eng th  l imi t ed  

c e l l ,  without a  back su r f ace  f i e l d ,  is on t h e  o rde r  of two o r  t h r e e  

d i f f u s i o n  l eng ths .  

I f  we choose a  wavelength near  t h e  middle of  t h e  s o l a r  spectrum 

we f i n d  L * 20 u m  and we o b t a i n :  
X 

Over t h e  range of  va lues  of  Ln app ropr i a t e  t o  our experiments,  t h e  second 

term i s  e s s e n t i a l l y  u n i t y ,  and we have: 

A more convenient form i s :  

Using a  normalized s h o r t  c i r c u i t  c u r r e n t ,  In  = I sc ( i lapuri ty  sample) / I  s c  (base l ine)  

we can o b t a i n  from t h e  experimental d a t a ,  a  l e a s t - s q u a r e s  s e t  o f  va lues  

f o r  I and L X  
nm 

The r e s u l t i n g  va lues  f o r  t h e  d a t a  i n  F igure  10 a r e  Inm = 1.08  and L 5 17 wn. 
An absorp t ion  l eng th  of 17 u m  corresponds t o  a  wavelength of  850 nm which 

i s  p l a u s i b l y  near  t h e  c e n t e r  of  t h e  s o l a r  spectrum. 

4 .3 .2  Impuri ty  Dependent Di f fus ion  Len@ 
L 

The d i f f u s i o n  l eng th  i n  t h e  base  of t h e  c e l l s  depends on t h e  

d e n s i t y  of recombination c e n t e r s .  We assume no concen t r a t ion  dependent 

e f f e c t s  and thus  expect t h e  d s n s i t y  of  c c n t c r s ,  NT, t o  bc p ropor t ionn l  

t o  t h e  concent ra t ion  of  t h e  metal impur i ty  atoms, N x .  Note t h a t  NT 

need not  equal N s i n c e  many metal atoms may be i n  e l e c t r i c a l l y  i n a c t i v e  
X 

s i t e s .  



The l i f e t i m e  a s  a  func t ion  of N i s  given by T 

where o  is t h e  recombination c ros s - sec t ion  f o r  metal-x and v  i s  t h e  x t h  
thermal  v e l o c i t y  of t h e  c a r r i e r s .  I f  N = a  N we have: T x x  

T = l / ( o  v  a  N )  
x t h x x  (47)  

With s e v e r a l  l i f e t i m e  mechanisms, t h e  e f f e c t i v e  l i f e t i m e  is  obtained 

from t h e  r e c i p r o c a l  sum: 

where T i s  l i f e t i m e  observed i n  uncontaminated ba.sel ine samples and T 
0 x ' 

T and T a r e  a s soc i a t ed  with t h e  meta ls  x ,  y,  , . . and z .  Using 
Y' z 2 t h e  r e l a t i o n s h i p ,  Ln = DT with E q .  (47)  g ives :  

E q .  45 then t a k e s  t h e  fo l lowing  convenient form: 

For t h e  samples conta in ing  s i n g l e  metal impur i tes ,  we can express  E q .  50 

a s  : 



where N i s  a  t h re sho ld  concent ra t ion  of impur i ty  x above which de- 
0 X 

g rada t ion  i s  observed. Table 13  g ives  t h e  l e a s t - s q u a r e s  va lues  obta ined  

from t h e  s i n g l e  metal d a t a  us ing  Eq. 5.1. 

4 .3 .3 .  Open C i r c u i t  Voltage Behavior 

The open c i r c u i t  vo l t age  us ing  t h e  base c o n t r o l l e d  model i s :  

where n  i s  t h e  i d e a l i t y  f a c t o r  

V = kT/q t h e  thermal vo l t age  T  

I  i s  t h e  s h o r t  c i r c u i t  cu r r en t  and 
S C  

I  i s  t h e  s a t u r a t i o n  c u r r e n t .  
0 

I0  ' based on our  assumptions, i s  p ropor t iona l  t o  1/L and from E q .  45: 
n  

l / L n  = ( l / q  ( Inm/ In - l )  .(53) 

Using V = Voc/Voco and I  - - lsc!lsco we can w r i t e :  
n  n  

where E and F a r e  determined by f i t t i n g  E q .  54 t o  experimental d a t a ,  

The r e s u l t  i s  shown i n  Figure 11.  Note: Voco = 0.556 v o l t s  and IsCO - - 
7 
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4 . 3 . 4 .  E f f i c i ency  Behavior 

We o b t a i n  t h e  e f f i c i e n c y  behavior from t h e  I-V equat ion.  Using 

normalized v a r i a b l e s ,  i = 1/1  and v  = V / V  with Eq. 53: 
S C O  OCO 

where C i s  a  cons tan t  found from t h e  boundary requirement t h a t  i f  I  = 1  
n  - 9  

and i = 0 then  v  = 1 .  From t h e  d a t a  i n  Figure 11 C = 9 . 7 1 ~ 1 0  . 
The normalized peak power r e s u l t s  when: 

Numerically so lv ing  57 g ives  v  a s  a  func t ion  o f  In and i is ob- 
P P 

t a i n e d  from Eq. 55. The normalized e f f i c i e n c y  i s  then :  

where t h e  zero s u b s c r i p t s  aga in  denote b a s e l i n e  q u a n t i t i e s .  The 

e f f i c i e n c y  a s  a func t ion  o f  'I i s  shown i n  F igure  12. As Eq. 57 has  no n  
c losed  form s o l u t i o n ,  an empir ica l  approximation was made: 

We now can c a l c u l a t e  t h e  e f f i c i e n c y  a s  a  func t ion  of  metal 

concent ra t ion  f o r  e i t h e r  p  o r  n-base devices  by u s e  of  Eqs. 59 and 51 

coupled with d a t a  l i k e  t h a t  i n  Table 13. The r e s u l t s  o f  such c a l c u l a t i o n s  

a r e  descr ibed  i n  s e c t i o n  4 . 4  and 4 .5 .  



F i g u r e  11 Voc a s  a  f u n c t i o n  of I f o r  meta l -doped s o l a r  c e l l s .  
SC 
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Figure 1 2  E f f i c i ency  versus  s h o r t  c i r c u i t  c u r r e n t .  



4 . 4  Analysis  of p-base So la r  C e l l s  

4 .4 .1  Model P red ic t ions  

F igure  13  d e p i c t s  t h e  c a l c u l a t e d  e f f i c i e n c y  of  4  R-cm p-base 

s o l a r  c e l l s  a s  a func t ion  o f  t h e  base  ma te r i a l  impuri ty  content  f o r  a  

v a r i e t y  of  added s i n g l e  i m p u r i t i e s .  With E q .  50 t h e  e f f i c i e n c y  o f  

devices  bear ing  mul t ip l e  contaminants a l s o  can be c a l c u l a t e d .  These 

r e s u l t s  a r e  compiled i n  Table 14 and d isp layed  i n  Figure 14.  The model 

curves f o r  most i m p u r i t i e s  a r e  gene ra l ly  i n  good agreement wi th  t h e  

d a t a .  The d a t a  p o i n t s  have been d e l e t e d  from t h e  curves f o r  c l a r i t y ) .  

A no tab le  except ion t o  t h i s  r e s u l t  i s  i r o n  and t o  a  l e s s e r  degree  
\ 

copper and n i c k e l .  Wc a s c r i b e  t h e s e  d i s p a r i t i e s  t o  degradat ion mechanisms 

beyond t h e  scoDe of  t h e  base c o n t r o l l e d  model. This  p o i n t  i s  c l a r i f i e d  

i n  t h e  I-V ana lyses  t o  follo\\r .  

4 .4 .2  Deta i led  1.-V Analvsis  

Genera l ly  d e t a i l e d  I-V a n a l y s i s  showed t h a t  i m p u r i t i e s  do not  

a l t e r  t h e  shunt o r  t h e  s e r i e s  r e s i s t a n c e  apprec iab ly  t o  account f o r  ob- 

served c e l l  degrada t ion .  In  a l i  c a ses ,  t h e  shunt r e s i s t a n c e  was above 

20 kR and t h e  s e r i e s  r e s i s t a n c e  was l e s s  than l R ,  t hus  i n  most ca ses  

where r e l a t i v e  s h i f t  i n  t h e  bulk and junct ion '  component was of  i n t e r e s t ,  

c o r r e c t i o n  f o r  r e s i s t i v e  components was not made i n  t h e  d e t a i l e d  I-V 

a n a l y s i s .  However, when abso lu t e  va lue  of I was needed, c o r r e c t i o n s  
0 

were made for I? and  R 
s s h '  

Dominantly i m p u r i t i e s  lowered t h e  bulk l i f e t i m e  t o  degrade t h e  

dev ice  performance a s  assumed i n  our model. I n  t hose  cases  which d id  

no t  conform t o  Xhe model p rope r ly ,  j unc t ion  recombination played an 

apprec i ab le  r o l e .  Some s p e c i f i c  examples of  t h e s e  a r e  d iscussed  below. 

The bulk c u r r e n t  component ( Ib )  ob ta ined  from t h e  transformed I-V p l o t s  

was q u i t e  r ep roduc ib l e  from sample t o  sample i n  each run .  However, t h e  

j unc t ion  excess cu r r en t  ( I  . )  showed some s c a t t e r  and on ly  t h e  average 
3 

behavior  is ind ica t ed  on t h e  transformed I-V p l o t s .  I t  i s  important t o  

recognize  t h a t  t h e  ope ra t ing  p o i n t  o f  t h e  s o l a r  c e l l  l i e s  around 0 . 5  v o l t s  

and a s l i g h t  s h i f t  i n  t h e  bulk c u r r e n t  segment on t h e  log  I-V p l o t  can 



Figure 13  Ef f i c i ency  versus  metal content ;  p-base dev ices .  

Model der ived  curves.  
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TABLE 14a Calcula ted  and Measured Normalized Short C i r c u i t  
Curren ts  and E f f i c i e n c i e s  f o r  Mul t ip l e  Metal Addit ions 

Ingot No. 

027 

030 

031 

037 

04 1 

04 3  

045 

046 

047 

Calcula ted  Measured C a l r u l a t  ed Measured. 
In  In n / n  b a s e l i n e  n /n  b a s e l i n e  



TABLE 14b. Impurity Concentrations for Ingots Tabulated in Table 14a 

(lo1 atoms cm- 3) 

Ingot No. 

027 

03 0 

0 31 

03 7 

041 

043 

(345 

046 

047 

050 

051 

0 61 

067 

G73 

C74 

0 91 

1 00 

111 

126 

T i  

0.22 

0.033 

0.039 

0.0002 

0.20 

0.011 

0.0033 

0.0024 

0.0003 

0.033 

0.14 

Ten elements; 

Cu 

1.7 

1.7 

1.7 

1.7 

1.7 

1.0 

2.0 

See 

V 

0.07 

0.0003 

0.004 

0.0006 

Table 33 

C r 

1.0 

1.0 

0.8 

0.65 

1.0 

0.4 

0.4 

0.08 

0.5 

F e 

0.56 

0.43 

0.57 

Mn 

1.3 

1.3 

I 

0.5 

0.4 

0.3 O a o 8 i  

Z r 

0.0007 

0.0002 

Ni 

2.1 

1.0 

2.0 

0.5 



FIGURE 14 

F i g u r e  14 C a l c u l a t e d  v e r s u s  measured e f f i c i e n c y  f o r  m u l t i p l y  
doped d e v i c e s .  



r e s u l t  i n  cons iderable  change i n  t h e  c e l l  performance. On t h e  o t h e r  hand, 

junc t ion  excess  cu r r en t  w i l l  have t o  change q u i t e  a  b i t  on t h e  log I-V 

p l o t  t o  a f f e c t  t h e  ope ra t ing  po in t  a t  a l l .  In t h e  fol lowing s e c t i o n s  

transformed I-V p l o t s  a r e  used ex tens ive ly  t o  d e s c r i b e  t h e  d e t a i l e d  

impuri ty  e f f e c t s  on t h e  c e l l  performance. 

4 . 4 . 2 . 1  I-V Analysis  of p base So la r  C e l l s  with S ing le  Impur i t i e s  

The impur i ty -e f f ec t s  model p r e d i c t s  very  well  t h e  in f luence  of 

i m p u r i t i e s ,  l i k e  Mn, C r ,  T i  and V ,  on t h e  c e l l  performance. F igure  15 

shows t h e  transformed I-V p l o t s  f o r  T i  doped c e l l s .  I t  i s  q u i t e  c l e a r  

t h a t  t h e  a d d i t i o n  of  Ti  r e s u l t s  i n  a  sys temat ic  i n c r e a s e  i n  t h e  r e v e r s e  

s a t u r a t i o n  cu r r en t  o r  a  decrease  i n  t h e  bulk l i f e t i m e .  Only a t  very  h igh  

T i  concen t r a t ions  t h e r e  seems t o  be a  small  i nc rease  i n  t h e  junc t ion  

excess  c u r r e n t . T i  does not a l t e r  Rs ,  Rsh and I .  app rec i ab ly  t o  account 
I 

f o r  any c e l l  degrada t ion .  This  behavior  i s  t y p i c a l  of i m p u r i t i e s  which 

s a t i s f y  t h e  model assumptions. 

Unlike T i ,  impur i t i e s  l i k e  Cu and N i  have l a r g e  th re sho ld  

concent ra t ion  beyond which they  degrade t h e  c e l l  performance very  s lowly.  

The transformed I-V p l o t ,  (Figure 1 6 ) ,  of Cu-doped c e l l  indiczites t h a t  

Cu induced c e l l  degrada t ion  can be l a r g e l y  a t t r i b u t e d  t o  t h e  increased  

junc t ion  excess  c u r r e n t .  P r e c i p i t a t e s  occur  f r equen t ly  i n  t h e  heav i ly  

Cu-doped i n g o t s ,  e . g  Figure 17, and t h e i r  p resence  i n  

t h e  high f i e l d  space charge reg ion  can r e s u l t  i n  excess  c u r r e n t s .  The 

inc rease  i n  I  w i l l  depend on t h e  q u a n t i t y  and l o c a t i o n  of t h e  p r e c i p i t a t e s  
j 

i n  t he  space charge r eg ion  which could vary  from sample t o  sample. Con- 

s equen t ly ,  a  much l a r g e r  s c a t t e r  is  observed i n  t h e  junc t ion  excess 

c u r r e n t  of Cu doped c e l l s .  Figure 16 a l s o  demonstrates  t h a t  Cu incorpora ted  

i n t o  S i  i n  t h i s  manner has very  l i t t l e  e f f e c t  on t h e  bulk l i f e t i m e  which 

impl ies  t h a t  i f  recombination c e n t e r s  a r e  p r e s e n t ,  they  a r e  e i t h e r  very 

few i n  number o r  have a  very  small capt.11re c r o s s  sectin:rs. 

A t  h igh i r o n  concen t r a t ions ,  i r o n  doped c e l l s  cnnform poor ly  t o  

t h c  model, v i z  Figure 13. The transformed I-V p l o t  f o r  i r o n  doped c e l l s ,  

Figure 18,  i n d i c a t e s  t h a t  a t  h igher  concen t r a t ions  Fe degrades t h e  c e l l  

performance both by lowering t h e  bulk l i f e t i m e  and by inc reas ing  t h e  



Curve 656564-6 

Volts 

Figure 15 Transformed dark  I - V  curves f o r  Ti-doped 4 ncm 
s i l i c o n  s o l a r  c e l l s .  



Curve 6936~7-5 

Figure 16 Transformed dark I-V curves for  Cu-doped 4 ncm s i l i con  
solar c e l l s .  



Figure 17 Copver p r ec ip i t a t e s  revealed i n  wafers c u t  fro111 iirgots 
purvosely doped with copner. X-ray topograph, MoK 
rad ia t ion ,  (111) r e f l e c t i on ,  magni f i  ca t ion approximately 
2QX. 



Curve 693689-F 

F i g u r e  18 TI-ansformcd darlc I V curves f o r  Fe-doped 4 Rcm 
s i l i c o n  s o l a r  c e l l s .  



junc t ion  excess  c u r r e n t .  Since t h e  f i r s t  o rde r  model does not  account f o r  

t h e  degrada t ion  due t o  enhanced junc t ion  recombination, t h e r e f o r e ,  i r o n  

a s  expected,  shows much more r ap id  degradat ion than  p red ic t ed  by t h e  model. 

Considerable  s c a t t e r  was observed i n  t h e  junc t ion  excess  cu r r en t  of Fe 

doped c e l l s .  I n  f a c t ,  some c e l l s  which showed f a i r l y  low I were i n  
j  

good agreement wi th  t h e  model. 

4 .4 .2 .2  I-V Analysis  of Multiply-Doped So la r  C e l l s  

Based on t h e  assumption t h a t  i m p u r i t i e s  do not  i n e r a c t ,  t h e  

c a l c u l a t e d  e f f i c i e n c i e s  from t h e  model a re  i n  f a i r  agreement with t h e  

experimental d a t a  f o r  t h e  mul t ip ly  doped s o l a r  c e l l s .  F igure  19 shows 

t h e  transformed I-V curve f o r  Mn p l u s  Cu doped c e l l .  Transformed I-V 

p l o t s  f o r  Mn and Cu singly-doped c e l l s  with t h e  same concen t r a t ions  a r e  

a l s o  shown i n  t h e  f i g u r e .  I t  i s  q u i t e  c l e a r  t h a t  t h e  l i  &time o f  Co + 

Mn doped c e l l s  i s  determined by t h e  Mn con ten t ,  but t h e  junc t ion  ex.cess 

c u r r e n t  is governed by t h e  Cu con ten t .  Thus, Cu and Mn do no t  show any 

evidence of i n t e r a c t i o n .  F igure  20 shows t h a t  C r  + Mn doped c e l l s  (Ingot 

31) have much sma l l e r  l i f e t i m e  compared t o  Mn o r  C r  doped c e l l s  conta in-  

i ng  t h e  same metal concent ra t  ion  s e p a r a t e l y .  Again no compel 1 ing ev i -  

dence o f  i n t e r a c t i o n  i s  p e s e n t .  

However i n  t h e  c a s e  of Cu + Ti  doping, Cu appears t n  m i t i g a t e  

t h e  e f f e c t  o,f T i  somewhat ('e. p i ngo t s  51 and 104) but  on1.y when t h e  i m -  

p u r i t y  concen t r a t ions  a r e  l a r g e .  Transformed I;V curves i n  F igure  21 

i n d i c a t e  that when t h e  T i  concen t r a t ion  is about 4x1013 ~ m - ~ ,  a d d i t i o n  
15 - 3  

of 1x10 cm Cu (Ingot-100) a c t u a l l y  lowers t h e  cel.1, e f f i . c i c n c ) ~  from 

6.1% t o  5.59 sugges t ing  no i n t e r a c t i o n .  On t h e  o t h e r  hand, F igure  22 

shows t h a t  when T i  concen t r a t ion  is l a r g e  [ 2. 2 ~ 1 0 l ~ c m - ~ )  t h e n  a d d i t i o n  
I S  - 3  . 

of  2x10 cm Cu improves t h e  c e l l  e f f i c i e n c y  from 3 .9% t o  4 .85%,  

approxilrrcitely 20% improvement i n  t h e  c e l l  performance. Figure 22 a l s o  

shows rhae t h e  improvement r e s u l t s  from t h e  l i f e t i m e  enhancement a s  though 

Cu g e t t e r e d  some of t h e  e l e c t r i c a l l y  a c t i v e  T i .  S imi la r  b e n e f i c i a l  e f f e c t s  

of Cuwere a l s o  observed on samples cunta in ing  l a r g e  amountsof V .  For 
15 - 3  

example F igure  23 shuws that: a d d i t i o n  of 2 . 5 ~ 1 0  cm Cu i n  samples 
14 -3  

conta in ing  2. 4x10 cm V improves the  c e l l  performance from 3.9% t o  5 . 2 % .  



Curve 693688-8 

. . 

F i g u r e  19 Transformed dark I - V  c u r v e s  f o r  Mn/Cu-doped 4Rcm 
s i i i c o n  s o l a r  c e l l s  



Curve 595091 - F  

1 I I I 1 I 
Base Line, - 7 = 10.40% 

Figure 20 Transformed dark I-V curves for Mn/Cr-doped 4 Rcm 
silicon solar c e l l s  , 



Curve 696566-6 
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Figure  21 Transformed dark I - V  curves f o r  Cu/Ti doped 4 Qcm 
s i l i c o n  s o l a r  c e l l s  



Curve 696565-E 

Base Line. 7 = 10.46%. Ingot - 01 
15 ICul =l. 7 x 10 cm-3, 7 = 10%. In@ - 07 

15 -3  14 - 3  [ C u l = 2 x l O  cm +ITil=1.4xlO c m  
7 = 4.85%. Ingot - 104 

14 [Ti1 = 2 x 10 cm-q  7 = 3.90% 
Ingot - 08 

Figure 22 TI-ansformcd dark I - V  curves for Ci.i/Ti-doped 4 52 cm 
silicon s o l a r  c e l l s  
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Figure 23 Transformed dark I-V curves for V/Cu-doned 4 .Q cm 
silicon solar cells 
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I t  i s  important t o  r e a l i z e  t h a t  t h e  favorable  synerg ic  e f f e c t  of  Cu add i t i ons  

is appa ren t ly  small  and shows up only  a t  l a r g e  impuri ty  concen t r a t ions .  

I n  genera l  t h e  r e s u l t s  of t h e  I-V ana lyses  a r e  c o n s i s t e n t  with 

DLTS d a t a  (Sec t ion  4 .6)  ; i n t e r a c t i o n s  between impur i t i e s  i f  p re sen t  a r e  

weak. 

4 .4 .3  P o l y c r y s t a l l i n e  Mate r i a l  

P o l y c r y s t a l l i n e  i n g o t s  o r  forms of  s i l i c o n  shee t  conta in ing  

g r a i n  boundaries  a r e  p o t e n t i a l  low cos t  s u b s t r a t e s  f o r  t e r r e s t r i a l  s o l a r  

c e l l s .  Thus a  p a r t  o f  t h i s  program i s  d i r e c t e d  a t  e l u c i d a t i n g  t h e  r e -  

sponse of s o l a r  c e l l s  made on p o l y c r y s t a l l i n e  s i l i c o n  t o  c o n t r o l l e d  ad- 

d i t i o n s  of metal contaminants.  The experiments were l i m i t e d ,  comprising 

two metal-doped (Ti and Mn) and one b a s e l i n e  i n g o t ,  and d i r e c t e d  p r imar i ly  

towards developing techniques  t o  ana lyze  such m a t e r i a l s .  

P o l y c r y s t a l l i n e  s t r u c t u r e  was induced by i n i t i a t i n g  growth from 

a  la rge-gra ined  seed.  No at tempt  was made t o  con t ro l  t h e  g r a i n  s i z e  of  

t h e  ingo t s  which va r i ed  somewhat from seed t o  tang end, e . g  Figure 24. 

The ingot  mic ros t ruc tu re  contained a  v a r i e t y  of twins ,  low angle  and 

high angle g ra in  boundaries ,  and c e l l  performance improved s l i g h t l y  i n  

t h e  l a r g e r  grained a r e a s .  A l l  comparisons were thus  made on wafers from 

s i m i l a r  r eg ions  of  t h e  i n g o t s .  

Analysis  of t h e  Mn-doped ingot  (W094-Mn005) proved extremely 

d i f f i c u l t .  Cc l l  d a t a ,  Appcndix 6 ,  s c a t t e r  cons iderably  with some c e l l s  

e x h i b i t i n g  e f f i c i e n c y  comparable t o  t h e  poly b a s e l i n e  (% 7% uncoated) 

and o t h e r s  on ly  1-2%. Large v a r i a t i o n s  i n  V and t h e  n  f a c t o r  were 
OC 

apparent from c e l l  t o  c e l l  while 1 was r e l a t i v e l y  cons tan t .  'I'he r e s u l t  
S C  

was r e p l i c a t e d  i n  a  second s o l a r  c e l l  run.  k t a i l e d  I-V a n a l y s i s  proved 

f r u i t l e s s  bu t  o v e r a l l  t h e  e f f e c t  of  Mn on c e l l  performance appeared t o  

b e  through junc t ion  degrada t ion .  

In  c o n t r a s t  t h e  Ti-doped c e l l s  f a b r i c a t e d  on p d l y  ingot  W102- 

Ti-006 were cons iderably  b e t t e r  behaved. Average c e l l  e f f i c i e n c y ,  

Appendix 6 ,  was 3 . 9  - + 0.4% (without coa t ings)  a t  an est imated T i  
14 - 3  

concent ra t ion  of 10 cm . F i g u r e  25 shows t h e  transformed I-V . p lo t s  



(a) Seed end 

(b) Tang end 

Figure 24 Sirt l  Etched Wafers from Polycrystalline Baseline Ingot W076 
Reflected Light 32X 
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Figure 25 Trslllsfor?neJ dvrk I - V  ruivlas Tot Ti-do,pud 4 0 G J ~ I  puly  
and s ingle  crystal  silicon solar ce l l s  



f o r  b a s e  l i n e  s i n g l e  c r y s t a l  and ~ o l y c r v s t a l l i n e  s o l a r  c e l l s  a long  wi th  

c e l l s  c o n t a i n i n g  T i .  The v o l y  b a s e  l i n e  g i v e s  a  s m a l l e r  e f f i c i e n c y  t h a n  

t h e  s i n g l e  c r y s t a l  b a s e  l i n e  b o t h  because  o f  reduced bu lk  l i f e t i m e  and 

somewhat l a r g e r  l eakage  c u r r e n t .  T h i s  i s  e x ~ e c t e d  s i n c e  g r a i n  b o u n d a r i e s  

a c t  a s  recombina t ion  s i t e s  and t h e i r  p r e s e n c e  i n  t h e  sDace c h a r g e  r e g i o n  

can r e s u l t  i n  j u n c t i o n  excess  c u r r e n t .  Although Ti-doped s i n g l e  c r y s t a l  

and Ti-doped p o l y  c e l l s  b o t h  e x h i b i t  about  4 %  c e l l  e f f i c i e n c y ,  it i s  

noteworthy t h a t  p o l y  m a t e r i a l  h a s  a  b e t t e r  bu lk  l i f e t i m e  and a h i g h e r  

l eakage  c u r r e n t .  T h i s  s u g g e s t s  t h a t  o f  a  g iven  t o t a l  c o n c e n t r a t i o n  . 

t h e r e  i s  l e s s  e l e c t r i c a l l y  a c t i v e  T i  w i t h i n  t h e  bu lk  o f  t h e  v o l y  g r a i n s  

and more a t  t h e  g r a i n  b o u n d a r i e s .  An a ~ p r o x i m a t e  c a l c u l a t i o n  can  b e  

made from t h e  r e v e r s e  s a t u r a t i o n  c u r r e n t s  ( I  ) t o  d e t e r m i n e  t h e  r a t i o  of 
0 

e l e c t r i c a l l v  a c t i v e  T i  c o n c e n t r a t i o n s  i n  t h e  b u l k  o f  t h e  s i n g l e  c r y s t a l  

and t h e  g r a i n s  i n  t h e  p o l y  i n g o t :  

where.NT i s  t h e  c o n c e n t r a t i o n  o f  e l e c t r i c a l  a c t i v e  c e n t e r s  

- 11 
I f o r  s i n g l e  c r y s t a l  b a s e l i n e  = 1x10 am? s 
0 

-10 
I  f o r  T i  doped s i n g l e  c r y s t a l  = 2 . 2 ~ 1 0  amps 

0 

-10 
I f o r  T i  d o ~ e d  p o l y  = 1..2x10 amps 
0 

A l l  I 's werc dc tc rmined  from t h e  t r a .ns fn rmed  I - V  p l o t s  o f  F i g u r e .  25 and 
0 

n o t  from t h e  measured I - V  d a t a .  

The e f f e c t i v e  c a r r i e r  l i f e t i m e  o f  a  c e l l  c o n t a i n i n g  T i  i m p u r i t y  

can b e  s e p a r a t e d  i n t o  two con~Donents:  

1 - -  1 1 - - + -  
T T T 

c f f  BL T i  



where BL denotes  b a s e l i n e  d a t a  and T i  denotes  t h e  c o n t r i b u t i o n  due t o  

t i t a n i u v  a lone .  The r e v e r s e  s a t u r a t i o n  cu r r en t  due t o  T i  on ly  f o r  t h e  

- 20 
= ( 2 . 2 x 1 0 - ~ O ) ~ -  ( l x 1 0 - ~ ~ ) ~  = 4 . 8 3 ~ 1 0  , s i n g l e  c r y s t a l  i s  : I. )Ti 

2  -10 2  -11 2  
and f o r  p o l y  is  : I. )Ti = (1'2x10 ) -(4.64x10 ) = 1 . 2 2 5 ~ 1 0  - 20 

. N  ) s i n g l e  x . t a l  I  2  
Thus T  - o ) T i - s i n g l e  x  t a l  - - 4 . 8 3 ~ 1 0 - ~ '  

- 2 . -20 = 3.95 
NT) P O 1 ~  I. ) Ti-Poly 1 . 2 2 5 ~ 1 0  

1f  ' t h e  e l e c t r i c a l l y  a c t i v e  concentrat i ,on is a  f i xed  f r a c t i o n  of  t o t a l  

concen t r a t ion  i n  t h e  bulk then  t h e r e  is  approximately 4 t imes l e s s  T i  i n  

t h e  bulk of po ly ,  t h e  r e s t  appa ren t ly  being segrega ted  a t  t h e  g r a i n  

boundaries .  This  f r a c t i o n  may be  d i f f e r e n t  f o r  d i f f e r e n t  g r a i n  s i z e  

poly  because : 1)  d i f f e r e n c e  i n  g r a i n  boundary a rea  wi l l  r e q i ~ l t  iiz d i f f e r e n t  

segrega ted  amount of  T i ,  2) Io),BL-Poly may change with g r a i n  s i z e  and, 

3) t h e  recombination c h a r a c t e r  of g r a i n  boundary may change with t h e  

presence of  t i t an ium thus  i n v a l i d a t i n g  t h e  assumption t h a t  T B L 
and I 

oBL 
remain t h e  same. 

4 . 4 . 4  Low R e s i s t i v i t y  b4aterial -...-..-.- 

The e f f e c t  of  i m p u r i t i e s  i n  high and low r e s i s t i v i t y  . s i  l j con 

appears  s u p r i s i n g l y  t h e  same. Basel ine c e l l s  on 0.2 ohm-cm and 4 . 0  ohm-cm 

s i l i c o n  have approximately t h e  same r e l a t i v e  e f f i c i e n c i e s  e . g  Table 15 , 

and t h e  two types  of d'evices experience n e a r l y . i d e r ~ t i c a l  degrada t ion  i n  

t h e  presence  of an impur i ty  

One might presume from t h i s  comparison t h a t  t h e  mechanisms of 

degrada t ion  were i d e n t i c a l .  However, a  c a r e f u l  examination of  t h c  phys ics  

r e v e a l s  s i g n i f i c a n t  d i f f e r m c e s  and an important conc lus io r~ .  The low 

r e s i s t i v i t y  c e l l s  appa ren t ly  a r e  more seve re ly  a f f e c t e d  than  a r e  t h e  

h igh  r e s i s t i v i t y  dev ices .  



TABLE 1 5  

COMPARISON OF LOW AND H I G H  R E S I S T I V I T Y  P-BASE SOLAR CELLS 
DOPED WITH S I M I L A R  CONCENTRATIONS OF METAL CUNTAMINANTS 

* rlo is  t h e  e f f i c i e n c y  o f  uncontaminated base l ink  devices ,  about 10% 
without AR coa t ings .  



This  is  shown by examining t h e  r e l a t i v e  change i n  t h e  impuri ty  

dependent component of t h e  s a t u r a t i o n  cu r r en t  and inc luding  t h e  e f f e c t  o f  band- 

gap narrowing. For example, ~ i i u r e . 2 6  shows t h e  transformed I - V  d a t a  f o r  

t i taniumsdoped and b a s e l i n e  devices  i n  both h igh  and low r e s i s t i v i t y  

m a t e r i a l .  Note t h a t  whi le  t h e  e f f i c i e n c i e s  a r e  s i m i l a r  i n  l i k e  c e l l s ,  

t h a t  t h e  I components f o r  t h e  low and high r e s i s t i v i t y  c a s e s  d i f f e r  
B 

cons iderably .  This  is  not  e n t i r e l y  due t o  t h e  d i f f e r e n c e s  i n  base  l i f e -  

t imes  because o f  t h e  dependence of I on t h e  base acceptor  concent ra t ion  
0 2 and on t h e  i n t r i n s i c  c a r r i e r  concent ra t ion  (Io1 a ni/NA). 

From t h e s e  d a t a  we ,ob ta in  t h e  four  base  dependent s a t u r a t i o n  

sllrrcnta : 

-11 
I_ f o r  high r e s i s t i v i t y  b a s e l i n e  S i  = 1x10 amps 
u -10 
1 f o r  T i  doped h i g h ' r c s i s t i v i t y  S i  = 2 . 2 ~ 1 0  amps 
0 -12 

I f o r  low r e s i s t i v i t y  b a s e l i n e  S i  = 2 . 1 5 ~ 1 0  amps 
0 . . 

I f o r  T i  doped low r e s i s t i v i t y  S i  = 1.468xl0-" amps 
0 

a l l  I. ' s  were determined from t h e  transformed I-V p l o t s .  

1 1 1  Since  - = - + - 
T e f f  'EL  T T i  

where s u b s c r i p t s  Ti-HR and T i - L F  r e f e r . t s  t h e  cnnts ihut io i i  J u u  t o  T i  

a lone  i n  high r e s i s t i v i t y  and low r e s i s t i v i t y  $?, 



Curve 6 3 6 i t I - 6  
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A - Low Resistivity (0 .  2 R c m )  Base Line. 71 =9.79%. 
Ingot  - 58 - 

B - High Resistivity ( 4  R c m )  Base Line 77 = 10.16%. 

Inwt - 103 
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F i g u r e  26 Transformed d a r k  I - V  c u r v e s  f o r  T i  doped 4 R cm 
and 0 . 2  cm s i l i . c n n  s o l a r  y e l l s  



where r l i  i s  t h e  i n t r i n s i c  c a r r i e r  concen t r a t ion ,  I! i s  t h e  d i f f u s i v i t y ,  

N i s  t h e  doping, N i s  t h e  e l e c t r i c a l l y  a c t i v e  t r a p  concen t r a t ion  and a 
A T 

i s  t h e  capture  c r o s s  s e c t i o n  of  t h e  t r a p .  

I f  we assume t h a t  t h e  cap tu re  c ros s  s e c t i o n  is t h e  same i n  t h e  

two cases ,  Eq,.  62 reduces t o  : 

Since  q 2 
d B -Eg/kT i 

where AEg i s  t h e  band gap narrowing.If  we assume t h a t  i n  0 . 2  Qcm S i  
17 - 3  

(NA % 1 . 5 ~ 1 0  cm ) no band gap narrowing t akes  p l ace  then  equat ion  

65 imp l i e s  t h a t  t h e  same amount of T i  produces 16 t imes more e l e c t r i c a l l y  

a c t i v e  c e n t e r s  i n  low r e s i s t i v i t y  S i .  01.1 t h e  o t h e r  extremc i f  we assume 

no i n t e r a c t i o n  between t h e  e l e c t r i c a l l y  aceive doparit a d  l ' i  a ~ r d  t h a t  

t h e r e  a r e  equal number o f t r a p s ,  i n  high and low r e s i s t i v i t y  Il laterial  

t hen  equat ion 65 g ives  AEg = 36 m d l  . 



I f  we use  t h e  fol lowing emperical r e l a t i o n s h i p  f o r  bandgap 

narrowing from re fe rence  24 

N 
AVg (N) = 9 

2 
+ J ((an N/1017) + 0.5)  

17 - 3  
N g  = 9 . 6 3  niJ f o r  N = 1 . 5 ~ 1 0  cm 

AEg = 9.63  meV 

S u b s t i t u t i n g  t h i s  va lue  of  AEg, equat ion  65 g ives  

N~~ R - = 7.7 o r  more 
N~~ R 

c o r r e c t l y  
N~~~ 'LR 

= 7.7 because band gap 

shr inkage  yay e f f e c t  cap tu re  c r o s s  s e c t i o n .  

The foregoing a n a l y s i s  i n d i c a t e s  t h a t  t h e  c e l l  e f f i c i e n c i e s  

a r e  n e a r l y  same f o r  low and high r e s i s t i v i t y  S i  conta in ing  s 2 x 1 0 ' ~  T i ,  

bu t  f o r  d i f f e r e n t  reasons .  Low r e s i s t i v i t y  S i  s u f f e r s  from bandgap 

shrinkage and excess  recombination c e n t e r s  which m i t i g a t e  o r  annul t h e  

b e n e f i c i a l  e f f e c t  o f  a  l a r g e  b u i l t - i n  f i e l d .  DLTS experiments a r e  

being casr . ied out t o  determine t h e  r a t i o  N TLK/N1,HH i n  an at tempt  t n  

v e r i f y  t h e  above a n a l y s i s .  

F l o a t  Zone Mater ia l  

Previous s t u d i e s z 5  have suggested t h a t  s o l a r  c e l l s  f a b r i c a t e d  

on purposely-contaminated f l o a t  zone .mater ia1  exh ib i t ed  h igher  e f f i c i e n c i e s  

than  t h e i r  Czochralski-grown coun te rpa r t s .  This  could be a t t r i b u t e d  t o  

t he  r e d u c t i o r ~  i n  carbon and oxygen i n  t h e  ma te r i a l  per  s e  o r  to  .the e- 

l imina t ion  of  metal-oxygen o r  metal-carbon complexing i n  t h e  low C ,  low o  

f loa t zone  c r y s t a l s .  We conducted a  l imi t ed  s e r i e s  of experiments i n  an attempt 



t o  c l a r i f y  t h e  o r i g i n  of t h e  performance d i f f e r e n c e  f o r  Czochralski  

f l o a t  zone m a t e r i a l s .  The i m p u r i t i e s  T i ,  A 1  and C r  were chosen f o r  

s tudy  on t h e  b a s i s  t hey  would be among t h e  most l i k e l y  elements i n  our 

mat r ix  t o  e x h i b i t  chemical i n t e r a c t i o n  with oxygen o r  carbon. Ti  is a  

s t r o n g  oxide and ca rb ide  former,  A 1  i s  known t o  complex wi th  oxygen i n  

s i l i c o n  and C r  a l s o  forms h igh ly  s t a b l e  oxides .  

The r e s u l t s  df  t h e  experiments,  Table 16, i n d i c a t e  no dramat ic  

d i f f e r e n c e s  between t h e  f l o a t  zone and Czochralski  c e l l s  wi th  t h e  except ion 

of A l .  The e f f i c i e n c i e s  o f  t h e  T i  and C r  f l o a t  zone c e l l s  a r e  c l o s e  t o  

t hose  o f  t h e  ~ z o c h r a ' l s k i  dev ices ,  small  d i f f e r e n c e s  being a t t r i b u t a b l e  t o  

experimental e r r o r  o r  t o  s lTght  v a r i a t i o n s  i n  t h e  a c t u a l  impuri ty  content  

of  t h e  ingo t s .  I n  both f l o a t  zone and Czochralski  ma te r i a l  device  pe r -  

formance r educ t ion  i s  due t o  a  lowering of  t h e  bulk l i f e t i m e  a s  i l l u s t r a t e d  
I 

by t h e  transformed I-V p l o t s ,  F i g u r e  27a. Unl ike  C r  o r  T i  however, t h e '  

e f f e c t  of A 1  i s  ve ry  d i f f e r e n t  i n  t h e  two base m a t e r i a l s .  The I-V p l o t s ,  
16 - 3  

F i g u r e  27b, show t h a t  A 1  a t  t h e  nominal 3x10 cm concent ra t ion  has 

l i t t l e  e f f e c t  on t h e  f l o a t  zone c e l l s  bu t  degrades e f f i c i e n c y  t o  about 

80% of b a s e l i n e  i n  t h e  Czochralski  c e l l s .  In  t h e  l a t t e r  ca se  A 1  

appreciably reduces bulk l i f e t i m e  and a l s o  promotes an i n c r e a s e ' i n  

junc t ion  excess  c u r r e n t .  Since t h e  carbon and oxygen content  of  t h e  

Czochsalski  ingot  cons iderably  exceeds t h a t  of  t h e  f l o a t  zone c r y s t a l  

one might indeed p o s t u l a t e  complexing of A 1  with C o r  0 a s  a  mechanism 

f o r  t h e  format.ion of recombination c e n t e r s  i n  t h e  former.  

4 . 5  Analysis  of  N-base So la r  C e l l s  

The behavior  of  n-base devices  was modeled in. t h e  same manner 

as  f o r  t h e  p-base c e i i s .  The l e a s t  squares  parameters der ived  from ehe 

s i n g l e  impur i ty  data,(Appendix 6)by means of E q .  51 a r e  compiled i n  Table 

17. With these pararnctess . . and. Eqs. 59 we c a l c u l a t e  t h e  v a r i a t i o n  i n  c e l l  

e f f i c i e n c y  with impur i ty ' con ten t  whic'h a r e  compared i n  F i g u r e  28 with 

s i m i l a r  curves  f o r  p- type s i l i c o n .  . . 



TABLE 16 

I m p u r i t y  

RELATIVE CELL EFFICIENCY FOR SOLAR CELLS ON 4 ncm 
FLOAT ZONE AND LZOCHRALSKI SILICON 

C o n c e n t r a t i o n  Growth 
(1015 cm-3)  Techn ique 

R e l a t i v e  E f f i c i e n c y  
(q /n0 )  * - 

*qo i s  t h e  e f f i c i e n c y  o f  uncontaminated b a s e l i n e  d e v i c e s ,  about  10% 
wi thou t  AR c o a t i n g s .  



15 -3 C Z  - Ingot-04, l C r l  = 1.0 x 10 cm 
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Figure 27a Transformed Dark I-IL Curves f o r  Cr-doped 4 Rcm 
S i l i c o n  So la r  Ce l l s  

I I I 



Curve 696562-E 

I I I I I I 
16 -3  

CZ - Ingot- 28. I A l l  = 2.6 x 10 cm 
16 -3  FZ - Ingot-107. [ A l l  = 3.0 x 10 cm 
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Figure 27b Transformed Dark 1-11. Curves f o r .  Al-Doped 4 Rcm 
Cz and Fz S i l i c n n  So la r  C e l l s  



I n  t h e  p-base s t u d i e s  most i m ~ u r i t y  induced c e l l  degradat ion 

was found t o  be a  r e s u l t  o f  increased  c a r r i e r  recombination i n  t h e  c e l l  

base- reg ion .  When impur i ty  atoms a r e  i n c o r ~ o r a t e d  i n  t h e  s i l i c o n  l a t t i c e  

t hey  induce d i s c r e t e  energy s t a t e s  i n  t h e  forbidden gau which a r e  

c h a r a c t e r i s t i c  of  each s p e c i f i c  impur i ty .  The degree t o  which t h e s e  

energy s t a t e s  a c t  a s  recombination c e n t e r s  depends on t h e i r  energy p o s i -  

t i o n  i n  t h e  band and on t h e i r  r e l a t i v e  Dos i t ion  with r e spec t  t o  t h e  Fermi 

l e v e l  which depends on doping type and concen t r a t ion .  Thus while  t h e  

s t a t e s  a s soc i a t ed  with a given impuri ty  shou1.d be t h e  same i n  ? and n-type 

m a t e r i a l ,  t h e  degree of recombination a c t i v i t y  should i n  general  be 

d i f f c r e n t  because t h e  r e l a t i v e  p o s i t i o n  o f  t h e  Fermi l e v e l  l d i l l .  h e  

d i f f e r e n t  a s  t h e  d e e ~  l e v e l  measurements, Sec t ion  4 . 6 ,  i n d i c a t e .  The 

curves of F igurc  28 i l l u s t r a t e  c l e a r l y  t h i s  e x ~ e c t e d  d i f f e r e n c e s  i n  be- 

hav io r  for n and p-devicks .  

Of p a r t i c u l a r  i n t e r e s t  i s  t h e  f a c t  t h a t  t h e  performance degrad- 

a t i o n  i n  n-base devices  i s  l e s s  than  i n  t h e  corresponding D-base devices  

but  i n  both cases  i s  t h e  r e s u l t  o f  d i f f u s i o n  length  l o s s .  For example, 

t h e  transformed I - V  u l o t s  of  n  and p  base devices  conta in ing  T i ,  Figure 

29 ,  i l l u s t r a t e  t h i s  po in t  n i c e l y .  In  both cases  Ti  lowers t h e  l i f e t i m e  

t o  degrade t h e  c e l l  performance; however, i t  reduces t h e  e l e c t r o n  l i f e -  

t ime more than  t h e  ho le  l i f e t i m e .  Again, except ions t o  t h i s  genera l  

p a t t e r n  a r e  t h e  elements copper and n i c k e l .  Copner appears  t o  have l i ~ L 1 e  

e f f e c t  i n  e i t h e r  n  o r  p  s i l i c o n  except a t  very high concen t r a t ions .  
* 

Nickel ,  however, e x h i b i t s  an e n t i r e l y  d i f f e r e n t  behavior .  The e f f i c i ency  

o f  t h e  n icke l  doped n-base c e l l s  was severe ' ly  reduced while t h e  s h o r t  

c i r c u i t  c u r r e n t s  were only s l i g h t l y  diminished.  This  i n d i c a t e s  t h a t  t h e  

base  d i f f u s i o n  length  i s  not t h e  c o n t r o l l i n g  parameter but  r a t h e r  t h e  

e f f e c t  of excess ive  junc t ion  dark cu r r en t  o r  contac t  degrada t ion .  (This 

e f f e c t  was confirmed by repeat in^ t h e  e x ~ e r i m e n t ) .  I t  i s  apparent ,  how- 

eve r ,  t h a t  n i c k e l  does not produce l a r g e  recombination e f f e c t s  i n  e i t h e r  

n  o r  D-base m a t e r i a l .  . . 

* Not i l l u s t r a t e d  i n  Figure 28, s e e  A ~ p e n d i x  6.  
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F i g u r e  29 .Transformed dark I-V curves  f o r  Ti-doped n and p 
base  4 Rcm s i l i c o n  s o l a r  c e l l s .  
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4.6 Spec t roscopic  C h a r a c t e r i s t i c s  of Impur i t i e s  i n  S i l i c o n  

Impurity-induced hole  and e l e c t r o n  t r a p  l e v e l s ,  t h e i r  d e n s i t i e s  

and cap tu re  c r o s s  s e c t i o n s  obtained from DLTS measurements a r e  t a b u l a t e d  

i n  Table 18 .  The spectrum of  t h e  energy l e v e l s  ob ta ined  f o r  var ious  i m -  

p u r i t . i e s ,  e .  g. T i ,  V , Mo, N i ,  Mn, F e ,  C r ,  and A1 i n  S i ,  is shown i n  F i g u r e  

30. The l a s t  column i n  Table 18 g ives  t h e  c o r r e l a t i o n  f a c t o r  f o r  t h e  b e s t  

l i n e a r  f i t  t o  t h e  d a t a .  Some of  t h e  energy l e v e l s  f o r  t h e s e  impur i t i e s  

i n  S i  repor ted  by 'other  i n v e s t i g a t o r s  2 6 y 2 7 ' 2 8 y 2 9 y 3 0 a g r e e  with our da t a  

whi le  o t h e r s  do n o t .  For  example t h r e e  e l e c t r o n  t r a p s  (Ec-.28, Ec-.35 

and Ec- - 4 1  1 and twn h n l  e t rppq ( F  + 7 7  and V 
- . 3 5 )  hnvo bocn ropor tcd  

f o r  N i  while  we s e e  only  a  ho le  t r a p  a t  EV + .31  and an e l e c t r o n  t r a p  a t  

Ec-.31. In  o t h e r  c a s e s  l i k e V ,  F e ,  and Mn, we s e e  some t r a p  l e v e l s  which 

have not been r epor t ed  e a r l i e r  but o t h e r  l e v e l s  which a r e  i n  agreement 

wi th  t h e  l i t e r a t u r e .  Perhaps t h i s  should not  be s u r p r i s i n g  s i n c e  t h e  

energy l e v e l s  depend on t h e  method o f  impur i ty  incorpora t ion  and a l s o  

t h e  hea t  t rea tment  used t o  process  t h e  device .  Fo r  example P-Ti-008 

showed two ma jo r i ty  t r a p s  when a  Schottkey b a r r i e r  diode was f a b r i c a t e d  

bu t  on ly  one ma jo r i t y  t r a p  when p-n junc t ion  was used. This  sugges ts  

t h a t  one ma jo r i t y  t r a p  disappeared dur ing  phosphorous d i f f u s i o n ,  a  g e t t e r i n g  

s t e p .  This  r e s u l t  i s  p re l imina ry  and needs f u r t h e r  c l a r i f i c a t i o n  a s  

nonuniformity on t h e  wafer doping could a l s o  exp la in  t h e  obse rva t ion .  

14 -3  
Thc P-Ti-008 sample which had 2 . 6  n 1.0 V a l  T i  showed one 

ma jo r i t y  t r a p  (.J+ + 0.29) and one minor i ty  t r a p  (E  - 0.264) but P-Ti-033 
C 

which conta.ined 3 . 6 ~ 1 0  l2  cm-3 Ti  showed only one minor i ty  t r a p  (E - .267) .  
C 

'l'he d isappearance  o f  t h e  ma jo r i t y  t r a p  i n  sample P-Ti.-033 i s  not c l e a r l y  

understood. I t  could r e s u l t  from impuri ty  an iso t ropy  o r  t h e  low Tj 

concen t r a t ion  may f a i l  t o  r evea l  t h a t  t r a p .  S imi l a r  r e s u l t s  were observed 

i1.1 MII-duped samples. This po in t  w i l l  be i nves t iga t ed  f u r t h e r .  

The l i s t e d  cap tu re  c r o s s  s e c t i o n s ,  Table 18,  should be used wi th  

some cau t ion  because they  a r e  est imated by assi.iming temperature independence 

o f  t h e  c r o s s  s e c t i o n . '  This  may not n e c e s s a r i l y  be t r u e  and can r e s u l t  i n  

a s  much a s  one o r  two o rde r s  of magnitude d i f f e r e n c e ,  The DLTS technique 

can be  used t o  de t e rmine  t h e  c r o s s  s e c t i o n s  more accura te lyZ1 and t h i s  w i l l  

be  one of t h e  t a s k s  o f  f u t u r e  DLTS measurements. 
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F i g u r e  30 Trap l e v e l s  determined by DLTS i n  impurity-doped s o l a r  c e l l s .  



T/\.BLE 1 8  

TRAP LEVEL, COMCENTRATIGNS Ah0 CAPTURE CROSSECTZONS 

Sample 
I 0  

P-Mo-077 

P-Ti-OG8 
(Schot tky  b a r r i e r )  

P-TI -008 
(p-n j u n c t i o n )  

P-Ti-033 

N-Ti -065 

N-V-082 

P-V-009 

P-V + Ti -075 

P-Mn-005 

P-Mn-013 

P-Cr-004 

P - C r + M n - 0 3 1  

P- Fe-018 

N-NI-081 

P-k1-038 

M e t a l l u r g i c a l  
Con.:. cm-3 

12 4.2 :: 10 

14  2.0 x 10 

14  2.0 r 1 0  

2.0 e lo1*  
1 4  2.0 x 10 

14  4.0 x 10 

14 3 x : )  
14 5.6, 1 3 1 ~  + 1 10 

15 .i.3 h 10 

2.5 x 10 1'4 

15 1 .O i 10 

I 

FCR IMPURIT\-DOPE0 SOLAR CELLS 

Trap Le / e l  a Trap Conc. 

EV + 0.32 4.90 x l 0 l 3  
EV -1; 0 .20 3.96 x 1013 
EC - 0.41 3.30 x 1013 

EV - 0.29 7.0 x lo l4  13 

EV = 0.34 3 .0  x 10 

EV + 0.29 13 2.6 x lo l3  
EC - 0.26 1.5 x 10 

EC - 0.27 1 4 x 1012 

13 EV + 0.25 3.0 x l o l 3  
EV + 0.45 3.6 x 10 

EC - 0.29 13 

15 ! 13 1 x l 0 ~ ' + 1 . 3 ~ 1 0  EV + 3.M 2.4 x lo l3  

Approximate Capture-.; 
Cross s e c t i o n  (oQ)crr .. . - 

3.1 x 101;; 2 .8  x 
2.3 x 10 

4.7 x 15 1.7 x 1 0  

C o r r e l a t i o n  
C o e f E c j e r t  

2.87 x lo l3  -13 

EC - 0.50 2.87 x 10 1.4 x 10 0.999 

EV + 0.12 

EV + 0.54 13 1.13 x lo l3 -1 3 4.1 x 
I - 

0.999 
' EV + 0..31 2..26 x 10 8.2 x 10 0.997 

. . 
EV + 0.40 13 1 .6 x l o l 3  
EC - 0.25 2.1 x lo l3 3.5 x 

I 1.0 
0.999 

0.992 
0.836 
0.978 

0.999 3.1 x lo l3 -1 6 

EV + 0.31 i 1 . 9  x lo l3 
EC - 0.43 1.1 x 10 

I I 3.4 x 10 

EV + 1.3 2.6 x l o l2  
EC - 1.69 I 6.4 x 10 

EV + 0 .29  13 

EC - 0.64 2.7 x 10 

EV + 0.25 13 5.67 x lo l4  
EV + 40.t3 1 .28 x 10 
EC - 0.35 5.3 x 1013 
EC - 0.  50 9 .3  x 1012 

EV + 0.53 5.0 x lo l3  13 

EC - 3.26 4.4 x 10 13 
EC - 3.55 1.47 x 10 

0.999 
1 .o  

1.5 10-!5 0.990 
1.6 x 10-:9 0.998 
2.6 x 10- 0.937 

4.7 x 10:;; 
4.0 x 10 

4.5 lo-17 
15 1 . 2  x 

3.6 x 10 

8 .1  x 

2.9 x 10 

15 

0.996 
0.999 

0.999 

0.999 
0.999 

0.994 

0.999 

13 1.5 x 10 EV + 0.31 6.7 x 10 13 5.3 x 0.997 
' 

-18 

EC - 3.31 1.38 x 10 2.9 x 10 0.999 

6 .0  x 10 l6  EC - :1.5? 4.5 l 0 l 3  6.5 x l o - 1 3  1 0.99 

- 

8.8 x 10:;: ; 0.987 
1 . 4  x 0.999 
2.7 x 1 1.0 
3.9 x 1C 0.999 

1 x 10-I! 
5.9 x 10:: 
9.8 x 10 

0.999 
0.993 
0.998 



The t r a p  concent ra t ions  l i s t e d  i n  Table 18 should a l s o  be 

appl ied  with c a r e .  This i s  because t h e  a n a l y s i s  of minor i ty  t r a p  concen- 

t r a t i o n  and i t s  c ros s  s e c t i o n  i s  v e r y  poor ly  understood. The minor i ty  

t r a p  concent ra t ion  i s  determined by inc reas ing  t h e  width o f  t h e  i n j e c t i n g  

pu l se  t o  s a t u r a t e  t h e  t r a p s .  However, one may r ece ive  a  f a l s e  i n d i c a t i o n  

of  s a t u r a t i o n  f o r  t h e  fol lowing reasons  : 1 )  t h e  r e s u l t i n g  popula t ion  of 

s t a t e s  r e f l e c t s  t h e  competi t ion f o r  cap tu re  of  both c a r r i e r  t ypes  dur ing  

t h e  i n j e c t i o n ,  (The r e l a t i v e  r a t i o  of concen t r a t ions  of minor i ty  t'o 

ma jo r i t y  c a r r i e r s  may be va r i ed  from zero t o  u n i t y  by varying t h e  mag- 

n i tude  of  t h e  i n j e c t e d  c u r r e n t . )  2) I f  t h e  minor i ty  and t h e  ma jo r i t y  

peaks a r e  q u i t e  c l o s e  then  t h e  over lap  may a f f e c t  t h e  peak ampli tude.  

The above ambigui t ies  can be removed f o r  t h e  ma jo r i t y  t r a n  by us ing  

r e v e r s e  b i a s  p u l s e  i n s t ead  of t h e  i n j e c t i n g  pu l se .  Most 'of t h e  d a t a  

q u o t e d i n t h i s  r e p o r t  were taken by t h e  i n j e c t i n g  pu l se  because t h e  main 

purpose o f  t h e s e  f i r s t  experiments with t h e  ETS technique  was t o  i d e n t i f y  

l e v e l s  i n  t h e  processed s o l a r  c e l l s .  Thus t h e  abso lu t e  t r a p  concen t r a t ions  

and t h e  c r o s s  s e c t i o n s ,  Table 18,  may be ques t ionable  b u t  t h e  energy 

l e v e l s  a r e  q u i t e  r e l i a b l e .  

I t  is c l e a r  from t h e  above d i scuss ion  t h a t  some d i s p a r i t y  e x i s t s  

between DLTS and c e l l  performance d a t a .  I t  i s  important t o  recognize t h a t  

t h e  DLTS samples a r e  only  ti 30 m i l  do t  whi le  t h e  c e l l  performance r e p r e s e n t s  
2  

t h e  whole 1  cm c e l l  a r e a .  L i fe t imes  ( T ~  = 

1 ) c a l c u l a t e d  from t h e  t r a p  d e n s i t y  ( N  ) and t h e  cap tu re  c r o s s  s e c t i o n  
NVI.df th 

T  

(o) i n  Table 18 a r e  not  c o n s i s t e n t  wi th  t h e  OCC l i f e t i m e  and t h i s  i s  

probably because of a )  e r r o r  i n  t h e  est imated c r o s s  s e c t i o n  o r  b) t h e  

assuinption t h a t  T = T which i s  t r u e  on ly  f o r  low l e v e l  i n j e c t i o n  wi.th 
0 

ET 1 E and (Irna L M a J  1 > > omin [Mini. We expect t o  r e s o l v e  t h e  apparent 
i 

d i sc repanc ie s  i n  t h e  near  f u t u r e  and t o  improve our  understanding o f  i m -  

p u r i t y  e f f e c t s  on c e l l  perfol'mance. 



We have s u c c e s s f u l l y  demonstrated t h a t  shal low s o l a r  c e l l  

j unc t ions  can be used f o r  t h e  CLTS measurements. Our pre l iminary  d a t a  

i n d i c a t e  t h a t  t h e  DLTS technique can be a  powerful method f o r  explor ing  

a  number o f  i n t e r e s t i n g  a r e a s  r e l a t e d  t o  t h e  impuri ty  a f f e c t s  i n  s i l i c o n  

and s i l i c o n  s o l a r  c e l l s .  More c a r e f u l  and accu ra t e  de te rmina t ion  of  

t h e  t r a p  concen t r a t ion  and t h e  c r o s s  s e c t i o n  w i l l  h e l p  us  answer t h e  

seve ra l  important  ques t ions  : 1) I s  e l e c t r i c a l l y  a c t i v e  concent ra t ion  a  

f i xed  f r a c t i o n  of  t h e  me ta l lu rg i ca l  concent ra t ion  of t h e  impur i ty  i n  t h e  

S i  and i f  yes ,  how d i f f e r e n t  i s  t h i s  f r a c t i o n  f o r  d i f f e r e n t  impur i t i e s?  

2)  Why do some i m p u r i t i e s  degrade n-base devices  more than  t h e  p-base de- 

v i c e s  or  v i c e  versa?  3 )  b t h e  impurities i n t e r a c t  i n  a multiply-doped 

c e l l ?  4 )  How uniform i s  t h e  impur i ty  d i s t r i b u t i o n  i n  t h e  s i l i c o n ?  5) 

What i s  t h e  na tu re  of  process  and impuri ty  i n t e r a c t i o n ,  e . g .  dur ing  

g e t t e r i n g  and annea l ing  e t c .  



5.0  SOLAR GRADE SILICON: SOME 
CONSIDERATIONS FOR ITS USE 

To reach t h e  1986 J P L  s i l i c o n  s o l a r  c e l l  c o s t  gu ide l ines  s i l i -  

con considerably cheaper than  now a v a i l a b l e  must be provided f o r  c r y s t a l  

growth and subsequent c e l l  f a b r i c a t i o n .  This  m a t e r i a l ,  So la r  Grade s i l i -  

con, w i l l  probably conta in  contaminants a t  l e v e l s  h ighe r  than  i s  u sua l ,  

o r  acceptab le  i n  cu r r en t  semiconductor grade s tock .  We po in t ed  out  i n  

e a r l i e r   discussion^^'^^'^^ t h e  major impacts o f  such m a t e r i a l  on c e l , l  

manufacture: (1) l o s s  o f  s t r u c t u r e  dur ing  c r y s t a l  growth and (2) reduced 

e f f i c i e n c y  i n  t h e  f i n a l  device ,  v i z  Figures  1 3  and 2 8 .  The r e s u l t  i s  

t h a t  some of  t h e  lower s i l i c o n  ma te r i a l  cos t  may be recovered a t  l a t e r  

process ing  s t a g e s  i n  t h e  form of  reduced growth throughput ,  diminished 

c r y s t a l  y i e l d ,  and degradat ion i n  device  performance. Moreover, we found 

t h a t  t h e  e x t e n t  t o  which t h e s e  consequences ensue depends on t h e  spec i e s  

of impur i ty  and d e t a i l e d  s teps-from growth t o  c e l l  f a b r i c a t i o n  - -  which 

make up t h e  o v e r a l l  p rocess  sequence. Thus s p e c i f i c  t r a d e o f f s  can be 

i d e n t i f i e d  between feedstock p u r i t y  and t h e  approaches used t o  t ransform 

t h e  s i l i c o n  i n t o  t h e  end product ,  c e l l s  and modules. y 3 1  We review here  

some of t h e s e  conclusions i n  l i g h t  o f  ou r  most r e c e n t  in format ion  and sug- 

ges t  a  method t o  eva lua t e  t h e  t r a d e o f f s  f o r  va r ious  low-puri ty  s i l i c o n  

feedstocks a s  they  a r e  developed. 

The d a t a  i n  Table 19 (derived from uwdated c e l l  performance 

and a n a l y t i c  r e s u l t s )  i l l u s t r a t e  bo.th t h e  snec i e s  dependence of e f f i c i e n c y  

degrada t ion  and also t h a t  feedstock i r rnuri ty  l e v e l s  denend on t h e  accent -  

ab l e  s 'olar  c e l l  . e f f i c i e n c v .  As noted n rev ious ly ,  when a  r e l a t i v e  e f f i c i e n c y  

n = 0 . 9  n .  i s  accen tah le  t h e  feedstock impur i ty  concen t r a t ion  Co ranges  
0 19 - 3  

from abuuL lo1' LU inid 10 crn (2 t o  1000 nwm) f o r  a s i n g l e  charge 

Czochralski  growth one ra t ion  in .wh ich  ahout 90% of  t h e  melt i s  converted 

t o  c r y s t a l .  Elements l i k e  T i ,  V, and Mo f a l l  a t  t h e  low end of t h e  



TABLE 19 T o l e r a b l e  Feedstock I m ~ u r i t y  C o n c e n t r a t i o n  t o  Achieve 
a S p e c i f i c  S o l a r  C e l l  Performance Levels  

(Assumes one  C z o c h r a l s k i  ~ u l l ;  f r a c t i o n  f r o z e n  90%) 

Impur i ty  (atoms ~ r n - ~ )  (ppma) 

CU' 7 . 5  (10'9) 

N i  4 . 7  ( l 0 l 9 )  

A 1 3 .  (10'16) 

F e  9 . 4  '(1018) 

Mn' 3 . 8  (1018) 

Cr 3 . 5  ( 1 0 ~ ~ )  

v 1 (1017) 

T i  i . s , ' ( ~ o ~ ~ )  

Mo 2 .(1018) 

- 5 
(atoms cm ) (puma) 

llo 
i s  t h e  e f f i c i e n c y  o f  a t y p i c a l  b a s e l i n c  d e v i c c ,  about 10% 

, without AR c o a t i n g s ,  



t o l e r a b l e ,  range Cu a t  t h e  unner end, and Cr,  Fe and Mn of  an i n t e r -  

medizte n o s i t i o n .  

S t r u c t u r a l  breakdown i s  governed more by t h e  t o t a l  imnuri tv  

content  of  t h e  feedstock t ! ~ a n  bv t h e  n a r t i c u l a r  s n e c i e s .  For ~ z o c h r a l s k i :  
* 

growth t h e  c r i t i c a l  l i q u i d  imnuri ty  Content. C Q  a t  which breakdown occurs  

i s  given by an equat ion of  t h e  form 
1  

where D i s  t h e  1iauj.d d i f f u s i o n  c o e f f i c i e n t ,  m t h e  l i a u i d u s  s l o n e ,  r t h e  

c r y s t a l  r a d i u s  (cm) and V t h e  growth v e l o c i t y  (cm/sec).  Curves c a l c u l a t e d  

with d a t a  from re fe rence  1 ,  Figure 31, i n d i c a t e  t h a t  c r i t i c a l  melt con- 
19 - 3  

c e n t r a t i o n s  f o r  s i n g l e  nass  n u l l i n g  gene ra l lv  w i l l  be  above 10 cm 

(200 nnm), so t h a t  c e l l  e f f i c i e n c v  u s u a l l y  i s  i m ~ a c t e d  before  s t r u c t u r a l  

breakdown occurs .  Recent s tud ie s33  suggest t h a t  t h e  t o t a l  module cos t  

f o r  pho tovo l t a i c  svstems i s  heav i lv  leveraged hv c e l l  e f i f ic iency ,  r e i n -  

fo rc ing  t h e  conclusion t h a t  t h i s  should be a  maior concern i n  t h e  cos t  

e f f e c t i v e  use  o f  S o l a r  Grade feeds tock .  

I t  now seems u n l i k e l y  t h a t  one nass  c r y s t a l  growth one ra t ions  

can meet t h e  long-run cos t  o b j e c t i v e s  of t h e  J P L  program. Both continuous 

and sequen t i a l  melt  renlenishment systems a r e  under deve lo~men t .  We 

~ o i n t e d  out  e a r l i e r  1 ,31  t h a t  renleni-shment reduces t h e  t o l e r a b l e  l e v e l  o f  

feedstock contaminants s ince '  t h e  melt and s o l i d  impuri ty  concent ra t  ion 

t e n d s  t o  r i s e  a s  more ma te r i a l  i s  c r y s t a l l i z e d ,  an outcome i l l u s t r a t e d  i n  

Fipure 32.  For examnle, a f t e r  f i v e  r e p l e n i s h ~ . e n t s  (n = 5) i n  which 90% 

of t h e  melt i s  f rozen each t ime,  t h e  l i q u i d  i . m ~ u r i t y  l e v e l  would be about 

46 t imes l a r g e r  than i t s  i n i t i a l  feedstock va lue  C n .  Plith c o n t i n u o ~ ~ s  

replenishment t h e  imnuri ty  l e v e l  would grow t o  4 . 5  t imes C f o r  an 
0 

' equ iva l en t  amount o f  c r y s t a l  n roduct .  .The i l ~ ~ u l i c a t i o n  sf t h i s  r e s u l t  

i s  t h a t  t h e  tolerable feedstock l e v e l s ' f o r  each imnur i ty  i n  Table 19 

would have t o  be reduced by a  f a c t o r  of 2 . 4  t o  4 . 6  i f  c e l l  e f f i c i e n c y  

f o r  t h e  l a s t  c r y s t a l  grown i s  not t o  . f a l l  helow rl = 0;9 11 . The.ul t i .mate 
0 

va lue  of  C of course depends on what e f f i c i e n c v  can be accented,  what 0 



Curve 688421-8 

c m l h r  

Figure 31 Predic ted  v a r i a t i o n  o f  c r i , t i c a l  l i q u i d  i m ~ u r i t v  concent ra t ion  
f o r  c r y s t a l  breakdown wj.t.h c r y s t a l  growth v e l o c i t y  dur ing  
Czochralski  p u l l i n g  of  s i l i c o n .  Metal concent ra t ions  f o r  
which breakdown a c t u a l i v  occurred a r e  i nd ica t ed  by t h e  d a t a  
n o i n t s  (Assumes h e a t l o s s  by r a d i a t i o n  t o  OOIC environment).  

1022 

1021 

1020 

1019 

10l8 . 
10- 

L 
1 5 10 15 20 30 
I I I I I I-' - - 

- 
- 

- 

- 
- 

- - -  - 

- r = 2 c m  
- 

- - 
Cr  - 
Fe 

- 

Mn 

- 
- - 
- - 
- 

- 
- 

- 
- 

- - 
- - 

- - 

- 
- - 
- 
- 

- 
- 

- 
- 

- - 

- - 

- - 

- - 
- - 
- - 
- - 

- - 
- - 
- - 

- - 

I I I 1.- I . . I  ..L..I.I.. .. .._. -2-1 I I 

10- 10- 
R ,  cmlsec 



Curve 688429-A 
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Fig. 20 - Impur i ty  build up 

Figure 32 Solute buiid-u? in the liquid (or crystal) as a function 
of the volume of crystal grown for sequential (solid) or 
continuous (dashed) melt renlenishment. 



THIS PAGE 

WAS INTENTIONALLY 

LEFT BLANK 



Impurity 

TABLE 20 

FEEDSTOCK IMPURITY CONCENTRATIONS FOR WEB GROWTH 

CQ ( c e l l ) ,  v / v B %  1 . 0  

1 . 0 ~ 8  0 - 3  'ppma 

1 . 1  ( e s t )  2 2  

>1 .1  - > 22 - 

> 1 . 6  - >32 - 
> 2 . 6  - >52 - 
> 1 . 3  - > 26 - 

0.05 ( e s t )  1  

0.04 ( e s t )  0 .8  

0 . 8  ( e s t )  16 

- 
1018cm-3 ppma 

.06 ( e s t )  1 . 2  ( e s t )  

.003 ( e s t )  .' .06 ( e s t )  

.002 ( e s t )  .04 ( e s t  ) 

04 ( e s t )  . 8  ( e s t )  

+ > i n d i c a t e s  no breakdown observed a t  t h i s  concent ra t ion  

> i n d i c a t e s  - no apparent .. c e l l  degrada t ion  : 

* assumes contiriuuus growth f o r  65 hours 



r a t h e r  than  p-base device ,  v i z  Figure 28. This  advantage may be out -  

weighed by t h e  d i f f i c u l t y  i n  c o n t r o l l i n g  base r e s i s t i v i t y  with phosphorus 

a s  t h e  e l e c t r i c a l l y  a c t i v e  dopant,  keff = 0 . 3 5 .  

The methodologies we have developed t o  i d e n t i f y  t r a d e o f f s  and 

impur i ty  t a r g e t  ranges can a l s o  be employed i n  another  way: t o  p r o j e c t  

t h e  e f f i c i e n c y  of s o l a r  c e l l s  when t h e  feedstock p u r i t y ,  and process  h i s -  

t o r y  a r e  s p e c i f i e d .  A model of t h i s  kind might provide seve ra l  b e n e f i t s .  

For example, it could be used t o  e s t ima te  t h e  impact of  s p e c i f i c  spec i e s  

( i n  a  feedstock conta in ing  s e v e r a l  impur i t i e s )  on c e l l  e f f i c i e n c y ,  t h u s  

provid ing  a  " f igu re  o f  meri t"  f o r  t h e  product of  a  given r e f i n i n g  scheme. 

The manufacturer could then eva lua t e  a l t e r n a t i v e  r e f i n i n g  and design 

s t r a t e g i e s ,  o r  raw ma te r i a l  s p e c i f i c a t i o n s  i n  a  cos t  e f f e c t i v e  manner 
' 

Comparison o f  c r y s t a l  growth and replenishmcnt s t r a t e g i e s  could a l s o  be 

eva lua ted  f o r  d i f f e r e n t . t y p e s  o f  s o l a r  grade s i l i c o n  without  rccourse  t o  

expensive experimental  reduct ion  t o  p r a c t i c e .  F i n a l l y  when s u f f i c i e n t  

d a t a  on thermal t rea tment  e f f e c t s  become a v a i l a b l e ,  t h e  r o l e  of such pro- 

ce s ses  a s  g e t t e r i n g  could be f ac to red  i n t o  t h e  a n a l y s i s .  

5 . 1  Feedstock Puri ty/Device Performance Modeling 
--. - . 

The b a s i c  components of t h e  model suggested above a r e  o u t l i n e d  

i n  Figure 33 .  The input  parameters a r e :  (1) Feedstock inipul.iLy cnnc.en- 

t r a t i o n  Co ( X I  where X = 1 2 ,  . . . n  ? r c  t h e  csncenl. ~ r u . l i u n s  o f  eacll i m -  

p u r i t y  spec i e s  1 t o  n.  ( 2 )  The replenishment s t r a t e g y  and t h e  amount u f  

c r y s t a l  transformed compared t o  t h e  melt  volume, v i z  Figure 3 2 .  (3)  T h e  

app ropr i a t e  segrega t ion  c o e f f i c i e n t s  (Appendix I f o r  Czochra lsk i ) .  
* 

(4)  The c r i t i c a l  l i q u i d  concent ra t ion  C t  f o r  which s t r u c t u r a l  break- 

down occurs .  

'l'he model c a l c u l a t i o n  would be performed i n  t h e  follow in^ se- 

quence. Spec i fy  Co ,  t h e  replenishment s t r a t e g y  ( e i t h e r  continuous o r  s e -  

q u e n t i a l ) ,  t h e  r a t i o  Vc/Vo,  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 s  

f o r  t h e  growth technique  and condi t ions  t o  be ennloved. The 

111ude1 f i r s t  c a l c u l a t e s  C ( X ) ,  t h e  l i q u i d  concent ra t ion  of  each impuri ty  II 



Solar Grade Silicon 1 
Feedstock Impurity Concentration L 

Structural Breakdown Crystal Impurity Conc. 
Ce > Ca3> N x = k  C eff e 

I 

r 1 

i - - -(~led. Active Impurity Conc. ) 

Melt Impurity Conc. 
Sequential Replenishment 
C = f (Co,kef r ,  Vc/Vo) a 

Solar Cells. 

Melt Impurity Conc. 
Continuous Replenishment 

C = f ( Co, ke f f  .Vc /Vo a 

Figure 33 Schemat ic d iagram o f  model  f o r  e s t i m a t i n g  ne r fo rmance  : 

t r a d e o f f s  o f  i m n u r i t v  b e a r i n g  s i l i c o n  f e e d s t o c k s .  

I 



fo l lowing  t h e  growth of V /V s i l i c o n  c r y s t a l .  For t y p i c a l  metal impur i t i e s  
C 0 

k  << 1 and t h e  l i q u i d  concent ra t ions  a r e  given approximately by 
1 

CQ(x) = Co (1 + V / V  ) f o r  continuous replenishment 
C 0 

o r  C,(x) = Co (1 + !%- ) where n  i s  the  number of  
1 - k? 

sequen t i a l  replenishments  and g  t h e  f r a c t i o n  o f  t h e  melt f rozen each 

t ime . 
* 

Once C (x) i s  ob ta incd  i t  may be compared t.o C .  a L ' 
t h e  

c r i t i c a l  i m ~ u r i t y  l e v e l  a t  which c o n s t i t u t i o n a l  supercool ing  occurs .  
* 

Values of C Q  may be determined e x ~ e r i m e n t a l l y  o r  der ived  from r e l a t i o n s  
* 

o f  t h e  type  given above. I f  CQ(x)>Ck s t r u c t u r a l  breakdown is expected 
* 

a t  t h e  s p e c i f i e d  feedstock p u r i t y  l e v e l .  I f  CQ(x)<CQ then  t h e  impuri ty  

content  o f  t h e  c r y s t a l  Nx i s  c a l c u l a t e d  from N i  - - k e f f  (x) C Q  (x) where 

keff (x) i s  t h e  app ropr i a t e  p a r t i r i o n  c o e f f i c i e n t  f o r  impuri ty  x .  The 

f i n a l  s t e n  employs equat ions  51 and 59 t o  u r o j e c t  t h e  e f f i c i e n c y  of 

devices  made on base ma te r i a l  whose imuur i ty  concent ra t ion  i s  N . 
X 

The r e s u l t s  iii Table 2 1  i ~ ~ d i ~ a t t  modcl c a l c u l a t i o n s  f o r  t w n  

-multiply-doped Czochralski  i ngo t s  one conta in ing  f i v e  impur i ty  s p e c i e s ,  

t h c  second e leven .  T h e  t .n ta l  feedstock impur i ty  concent ra t ion  for t h e  
19 f i r s t  ingot  was 3x10 (abuul: 600 ppm); L l ~ i l t :  101- t h e  sccond wn.a about 

4 x 1 0 ~ '  (800 ppma) . No melt replenishment ~175 employed i n  e j - t he r  case  

and only between one q u a r t e r  and one t h i r d  o f  t h e  melt was consumed s o  

s t r i .~c t . i~ ra l  breakdown was not  ~ r e s e n t  i n  t h e  wafers from which t h e  c e l l s  

were made. The agreement between t h e  p red ic t ed  and measured va lues  o f  

s h o r t  c i r c u i t  cu r r en t  and c e l l  e f f i c i e n c y  f o r  each ingot  a r e  q u i t e  good. 

Thc method i s  not spec i . f ic  t o  t h e  growth technique involved so 

long as t h e  s eg rega t ion  c o e f f i c i e n t s  a r e  known o r  can be c a l c u l a t e d .  

For example Table 22 i l l u s t r a t e s  t h e  feedstock concen t r a t ion ,  c a l c u l a t e d  

and measured c e l l  e f f i c i e n c i e s  f o r  s i l i c o n  web c r y s t a l s .  Agreement i s  

good except f o r  copper ,  a  r e s u l t  d i scussed  elsewhere3' Unfor tuna te ly ,  



TABLE 21 C a l c u l a t e d  and Measured Performance f o r  I n g o t s  
Used t o  Model " S o l a r  Grade" Feedstock 

. . 

0 
C 

INGOT IMPURITY '1019  P?ma l o 1 "  ~ r n - ~ '  PPma S .: 

T o t a l  

Tot a1  

n / n o  ( c a l c )  = 0 . 9 3  ? 0.02 

q / \  ( c a l c )  = 0 .89  ? 0 . 0 5  I ("leas) = ' 0 .83  ? 0  - 0 3  



TABLE 22 

I m p u r i t y  

SOLAR CELL PERFORMANCE OF CONTAMINATED SILICON WEB 

(updated from Ref .  31) 

+ qO , i s  t h e  e f f i c i e n c y  of ari uncontaminated d e v i c e ,  about  1 2 .  

w i t h  AR c o a t i n g s  i n  t h e s e  s t u d i e s .  



no d a t a  a-e ye t  a v a i l a b l e  on s i l i c o n  web specimens doped with mul t ip l e  . .  

contaminants but on t h e  b a s i s  of  t h e  Czochralski  r e s u l t s  we would expect 

good agreement with t h e  model he re  a l s o .  , , 

5.2  Growth Rate E f fec t s  

Modeling o f  t h e  kind descr ibed  above depends on t h e  a v a i l a b i l i t y  

o f  accu ra t e  segrega t ion  c o e f f i c i e n t  d a t a  f o r  t hose  impur i t i e s  which a r e  

l i a b l e  t o  be encountered i n  t h e  feeds tock .  The e f f e c t i v e  seg rega t ion  i s  

known t o  depend on f r eez ing  v e l o c i t y  dur ing  Czochralski  p u l l i n g 7  and web 
34 

growth. To examine t h e  regimes where such r a t e  dependences might be 

imnortant f o r  Czochralski  n u l l i n g  we conducted two s e t s  of experiments,  

one with Mn a s  dopant t h e  second with T i .  The r e s u l t s  a r e  ou t l i ned  be- 

low i n  Table 23. 

TABLE 23 

EFFECT OF CZOCHRALSKI GROWTH RATE ON' IMPURITY 
CONTENT AND CELL PERFORMANCE 

PULL IMPURITY CONC.  
INGOT IMPURITY RATE (cm/hr) (1015 cm-3) rl/ 

r1 0 

093 Mn 8 . 3  0.66 .91 

095 Mn 15 1 . 0  . 83  

122 T i  3 0.84 .49 

123 Ti  14 1.05 . 5 2  

* Target concen t r a t ions  t h e  same 

For Mn when t h e  growth r a t e  was r a i s d t o  15cm/hr r a t h e r  than  

t h e  7-8 cm/hr t y p i c a l  of  most of our  experiments ,  impuri ty  i nco rpora t ion  

increased  by 30 t o  40%. This i s  r e f l e c t e d  i n  t h e  c e l l  performance d a t a  

as  we l l .  The r e s u l t s  f o r  Ti  a r e  somewhat' equivocal  because t h e  a c t u a l  

ingot  concent ra t ions  were below d e t e c t i o n  l i m i t s .    ow ever c e l l  e f f i c i e n c y  

i s  below what has  gene ra l ly  been measured f o r  t h e  expected concen t r a t ion  

va lue .  We conclude t h a t  a t  growth r a t e s  i n  excess  of  8-.10 cm/hr c o r r e c t i o n s  



must be a ~ ~ l i e d  t o  t h e  Czochralski  s e ~ r e g a t i q n  d a t a  t o  r e f l e c t  t h e  imnact 

o f  mill sneed on ke f f .  The l imi t ed  d a t a  a v a i l a b l e  sueges t  f a c t o r s  of  1 . 3  

t o  1 . 4  a r e  anp ronr i a t e .  



6 .  CONCLUSIONS AND RECOFfl4ENDATIONS 

The ob jec t ive  of t h i s  program has been t h e  i n v e s t i g a t i o n  of 

t h e  e f f e c t s  of  i m ~ u r i t i e s  and process ing  on 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 .  Phase I 1  of  t h e  program has now been s u c c e s s f u l l y  f i n i s h e d .  The 

conclusions der ived  so  f a r  encomTass a  number of t o p i c s  inc luding  thermal 

t r ea tmen t ,  c r y s t a l  growth r a t e ,  base  doping l e v e l  (low v s  high r e s i s t i v i t y ) ,  

base doping tyme (n v s .  p ) ,  g r a in  boundary s t r u c t u r e ,  and complexing 

phenomena i n  s i l i c o n  s o l a r  c e l l s .  

We have s tud ied  t h e  e f f e c t s  of  va r ious  m e t a l l i c  i m ~ u r i t i e s ,  

both s i n g l y  and i n  combinations, on t h e  performance o f  s i l i c o n  s o l a r  

c e l l s .  Czochra l sk i , f l oa t  zone, and p o l y c r y s t a l  i n g o t s ,  a s  wel l  a s  s i l i c o n  

web c r y s t a l s  were grown with c o n t r o l l e d  a d d i t i o n s  of  secondary impuri- 

t i e s .  The ~ r i m a r y  dopants were boron and phosphorous. The metal 

elements were s e l e c t e d  on t h e  b a s i s  of  t h e i r  occurrence i n  s i l i c o n  raw 

ma te r i a l  o r  p o s s i b l e  i n t roduc t ion  dur ing  subsequent process . ing.  The , 

metals  included A l ,  C ,  Ca, Cr,  Cu, Fe, Mg, Mn, Mo, Ta, T i ,  V ,  Zn and Zr. 
17 - 3  

Impurity concent ra t ions  were i n  t h e  range of 1011 t o  10 cm . 

A l l  c r y s t a l s  were grown under c a r e f u l l y  monitored cond i t i ons  

and with h i g h . p u r i t y  charge and dopant ma te r i a l  t o  minimize u n i n t e n t i o n a l  

contaminat ion.  This  was v e r i f i e d  by t h e  p e r i o d i c  growth and a n a l y s i s  of  

s p e c i a l  a u d i t  i n g o t s .  Following growth each c r y s t a l  was cha rac t e r i zed  by 

chemical,  m i c r o s t r u c t u r a l ,  e l e c t r i c a l  and s o l a r  c e l l  t e s t s  t o  provide  a  

d e t a i l e d  and in t . e rna .11~  c o n s i s t e n t  d e s c r i p t i o n  of t h e  r e l a t i o n s h i p s  be- 

tween s i l i c o n  impuri ty  concen t r a t ion  and s o l a r  c e l l  performance. When- 

ever , poss ib l e ,mu l t ip l e  techniques  were employed f o r  a n a l y s i s  t o  improve 

t h e  q u a l i t y  of t h e  d a t a  and e l imina te  spur ious  experimental r e s u l t s .  For 

exavrple, a n a l y s i s  of vacuum c a s t  melt samplcs ~ r o v i d c d  a c c u r a t e  d a t a  r e -  

garding melt  impuri ty  concent ra t ion  a t  t h e  completion o f  c r y s t a l  growth. 

This  va lue  used with a r e l i a b l e  e f f e c t i v e  seg rega t ion  c o e f f i c i e n t  permi ts  



accu ra t e  c a l c u l a t i o n  o f  ingot  impuri ty  concen t r a t ion .  Both spark source 

mass snec t rographic  and neutron a c t i v a t i o n  ana lyses  ~ r o v i d e d  d i r e c t  d a t a  

on ingot  impur i ty  concen t r a t ions .  (SSMS i s  l imi t ed  t o  concent ra t ions  above 
14 1x10 atoms cm3 f o r  a l l  elements i n v e s t i g a t e d  i n  t h i s  program. Neutron 

a c t i v a t i o n  coupled with radiochemical a n a l y s i s  can reduce t h e  d e t e c t i o n  

l i m i t  below t h i s  va lue  depending on t h e  s p e c i f i c  impuri ty)  Both photo- 

conduct ive decay and open c i r c u i t  decay l i f e t i m e  measurements were used 

t o  eva lua t e  wafer p r o p e r t i e s .  Conventional and d e t a i l e d  I-V analyses  

were used t o  a s s e s s  c e l l  perforinance c h a r a c t e r i s t i c s .  

So la r  c e l l s  were made us ing  a  convent ional  d i f f u s i o n  process  and 

were cha rac t e r i zed  by computer reduct ion  of  I-V d a t a .  The c o l l e c t e d  d a t a  

i nd ica t ed  t h a t  i m ~ u r i t y - i n d u c e d  performance l o s s  was p r i m a r i l y  due t o  

reduct ion  o f  t h e  base  d i f f u s i o n  l eng th .  Based on t h i s  assumption, an 

a n a l y t i c a l  model'was developed which p r e d i c t s  c e l l  performance a s  a  

func t ion  o f  secondary impur i ty  concen t r a t ion .  The c a l c u l a t e d  performance 

parameters  a r e  i n  good agreement wi th  measured values except f o r  t h e  

impur i t i e s  Cu, N i  and Fe, which a t  h igh  concent ra t ions  degrade t h e  c e l l  

performance.. s u b s t a n t i a l l y  by means o f  j unc t ion  mechanisms. This  be- 

haviour  has  been d i s t i ngu i shed  from base d i f f u s i o n  i e n g t h  e f f e c t s  by 

c a r e f u l  a n a l y s i s  of IV d a t a .  Deep l e v e l s  have been i d e n t i f i e d  by 

t r a n s i e n t  spectroscopy f o r  most i m ~ u r i t i e s  which degrade t h e  c e l l  perform- 

ance by reducing t h e  l i f e t i m e .  

The e f f e c t s  of  impur i t i e s  i n  n-base and p-base devices  d i f f e r  

i n  degree b u t  submit t o  t h e  same modelling a n a l y s i s .  I t  i s  no tab le  t h a t  

T i  and V ,  two o f  t h e  more d e l e t e r i o u s  i m p u r i t i e s  i n  p-base dev ices ,  produce 

s i g n i f i c a n t l y  l e s s  performance r educ t ion  i n  n-base s i l i c o n .  For example, 

n e a r l y  t e n  t imes more T i  may be t o l e r a t e d  i n  n- type s i l i c o n  t o  produce 

t h e  same c e l l  e f f i c i e n c y  as  i n  s i m i l a r l y  doped p-base dev ice .  

A comparison o f  c a l c u l a t e d  and measured performance f o r  mu l t ip l e  

i m p u r i t i e s  i n d i c a t e s  t h a t  t h e r e  i s ,  a t  most, a  l imi t ed  i n t e r a c t i o n  between 

i m p u r i t i e s ,  e . g .  copper aDpears t o  improve ti tanium-doped c e l l s  somewhat. 

Most o f  t h e  introduced imour i t i e s  appear both a s  p r e c i p i t a t e s  and a s  



d i s t r i b u t e d  cen te r s  i n  t h e  s i l i c o n  hos t .  P r e c i p i t a t e d  i m p u r i t i e s  have 

l i t t l e  o r  no e f f e c t  on c a r r i e r  t r a n s p o r t  p r o n e r t i e s  i n  t h e  low f i e l d  

base reg ion  of t h e  s o l a r  c e l l  and a f f e c t  c e l l  performance p r i m a r i l y  when 

they  occur i n  o r  near  t h e  high f i e l d  junc t ion  r eg ion .  

Of t h e  t h r e e  impur i t i e s  s tud ied  a t  s i m i l a r  doping l e v e l s  i n  

f l o a t  zone and Czochralski  i n g o t s ,  T i  and C r  produced e s s e n t i a l l y  t h e  

same reduct ion  i n  c e l l  perfnrmance (due t o  diminished bulk l i f e t i m e )  i n  

both m a t e r i a l s .  Aluminum on t h e  o t h e r  hand degrades t h e  Czochralski  

ma te r i a l  more than  t h e  f loa t zone  (by about 20%),  sugges t ing  some i n t e r -  

a c t i o n  between oxygen o r  carbon normally p re sen t  i n  t h e  Czochralski  i n -  

go t s .  

Modeling o f  t h e  behavior of  t h e  impur i ty  doped c e l l s  provides  a  

b a s i s  f o r  s i l i c o n  feedstock producers ,  shee t  manufacturers and s o l a r  

c e l l  f a b r i c a t o r s  t o  perform t r a d e o f f  ana lyses  on t h e  c o s t s  and b e n e f i t s  

i n  u t i l i z i n g  s o l a r  grade m a t e r i a l .  The major nega t ive  impacts of  s o l a r  . 

grade ma te r i a l  (assuming i t s  p u r i t y  w i l l  be lower than semiconductor 

grade s tock)  a r e  reduced device  ~ e r f o r m a n c e  and c r y s t a l  growth y i e l d .  

Thus t h e  degree o f  a c c e ~ t a b i l i t y  of s o l a r  grade feeds tock  depends on t h e  

growth technique ,  growth s t r a t e g y ,  and s o l a r  c e l l  p rocesses  involved.  

As we noted before  both Czochralski  and s i l i c o n  web techniques a r e  some- 

what " t o l e r a n t "  of feeds tock  i m p u r i t i e s  s i n c e  most of  t h e  contaminants 

a r e  r e j e c t e d  t o  t h e  melt dur.ing growth. The degree  o f  t o l e r a n c e  i s  

spec i e s  s e n s i t i v e  s i n c e  elenients l i k e  Ti  impair c e l l  e f f i c i e n c y  cons ider -  

ab ly  more than  say  N i .  For example, i n  a  one pass  Czochralski  ope ra t ion ,  

only about 3 ppma Ti  would be accep tab ie  t o  produce c e l l s  90% a s  

e f f i c i e n t  a s  b a s e l i n e  devices  while  nea r ly  1000 ppm N i  could be p re sen t  

i n  t h e  feeds tock .  The g r e a t e r  t h e  e f f i c i e n c y  r equ i r ed  t h e  lower must 

t h e  feedstock l e v e l  be .  Moreover because of t h e  bui ldup o f  impur i t i e s  

during growth feedstock l e v e l s  must be . seve ra1  t imes lower than  suggested 

above i f  melt replenishment i s  t o  be employed. Here continuous r ep l en i sh -  

ment has t h e  advantage nBer t h e  seque3 t i a l  recharge  a p ~ r o a c h .  



. As ingot  diameter  o r  growth r a t e  a r e  r a i s e d  above t h e  t y p i c a l  , 

cu r ren t  va lues  (% 2 . 5  cm and 10 cm/hr, r e s p e c t i v e l y )  s t r u c t u r a l  break- 

down of  t h e  growing ingot  due t o  c o n s t i t u t i o n a l  supercool ing of  t h e  

melt  may become t h e  l i m i t i n g  f a c t o r  t o  maximum impuri ty  concent ra t ion  

i n  p o l y s i l i c o n  feeds tock .  Common impur i t i e s  which promote t h i s  condi t ion  

inc lude  T i ,  Cr ,  Fe, Mn and N i .  Breakdown concen t r a t ions  can be ca l cu la t ed  

from theory  but imuroved e x ~ e r i m e n t a l  d a t a  would be va luab le .  Exceeding 

t h e  s o l i d  s o l u b i l i t y  1imit .may impose a  r e s t r i c t i o n  on t h e  melt  concen- 

t r a t i o n  of t h e  i m p u r i t i e s  C ,  Cu and N i .  While a  number of o t h e r  i m p u r i t i e s  

have not been introduced i n t o  melt grown i n g o t s  because they  a r e  v o l a t i l i z e d  

from t h e  m e l t ,  t h e i r  occurence i n  high concen t r a t ions  i n  p o l y s i l i c o n  

feedstock ma te r i a l  would probably not  be acceptab le  due t o  contamination 

of  c r y s t a l  growth equipment. These i m p u r i t i e s  i ~ l c l u d e  Ca, Mg, Na, and 

Zn . 
Thermal process ing  a l s o  a f f e c t s  t h e  f i n a l  e l e c t r i c a l l y  a c t i v e  

s t a t e  of  t h e  i m p u r i t i e s . i n  s i l i c o n .  Our d a t a  i n d i c a t e  t h a t  both h e a t  

t rea tment  and g e t t e r i n g  can have a  pronounced e f f e c t  t h e  recombination 

l i f e t i m e  o f s i l i c o n  con ta in ing  common metal contaminants l i k e  T i , ,  Fe, 

Mn and A l .  There appears  . .. t o  be an optimum g e t t e r i n g  cyc le  t ime a t  a  

s p e c i f i c  temperature a s  well  a s  an optimum number of g e t t e r i n g  cyc le s .  

I n  p a r t i c u l a r ,  f q r  1 hour g e t t e r i n g  , cyc l e s  a t  1000°C, 1j.feti.me peaked 

a f t e r  one c y c l e  t hen  slowly dec l ined  with f u r t h e r  process ing .  

Future  work should. a t tempt  t o  improve t h e  a n a l y t i c a l  d a t a  base,  

p a r t i c u l a r l y  .for impur i t i e s  l i k e  T i ,  V ,  Mo, and Z r  which cannot be 

r e a d i l y  de t ec t ed  a t  low l e v e l s  by convent ional  a n a l y t i c a l  methods. 

Fu r the r  emphasis should be placed on t h e  process ing  a spec t s  of impuri ty  

e f f e c t s ,  p a r t i c u l a r l y  g e t t e r i n g .  The d a t a  base f o r  n- type ma te r i a l  

should be s t rengthened  and en larged .  Anisotropy e f f e c t s  as  wel l  a s  

. s t r u c t u r a l  breakdown i n  l a r g e r  i ngo t s  should be examined. F i n a l l y  some 

examination of  t h e  t ime dependence of t h e  e f f e c t s  should be undertaken. 



7. PROGRAM STATUS 

7 .1  Present  S t a t u s  

A l l  elements comprising Phase I1 o f  t h i s  program.have been 

succes s fu l ly  comnleted. . ., 

7.2  Future A c t i v i t y  

The o v e r a l l  program approach has been t o  e s t a b l i s h  what concen- 

t r a t i o n s  o f  t h e  i m p u r i t i e s  commonly found i n  s i l i c o n  s t a r t i n g  ma te r i a l  

(me ta l lu rg i ca l  grade s i l i c o n )  can be t o l e r a t e d  i n  s i l i c o n  c r y s t a l s  with- 

out  degrading s d l a r  c e l l  performance o f  common p-base devices  (Phase I ) .  

With t h i s  foundat ion t h e  d a t a  base was then  broadened t o  inc lude  t h e  

e f f e c t s  of  processes  such a s  g e t t e r i n g  and hea t  ' t reatment  and impur i ty  

redis tr ibut-! .on dur ing  c r y s t a l  growth on c e l l  behavior .  S tud ie s  o f  base 

d o ~ i n g  t n e  (n vs  p) , base doping concen t r a t ion ,  (lower r e s i s t i v i t y ) ,  

g r a in  boundary e f f e c t s ,  and carbon/oxygen i n t e r a c t i o n s  were then  under- 

taken.  These l a t t e r  t o p i c s  formed t h e  h e a r t  o f  t h e  Phase 'I1 program. 

Duriiig t h e  per iod  of Fhase 1 , a n d  I 1  t h e  dcvelopment of  new 

technologies  t o  produce both s o l a r  and semiconductor grades of s i l i c o n  

began t h e  t r a n s i t i o n  from l abora to ry  s c a l e  s t u d i e s  t o  t h e  des ign ,  c o s t i n g  

and f a b r i c a t i o n  o f  p i l o t  product ion f a c i l i t i e s .  A t  t h i s  same t ime our  

understanding of  t h e  e f f e c t s  of  i m ~ u r i t i e s  on s o l a r  c e l l  performance has 

become s u f f i c i e n t  t o  i d e n t i f y  t h e  genera l  mechanisms of  s o l a r  c e l l  degrada 

t i o n  and with cons iderable  confidence p r e d i c t  the '  behavior  of  devices  made 

from contaminated v- type s i l i c o n .  For t h e s e  reasons  it i s  now a p p r o p r i a t e  

t h a t  t h e  emphasis of  t h e  program s h i f t  i n  o rde r  t o  b e t t e r  r e f l e c t  t h e  

maturing n a t u r e  of  t h e  t echn ica l  e f f o r t  and t o  respond t o  t h e  emerging 

needs of  t h e  s i l i c o n  product ion a c t i v i t i e s .  



The p ro j ec t ed  Phase I11 e f f o r t  encompasses f i v e  major a c t i v i t i e s  : 

(1) exyansion o f  t h e  a c t i v i t y  d i r e c t e d  t o  c e l l  p rocess ing  (2 )  completion 

o f  t h e  d a t a  base and modeling of  n-base s o l a r  c e l l s  (3) ex tens ion  of  t h e  

p-base s t u d i e s  t o  i nc lude  impur i t i e s  l i k e l y  t o  be introduced dur ing  s i l i c o n  

product i on ,  r e f i n i n g  o r  c r y s t a l  growth, (4)  a  cons idera t  ion of  t h e  p o t e n t i a l  

impact of a n i s o t r o p i c  i m ~ u r i t y  d i s t r i b u t i o n  i n  l a r g e  Czochralski  and r ibbon 

s o l a r  c e l l s  and (5) a  pre l iminary  i n v e s t i g a t i o n  o f  the.permanence of  i m -  

p u r i t y  e f f e c t s  i n  s i l i c o n  s o l a r  c e l l s .  A d e t a i l e d  d i scuss ion  of t h e  Phase 

I 1 1  experiments w i l l  b e  presented  i n  subsequent r e p o r t s .  
. . 
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APPENDIX 1 

SEGREGATION COEFFICIENTS 

Segregation Coefficient 

3 x (2.8 x 

0.8 

0.05 

? 

8.0 x 

1.1 

6.4 x 

3.2 x lov6 

'1.3 x 10 - 5 

4 . 5  x l n - *  
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SUMMARY OF ELECTRICAL AND DEFECT CHARACTERISTIC FOR ALL INGOTS 

I n g o t  

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) 

4 . 0  (B) 

4 . 0  (B) 

4 . 0  (E) 

4 . 0  (B) 

4 . 0  (E) 

A c t u a l  
R e s i s t i v i t y  

(ohm- cm) 

Etch 
P i t  D n s i t y  5 
( /cm > 

W-017. Cu-,OO? 4 .0  (B) 3.8-3.6 2.2-32K 

4 . 0  (B) 

4 . 0  (13) 

4 . 0  (E) 

4 . 0  (B) 

0 . 2  (B) 

4 . 0  (B) 

4 . 0  ( B )  

4 . 0  (C)  

4 . 0  ( E )  

4.0 (E) 

4 . 0  ( 8 )  

Id-030-~r /Cu-001 4 . 0  (B) 7 .3 -6 .9  

IJ-031-Cr/Pln-001 4 . 0  ( B )  8.8-(+. 7 

\ .~-03%-p1~-~i03 4 . 0  ( E j  I+. 5-4.1 

IJ-033-7'.i-032 4 .0  ( B )  f+ . 5-4.2 
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4.0 ( B )  

4 . 0  ( B )  

4 .0  ( B )  

4.0 ( B )  

4 .0  (Al) 

4 .0  (B)  

4 .0  (B)  

4.0 (B: 

4.0  (B)  

4.0 ( E )  

4 . 0  (B)  

4.0 ( B )  

4.0 ( B )  

4 .0  ( E )  

4 .0  (B)  

4 .0  (B)  

4 .0  (B)  

4.0 (B)  

4 . 0  (B)  

4 .0  (B)  

4 . 0  (B)  

4.0 (Bl 

4.0 (B) 

0.5 (B) 

0 .2  (B) 

0.05 (E) 

1 . 5  (P)  

4 .0  (B)  

1.5 (PI 

0.25-0.5K 

1.5-2K 

0.5-30K 

0 .5  - Gross Lineage 

0-0.75K 

2-30K 

1- Gross Lineage 

2-50K 

1.5-1.5K 

0.75-13.5K 

0-3OI< 

0.5-15K 

0.5- G r o s s  Lineage 

1.5-5K 

0.5-40K 

0-2K 

0.5-0.5K 

0 .5-Clus te rs  

4K-GI-nss T,ineaae 

N/A ( p o l y )  

0-4.25 K 

0 .  .5#-25K 

2.5K-1 CIK 

0.5K - 1.25K 

0-O.2K 

0-2K 

0-1K 

3 K-Clusters 

U. ~-!IK 

I-K-LIOK 

ll<-  3?< 

('J-2K 

1 K-4K 

lK-!,K 

1.K-5K 

0 .  4 1;- Cross  I,j.~ic:lgn 
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W-070-A1-00.3 4.0 (B) 

W-071-00-000 4.0 (B) 

W-072-Cr-005 4.0 (B) 

\~-073-~r/~n/Ni/~i/V-001 4.0 (B) 

~-074-Cr/~n/Ni/~i/V-002 4.0 (B) 

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

W-076-Poly-002 4.0 (B) 

W-077-NO-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-001 1.5 (P) 

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

W-085-N/Zr-001 1.5 (P) 

W-086-C-001 4.0 (B) 

Id-087-Ca-001 4.0 (B) 

\*I*-088-Cr-001 0.2 (B) 

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

W*-090-Mn-001 0.2 (B) 

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

W-092-Ph-002 4.0 (B) 

\J -093-Mn-004 4.0 (B) 

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

IJ-095-Mn-006 (I?) 4.0 ( R )  

W-096-FIn-007 (S) 4.0 ( R )  
. . 

W-097-00-000 4.0 ( B )  

Id--098-N0'002 4.0 (B) 

Id-099-Fz-001 4.0 ( R )  

Id-100-Cu/Ti-002 4.0 ;(13) 

?J-101-FZ-002 4.0 ( R )  

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

\-I"-] 03-Ti-001. 0.2 ( B )  

\J-10~t-Cu/Tj.-003 4.0 ( B )  

id"--105-V-001. 0.2 (13) 

\~1-106-N/A.l-002 l . 5  (1') 

139 

0-Gross Lineage 

0-80K 

1R-Gross Lineage 

o-Gross Lineage 
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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  ( R )  

4 .0  ( B )  

4.0 (B) 

4 . 0  (B) 

4 .0  (B) 

4 . 0  (B) 

6K-15K 

0 

0-3K 

1 K 

1 K 

0-Gross L ineage  

8K-Twin 

0-4K 

2K-1OK 

0-=5CK 

0-Gross L ineage  

0-1K 

lK-Gross L ineage  

0-Gross L ineage  

2K-40K 

10K-Gross Lineage 

0-20K 

0-4K 

0-Gross L ineage  

0-Gross L ineage  

3 K 

0-3K 

* Use of a s t e r i s k  i n d i c a t e s . 1 0 ~  res i s t :Lv i ty  p-type i n g o t .  

A *  The f i r s t  f i g u r e  is  e t c h  p ? t  d e n s i t y  of :he s e e d ;  second f i g u r e  e t c h  

p i t  d e n s i t y  of extrer t le  t a n g  end of i n g o t .  The f i r s t  va lue  shovn i s  

i n d i c a t i v e  of d i s l o c a t i o n  d e n s i t y  i n  s l i c e s  used f o r  c e l l  f a b r i c a t i o n .  

+ Twinni:~g due t o  h'igh ca rbon  c o n c e n t r a t i o n  o 'ccurred a E t e r  approx imate ly  

t h r e e  i n c h e s  of c r y s t a l  growth.  

tt- Flu l t< .p le  c r y s t a l  growth clue probnb1.y t o  CaO form:it ion.  
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Number 

APPENDIX 3 

CARBON AND OXYGEN CONCENTRATIONS FOR REPRESENTATIVE INGOTS 

Carbon Oxygen 
C centrati n P & - -  3 Con ntration 

x 10 atoms/cm f.& x 10 atorrk/cm 3 
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Ingo t  Aunber 
Carbon C o n c e n t r a t i o n  

x 1016 a t o n s / c n  3 
Osygen C o n c e n t r a t i o n  
x lo1 a t o ~ s / c r n  3 
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I n g o t  Number - -- 
Carbon, g o n c e n t r a  i o n  5 .  Oxygen, g o n c e n t r a  i o n  

x 1 0  atomslcm , x  1 0  atomslcm 
f 

** Due t o  f r e e  c a r r i e r  a b s o r p t i o n  i n f r a r e d  methods cannot  b2 used f o r  ca rbon  and 
oxygen d e t e r m i n a t i o n  i n  t h e s e  samples .  
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INGOT IMPURITY CONCENTRATTnN 

Target Calculated 
Ingo t Cppcentrati 

J 9" Con ntration 
Identification 10 atomslcm f 3  

10 atomslcm 
3 

- 

2.36 

0.16 

0.46 

2.18 

0.0019 

0.18 

0.15 

N/A 

<0.0006 

0.75 

13.3 

1.6 

0.53 

N/ A 

0.0018 

N/A 

N/A 

0.023 

N / A  

U. UUYY 

0.7311.22 

Pleasured 
Concf3tration 

10 atomslcm 
3 



APPENDIX 4 (cont.) 

Targe t Calculated Measured 
Ingot Co entratio ?S 9 Co entratio PS g Con ntration 

Identifica~ion 10 atomslcm 10 atoms/cm 10 atons/cm 
$5 3 
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Target 
Ingot Concentration 

Identification lo1 5atoms/cm3 

Calculated Measured 
Concentration 
lo1 5atorns/cm3 

Concentration 

W~-OGJ.-. .Cr/Ti.-,001 Cr: 1;l 
Ti: 0.011 

Cxr 1.,O 
Ti: 0.009 

W-067-Cr/PIn/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) 
Mrl:  0.7 (0.66) 
Ti:<O. 2 ((0.7,) 

\5-070-111-003 50 (4.75)+* 

W-071-UU-UUU None 

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

~ 4 - U 7 4 - C r l M n l 8 i l T i l V - 0 0 2  

Cr: 0.34. 
Mn: 0.31 
Ni: 1.3 
Ti: 0.0030 
V: 0.007 

Cr: 0.28 (0.17) 
Fin: 0.8 (0.28) 
x i :  (2.0 (10) 
Ti: < 0.35 ((0.3) 
V: (0.35 

Cr: 0.08 
Fln: 0.08 
Ni: 0.5 
TI! 0.00033 
V: 0.0006 

Cr: 0.054 
Pln: 0.64 
Xi: 0.28 
TI: 0.001 
V: 0.0015 

Cr: 0.25 
Fln: 0.25 
~i.:(2.0 
Ti:<0.75 
1': (0.  25 

W-075-Ti/V-002 Ti: 0.056 
v: 0.1 

Ti: 0.042 
v: 0.11 

\~~-076-Poly-O02 None 
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Target 
Ingot Concentration 
Identification lo1 5atorns/cm~ 

W-077-Mo-0ui 0.0042 

W-078-00-000 None 

IJ-092-Ph-002 

\?-093-Mn-004 

IJ-094-Mn-005 (Poly) 

W-095-Mn-006 (F) 

W-096-hln-007 (S) 

W-097-00-000 

W-098 -?lo-002 

W-099-FZ-001 

\J-100-Cu/Ti-002 ' 

W-101-FZ-002 

1,:-102-Ti-006 (Poly) 

Id"-103-Ti-001 

W-104-Cu/Ti-003 

Cr: 0.5 
Mn: 0.3 

28 . 

None 

None 

Cu: 1.0 
Ti: 0.033 

None 

0.11 

0.167 

Cu: 2.0 
Ti: 0.14 

0.4 

6.6 

3 0 

Calculated 
Concentration 
lo1 5a toms/cm3 

0.0027 

N/A 

0.7 

0.65 

0.475 

0.86 

22 (2.1)** 

0.0005 

N/A 

0.13 

0.62 

2.13 

0.52 

0.3 
0.3 

N/ A 

0.46 

0.63 

0.42 

0.55 

N/A 

0.00042 

N/A 

Cc: 1.25 
, . Ti:.0.04 

N / A  

0.1 

0.13 

Cu: 2.2. 
Ti : "0.08 

u .  7 

2.3 

2 5 

0.098 

N/A 

0.67 
.I. 4 7 

Measured 
Concentration 
lo1 5atom~/cm 3 

None 

' ?  

3.3 

0.8 ' (2.5) 

2.75 (0.69) 

1.0' 
2-25 (-,lo. 5). 
27-30 $:k 

2.75. (0.75) 

2.75 (1.3) (OV.76) 

2.75 (1.0) 

0.25 (0.6) 

N/ A 

(0.3 

N/A 

Cu: U.5 
Ti: (0.3 

N/A 

0.25 

0.25 

Cu: 4.0 
Ti: 0.25. 

0.85 

8.3 (0.7)j~~ 

!. 2 8 (1.7) " A  

0.2 

(20-1.40 

(2.;0 
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Ingot 
Idectification 

Target 
Concentration 
lo1 5atoms/cm3 

Calculated 
Concentration 
101~atoms/cm~ 

Pleasured 
Concentration 
lo1 5atoms/cm3 

2.610.25 

(0.5 

1.0 

N / A  

4.0 

(100) *fz 

M/ A 

(140) "* 
( 3  

1.0 

(1 

(3  

( 3  

(0.2 

(0.2 

B 

< 3 
(0.5 

Low Resistivity P-Type Ingots 

** Value based on resistivity measurement 

* A *  High Ti value possibly due to vacuum leak. j n  N . S .  

i Value in parenthesis based on Neutron Activation Analysis. Value without 
parentheses based on SSPIS 

See data sheets for 10 lmpiiritie.+ 

S 3  No melt sample available 
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WAFEP. CLEANING. PROCEDUR.ES 

Clean 1 

* 
a .  S t r i p  aluminum 

b. Rinse  i n ' d e i o n i z e d  w a t e r ,  30 s e c .  b .  

c .  E tch  s i l i c o n ,  CP-4A (metal  

tweezers )  c .  

d .  R inse  i n  d e i o n i z e d  w a t e r ,  30 s e c .  

e .  N2 blow d r y .  d .  

e .  

f .  

C lean  3 
* 

a .  S t r i p  aluminum , D I  r i n s e  30 s e c .  

b.  E tch  s i l i c o n  CP-4A 1 0  s e c ,  D I  

r i n s e  30 s e c .  

c .  Repeat s t e p  b .  

d .  R inse  i n  d e i o n i z e d  w a t e r  1 minute  

e .  H202 + NH40H + H20, 1 0  min. @ 80°C 

f .  Kinse  i n  de ion ized  wate r  30 sec. 

g .  H202 + HCL + H20, 1 0  min @ 80°C. 

Clean  2 

* 
S t r i p  aluminum , D I  r i n s e ,  30  s e c .  

E tch  s i l i c o n  1 0  s e c ,  CP-4A, 

D I  r i n s e  

R i n s e  w i t h  4 p a r t s  H2S04 + 1 

p a r t  H202 @ 87OC 

Repeat  s t e p  b .  

KMn04 e'tch', 1 0  s e c ;  D I  r i n s e  

NH40H + H202, D I  r i n s e  30 s e c .  

H202 + HCL +H20, D I  r i n s e  

30 s e c .  

N2blow d r y .  

Clean 4 

* 
a .  S t r i p  aluminum , D I  r i n s e  30 s e c .  

' h .  U l t r a s o n i c  c l e a n  5 rnin 17% 

s o l  FL70 @ 25OC. 

c .  R inse  i n  d e i o n i z e d  w a t e r  3 min. 

d .  Repeat  s t e p s  b and c .  

e. U l t r a s o n i c  D I  w a t e r  @ 90°C f o r  

5 min. 

f .  R inse  i n  D I  f o r  3 min. 

h .  R inse  i n  d e i o n i z e d  w a t e r ,  30 s e c .  g .  H202+NH40H+H20, 1 0  min @ 80°C. 

i. Blow d r y .  DI r i n s e  30 s e c .  

h .  H O +HCL+H20, 1 0  min. @ 80°C, 
2 2  

D I  r i n s e  30 s e c .  

i. Repcat  s t e p s  g and h 

j . D I  r i n s e  30 s e c .  N2 blow d r y .  

* 
Aluminum e t c h  s o l u t i o n  = 750 m l  H PO 140 m l  H20, 30 m l  HNO and 150 m l  

3 4 '  3 ' 
CH3COOH 

+ S t a i n  removal s o l u t i o n  = 2 p a r t s  HF, 1 p a r t  0.038M 
KMI1O4 
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. a  

WAFER CLEANING PROCEDURES 

Clean 5  

* 
a .  S t r i p  aluminum , D I  r i n s e  30  s e c .  

b .  H202+NIi40H+H20, 1 0  min. @ 80°C, 

D I  r i n s e  30 s e c .  

c .  H?OZ+HCL+H20, 1 0  min. @ 80°C, 

D I  r i n s e  30  s e c .  

d .  Repeat s t e p s  b and c .  

e .  D I  r i n s e  30 s e c .  

f .  R inse  5% HF s o l u t i o n  1 5  s e c .  D I  

r i n s e .  

g .  U l t r a s o n i c  c l e a n  1 0  s e c .  i n  q u a r t z  

double  d i s t i l l e d  H20, 5  times ** 
h .  C h e l a t e  u l t r a s o n i c a l l y  l m i n . ,  

5  times. 

i. Repeat s t e p  g .  

Clean 6 

* 
S t r i p  aluminum D I  r i n s e  30 s e c .  

,R inse  3  rnin t e t r a c h l o r o e t h y l . e n e  

u l t r a s o n i c a l l y ,  3  t imes  

Rinse  1 minute  i n  a r e t o n e  

u l t r a s o n i c a l l y .  

R inse  i n  d i s t i l l e r  w a t e r  3  t i m e s .  

U l t r a s o n i c  5% KOH 3  minutes  

U l t r a s o n i c  d i s t i l l e  H 0  2 min. 2 
1 0  t imes  . 
50% KOH @ 50°C f o r  1 0  min. 

D i s t i l l e d  w a t e r  r i n s e  1 min,  3 

t i m e s .  

R inse  1 min. 0 .3% HCL u l t r a s o n i c a l l y  

Rinse  d i s t i l l e d  water I. m i n ,  

6 t i n e s .  

R lnse  1 rnin p r o p o n a l ,  2  t imes .  

Dry wafers i n  var.i.li.im oven 

20 min. 

* * 
C h e l a t e  s o l u t i o n  = 1000 m l  q u a r t z  d i s t i l l e d  H 0  + 1 5  m l  NH40H + 

2 
5  g r  Ethylenediaminete t race t ic  Acid (EDTA) 



A P P E N D I X  6 

PHOTOVOLTAIC CHARACTERISTICS OF METAL IMPURITY-DOPED 
SILICON SOLAR CELLS UNDER MI1 ILLUMINATION 

Test  Condit ions:  No AR coa t ings ,  nominal c e l l  a r e a  1.03cm 
2  

2 
Quartz- iodine i l luminat i .on 9 1 . 6  mW/cm . 

Key t o  Abbreviat ions:  R - c a l i b r a t e d  r e fe rence  devices  

C - wafers from ingot  c e n t e r  

T  - wafers from ingot  t ang  end 

S  - wafers from ingot  seed end 

B - b a s e l i n e  wafer 

E o r  N - '  end' 

. *  - i tem d e l e t e d  from averages.  

Ingots  a r e  l i s t e d  ch rono log ica l ly  i n  t h e  o rde r  they  were grown. . 
Column headings a r e  gene ra l ly  s e l f - exp lana to ry ;  PCDB and PCDA a r e  

t h e  photoconductive decay wafer l i f e t i m e s  before  and a f t e r  c e l l  

~ r o c e s s i n g .  (see Table 1 2  f o r  d e t a i l s )  Data f o r  i ngo t s  W O O 1  t o  

W052 appear i n  Reference 1. 



61213 W055CU004 (5E13) W020 00 000 
*SOL3 AM1: PO=91.60MW/CM@2 NO AR COATING 

ID ISC VOC IP L(X;(IO) N R FF Eff OCD PCDa PCDb 

AVERAGES: 61213 BASELINE W020 00 000 
22.83..556 20.89 -7.162 1.70 -.62 ,757 10.17 4.46 7.30 7.00 

STD .09 .001 .24 .569 .17 .26 .010 .17 .54 * * 
61213 W055CU 004 (5E13) 

23.05 .553 21.03 -6.963 1.75 -.74 .756 10.18 4.41 .OO .OO 
STD .23 ,001 .20 .436 .14 .19 .009 .13 .65 * * 

PERCENT OF BASELINE 
100.9 99.4 100.7 102.8 I03 81.6 99.8 100.1 98.8 .O .O 

STDZ 1.4 . 4  2.2 11.3 20 92.6 2.5 3.0 28.5 .O *O 
70201 W056CU005 (6.5E16) BEFORE SINTEK W020 00 000 
*SOL3 AM1: P0=91.60MW/CM@2 NO AK COATING 

ID ISC VOC IP L S  (10) N K FF Eff OCD PCDa PCDb 

AVEKAG ES: 70201 BASELINE 
22.80 .553 20.86 

ST 1) .10 .000 .07 
70201 W056CU 005 

22.45 .545 20.15 
STD .13 .002 .20 

PERCENT OF BASELINE 
98.4 98.5 96.6 

STDX 1 .O .3 1.3 

W020 00 000 
-7.310 1.63 -.20 .749 9.99 3.'90 7.30 7.00 

.062 .02 .02 .003 .01 .OO * * 
(6.5E16) BEFORE SINTEK 
-6.251 1.99 -.62.724 9.37 3.26 4.85 6.66 

.316 .13 .23 .011 .17 .17 * * 
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7021  1A W061CR-TI001 (1E15-  1.1E13)AFTEK S I N T E K  W020 0 0  000  
*SOL3 AM 1  : PO=9 1.60MW/CMO2 NO A R  C O A T I N G  

I D  ISC V O C  I P  LOG ( 1 0 )  N R FF E f f  O C D  PCDa PCDb 

AVERAG ES: 70211ABASELINE W020 0 0  000  
22.92 .561  21 .07  -7 .635 1.57 - . 18  .757 10 .29  4 . 4 5  7 . 3 0  7 . 0 0  

STD a 1 3  .001  , .20 . 4 8 9  . 1 2  . 1 8  .008  .16  . 4 3  * j, 

70211A W061CR-TI001 (1E15-2E13)  AFTER SINTER 
16.77  ' .498 1 5 . 0 8  -6 .611  1 . 7 3  - . 20  . 7 1 9  6 .35  . 1 3  , Q O  . O O  

STD . 7 9  - 0 0 4  .71  .316  . l l  .26  .OU7 .35 . O O  * * 
PERCENT OF BASELINE 

73.2 8 8 . 8  71 .6  1 1 3 . 4  1 1 0  8 8 . 1  95.0 61 .7  - 2 .9  . O  . O  
STD% 3.9 . 8  4.1 9 . 9  1 6 4 2 5 . 7  2.0 4 . 3  . 3  . o  .O 



7 0 5 0 2  W062N-CU001 ( 2 . 5  ~ 1 5 )  N BASE W060 0 0  0 0 0  
*SOL1 AM1 : P 0 = 9 1 .  ~ O M W / C M @ ~  N O  A R  COATING 

I D  I S C  V O C  I P  LO2 (.I 0  ) ' N R FF E f f  O C D  PCDa PCDb 

AVERAGES: 7 0 5 0 2  BASELINE NO60 0 0  0 0 0  
2 2 . 2 0  . 5 6 1  2 0 . 2 5  - 7 . 1 7 1  1 . 7 3  - . 3 7  . 7 4 7  9 . 8 3  3 . 8 4  . O O  - 0 0  

STD . 1 2  . 0 0 1  . 3 0  . 7 8 9  . 2 4  . 4 2 . 0 1 2  . 2 1  2 . 1 6  * 3~ 

7 0 5 0 2  IJ062N-CU 0 0 1  ( 1 . 7 E 1 5 )  N BASE 
2 2 . 3 0  - 5 6 1  2 0 . 3 2  - 7 . 3 1 4  1 . 7 6  - . 3 6  . 7 4 5  9 . 8 6  6 . 3 9  - 0 0  - 0 0  

s T I) . 3 4  . 0 0 7  . 6 5  1 . 2 7 0  . 4 7  . 5 5  . 0 3 1  . 5 6  2 . 7 1  * * 
PERCENT OF BASELINE 

100 .5  1 0 0 . 0  1 0 0 . 3  9 8 . 0  1 0 1  1 0 2 . 6  9 9 . 8  1 0 0 . 3  1 6 6 . 7  * * * * *  * * * * *  
STD% 2 . 1  1 . 5  4 . 7  3 0 . 9  4 5  4 3 2 . 0  5 . 8  8 . 0  2 0 4 . 6  * * * * *  * * * * *  



7 0 5 1 8  W063N-CR001 ( 8E14 ) ~ 0 ' 6 0  00  0 0 0  
*SOL1 Ah11 : ~ 0 = 9 1  . ' ~ o M w / c H @ ~  N O  A R  COATING 

I D  ISC V O C  I P  L G ( I 0 )  N R F F  

AVERAGES: 7 0 5 1 8  BASELINE I5060 0 0  0 0 0  
21 .73  . 5 5 9  1 9 . 9 6  -7 .781  1 . 5 4  . 1 4  . 7 4 9  

STD .33  . 0 0 3  . 3 4  . 6 4 3  . 1 5  . 27  . 0 1 1  
705'11: LJU63N-CRUUl ( 2 . 8 E 1 5 )  

1 8 . 7 2  , 5 2 3  1 7 6 1 1  - 7 . 6 7 6  1 . 5 1  . 3 5  a736 
STD . 26  , 0 0 2  . 4 2  . 880  . 27  . 4 0  . 0 2 4  

P E R C E N T  O F  B A S E L I N E  
86 .2  9 3 . 6  8 5 . 7  1 0 1 . 3  98  2 5 0 . 4  9 8 . 3  

STD% 2 .5  .7  3 . 6  2 0 . 4  2 9  * * * * *  4 .7  

O C D  PCDa . PCDb 



7 0 5 1 9  \ < 0 6 4 N - P l L 0 0 1  ( 1 E 1 5 )  NO60 0 0  0 0 0  
*SOL2 AM1 : P O = 9 1  .60bIW/CM@2 N O  AR COATING 

I D  I S C  VOC IP L O S ( I 0 )  N K F F  E f f  

AVERAGES: 7 0 5 1 9  B A S E L I E E  W060 0 0  0 0 0  
2 2 . 3 0  . 5 5 8  2 0 . 2 8  - 7 . 0 4 0  1 . 7 6  - . 2 6  . 7 3 9  

STD . 1 9  . O O h  . 38  . 6 6 5  . 2 2  . 4 1  . 0 1 3  
7 0 5 1 9  W064N-MN001 ( 1 E 1 5 )  

2 1 . 4 2  . 5 4 7  1 9 . 6 2  - 7 . 6 5 0  1 . 5 7  . O 1  . 7 4 7  
STU . 3 4  . 0 0 5  . 4 8  . 9 7 4  . 2 8  . 5 4  . 018  

PERCEKT OF BASELINE 
9 6 . 0  9 8 . 1  9 6 . 7  9 1 . 3  9 0  2 0 5 . 6  1 0 1 . 0  

STD% 2 . 4  2 . ' 0  4 . 2  2 5 . 8  2 9  5 5 8 . 3  4 . 2  

OCD PCDa PCDb 



7 0 5 2 0  W065N-TI001 ( 2E14 ) 15060 0 0  0 0 0  
*SOL2 A M 1  : PO=91.60MW/CMo2 N O  A K  COATING 

ISC V O C  I P  . LO; ( 1 0 )  N R F F  E f f  O C D  PCDa PCDb 

AVERAGES: 7 0 5 2 0  BASELINE W060 0 0  0 0 0  
2 2 . 2 8  - 5 6 3  2U.54 - 7 . 9 8 U  1 . 3 1  . 0 8  .I56 1U.Ul 9 . 1 0  . U U  . U O  

STU . 2 5  . 0 0 3  . 3 5  . 6 8 5  . 1 6  . 3 7  . 0 1 0  . 2 3  . 9 2  * * 
7 0 5 2 0  W065N-TI001 ( 3 . 6 E 1 4 )  

1 9 . 1 5  0 5 2 9  1 7 . 4 6  -7 .188  1 . 6 2  - a 2 5  , 7 4 3  7 . 9 6  1 . 4 0  a 0 0  a 0 0  
STD . 1 9  . 0 0 3  . 2 4  . 3 9 1  . l l  . 2 2  . 0 0 7  . 1 6  . 1 7  * * 

PEKCENT OF BASELINE 
8 6 . 0  9 3 . 6  8 5 . 0  1 0 9 . 9  1 0 8  ****>t  9 8 . 2  7 9 . 0  1 5 . 4  * * * * *  * * * * *  

STD% 1 . 8  . 9  2 . 6  1 3 . 0  2 0  * * * * *  2 . 2  3 . 4  3 . 6  * * * * *  * * * * *  



70422 W066TI005 (3.3E13IW054 00 000 
*SOL 1 AM1: PO-91.60MW/CM@2 NO AR COATING 

ID ISC VOC IP LO; (10) N R FF 

AVERAGES: 70422 BASELINE W054 00 000 ' 

22.72 .555 20.93 -7.696 1.54 -.31 ,764 
STD .13 .002 . 1 6  .369 .U4 .13 .006 

70422 W066TI005 (6E13) 
16.85 .500 14.94 -6.059 1.95 -.24 .697 

STD .33 .002 .28 .157 .07 .15 .004 
PERCENT OF BASELINE 

74.2 90.0 71.4 121.3 127 122.1 91.3 
ST])% 1.9 .7 1.9 5.9 12 100.3 1.2 

Eff OCD PCDa PCDb 



I D  I S C  V O C  I P  L G ( I 0 )  N K F F  E f f  

AVERAGES: 7 0 4 2 5  BASELINE W054' 0 0  0 0 0  
2 2 . 7 7  . 5 5 3  2 0 . 9 4  - 7 . 7 0 1  1 . 5 3  - . 1 2  . 7 5 7  1 0 . 0 7  

STD . l o  .003  . 2 0  . 4 2 3  . 1 0  . U 5  . ( I11  .2  3 
7 0 4 2 5  W067CR-MN-TI001 ( 4 E 1 4 - 5 E 1 4 - 6 E 1 2 )  

1 9 . 2 1  . 5 2 1  1 7 . 0 6  - 5 . 9 9 9  2 . 0 6  - . 6 3  . 7 0 7  7 . 4 8  
STD . 3 9  .UOb . 4 5  . . 4 9 8  . 2 8  . 4 0  . 0 1 9  . 3 3  

PERCENT OF BASELINE 
8 4 . 4  9 4 . 2  8 1 . 5  1 2 2 . 1  1 3 5  * * * * *  9 3 . 4  7 4 . 2  

STDX 2 . 1  1 . 6  2 . 9  1 1 . 1  2 9  6 6 2 . 9  3 . 9  5 . 1  

OCD PCDa PCDb 



7 0 4 2 6  W068CR004 ( 1 E 1 5 )  W054 0 0  0 0 0  
*SOL1 AM1: PO=91.60MW/CM@2 N O  A R  COATING 

I D  I S C  V O C  I P  L G  ( 1 0 )  N R F F  E f f  

AVERAGES: 7 0 4 2 6  BASELINE W054 0 0  0 0 0  
2 2 . 6 4  . 5 5 6  2 0 . 8 3  - 7 . 5 4 6  1 . 5 8  - . 4 9  . 7 6 5  1 0 . 1 8  

S  T  I.) . 3 1  . 0 0 2  . 3 4  . 4 4 4  . 1 2  . 2 3  . 0 0 6  . 1 9  
7 0 4 2 6  W068CK004 ( 1 E l 5 )  

1 9 . 9 7  . 5 2 0  1 7 . 8 3  - 6 . 0 5 8  2 . 0 1  - . a 9  . 7 2 0  7 . 9 1  
STD . 4 4  . 0 0 4  . 4 8  . 3 7 0  .18 . 2 1  . 0 1 6  . 3 3  

PERCENT OF BASELINE 
88 .2  9 3 . 6  8 5 . 6  1 1 9 . 7  1 2 7  1 8 . 6  3 4 . 1  7 7 . 8  

STDX 3 . 2  . 9  3 . 8  9 . 9  2 2  1 4 8 . 8  2 . 9  4 . 7  

O C D  PCDa PCDb 



7 0 5 1 2 .  W069FE004 ( 1 E 1 5 )  W054 00 0 0 0  
*SOL1 A M l :  P 0 = 9 1 , 6 0 b I ~ / C M @ 2  N O  A R  COATING 

11) ISC V O C  I P  LO2 ( 1 0 )  N R FF E f f  O C D  PCDa PCDb 

1 R * 
1B. * 
2B 
38 
4B* 
5B 
1  C 
2C 
3C 
4C 
5C 
6C 
7C 
8C 
9C 
l Q C  
1 1 C  
1  S 
2 S A  
3 s  
4 s  
5 s "  
I T *  
2T * 
3T * 
4T 
5T* 
6T 

AVEKAGES: 7 0 5 1 2  BASELINE W054 0 0  0 0 0  
2 2 . 6 0  - 5 5 1  2 0 . 4 9  - 6 . 6 1 8  1 . 8 7  - . 8 8  . 7 4 7  9 . 8 5  3 . 6 0  . O O  . O O  

STD .1/1 .OOl 6 0 8  . 4 0 7  . 1 8  . 2 5  .O10 . 0 9  . 2 7  * * 
7 0 5 1 2  WOh9FEflOb ( 1 E 1 5 )  

2 0 . 1 3  . 5 6 8  1 8 . 0 7  - 6 . 2 9 2  2 . 1 4  - 1 . 2 5  . 7 3 5  8 . 8 8  1 . 0 6  . 0 0  . O O  
STD 1 . 0 2  . 0 0 7  . 8 0  . 8 4 8  . 4 1  . 6 2  , 0 2 0  , 5 0  . 2 6  * * 

PERCENT OF BASELINE 
8 9 . 0 1 0 2 . 9  8 8 . 2  1 0 4 . 9  1 1 4  5 8 . 4  9 8 . 4  9 0 . 2  2 9 . 6  * * * * *  * * * * *  

' STDX 5 . 1  1 . 4  4 . 3  2 0 . 7  3 5  1 3 1 . 2  4 . 1  5 . 9  1 0 . 1  * * * * *  * * * * *  



70516 W070AL003 (5E16) W054 00 000 
*SOL1 AM1: P0=91.60MW/CMQ2 NO AR COATING 

ID ISC VOC IP LG(I0) N R F F  E f f  

lR* 
lB* 
2B 
3B* 
4 B .  
J B *  
1 C. 
2C. 
4C 
96. 
11C. 
1 S 
2s. 
3s. 
4 s .  
5s 
6s 
1T. 
2T. 
3T 
4T. 
5T. 

AVERAGES: 70516 B A S E L l N E  W054 00  000 
22.00 .551 19.86 -6.306 1.98 -1.20 .745 9.55 

STD .OO .000 .00 .ooo .OO .oo .000 .oo 
70516 W070AL003 (5E16) 

17.06 .530 14.96 -5.651 2.47 -1.50 .694 6.66 
STD 1.48 ,007 1.66 1.139 .64 . 8 8  .040 .97 

PERCENT O F  BASELINE 
77.5 96.1 75.2 110.4. 125 74.7 3 69.8 

STD% 6.7 1.4 8.3 18.1 32 73,8 .5.3 10.1 

OCD PCDa PCDb 



7 0 6 0 8  W072CK005 ( 4 E 1 4 )  W054 0 0  0 0 0  
*SOL1 Abll: P 0 = 9 1 .  60MW/Cb1@2 NO A R  COATING 

I D  I S C  V 0 C  I P  L a  ( 1 0 )  N ' K F F  E f f  

AVERAGES: 7 0 6 0 8  BASELINE W054 0 0  0 0 0  
2 1 . 6 8  . 5 5 2  1 9 . 7 5  - 6 . 9 3 3  1 . 7 7  - . 8 1  . 7 5 4  9 . 5 4  

S T D  . 1 8  .OU2 . 1 6  . 588  . 2 0  . 3 8  . 0 0 9  . 11  
7 0 6 0 0  W072CR005 ( / 1 E 1 4 )  

2 0 . 8 6  . 4 9 1  1 8 . 2 5  - 6 . 3 4 0  1 . 7 4  - . 2 9  . 6 9 6  7 . 9 3  
S '1' ll . 7 3  . I 2 4  2 . 1 9  1 . 0 9 1  . 2 2  1 . 1 3  . I 2 4  2 . 5 5  

PERCENT OF BASELINE 
9 6 . 3  8 9 . 0  9 2 . 4  1 0 8 . 6  9 8  1 6 4 . 4  9 2 . 3  8 3 . 1  

STDX 4 . 2  2 3 . 0  1 1 . 9  2 4 . 8  2 5 2 2 U . Z  1 1 . 7  28 .0  

O C D  PCDa PCDb 



7 0 6 0 9 8  W073CR-MN-NI-TI-V001 ( 4 E 1 4 - 4 E 1 4 - 2 E 1 5 - 2 E 1 2 - 2 E 1 2 )  W054 00 0 0 0  
*SOL1 At41 : PU=9 1.6OWW/CP1@2 NO A R  COATING 

I D  LSC V O C  I P  LO2 ( 1 0 )  N K 

AVERAGES: 70609B BASELINE W054 0 0  0 0 0  
2 2 . 7 2  . 5 5 5  2 0 . 9 7  - 7 . 9 3 6  1 . 4 7  -.O5 

STD .1)4 . 0 0 1  . 0 4  . 0 b 8  .O1 . 0 7  
7 0 6 0 9 8  W073CR-MI;-NI-TI-V001 ( 5 E 1 4 -  

1 7 . 6 1  . 5 0 0  1 5 . 6 6  - 6 . 1 4 9  1 . 9 3  - . 3 7  
STD . 3 1  . 0 0 4  . 3 1  . 5 0 4  . 2 3  . 4 1  

PERCENT OF BASELINE 
. 7 7 . 5  9 0 . 1  7 4 . 7  1 2 2 . 5  1 3 1  * * * * *  

STUZ 1 . 5  . 9  1 . 6  7 . 1  1 7  **i** 

E f f  O C D  PCDa PCDb 



I D  I S C  V O C  I P  LOS (10) N R FF E f f  O C D  P C D a  P C D b  

A V E R A G E S :  70610 B A S E L I N E  W054 00 000 
22.25 -553 20.38 -7.294 1.64 -.42 .755 9.82 4.68 .OO .OO 

S T D  .18 .002 16 .lo1 .05 .03 .006 .lU .16 * * 
70610 WQ74MM-CK-NI-TI-VOO? (8E 1 ?-RE 13-5L14-GCll-6Ell) 

20.79 .540 18.79 -6.593 1.85 -.68 .737 8.74 1.80 .OO .OO 
S T D  .35 .003 .33 .426 .17 .27 .010 .22 .40 * * 

P E R C E N T  O F  B A S E L I h E  
93.4 97.7 92.2 109.6 113 37.5 97.6 89.0 38.5 * * * * * * * * * *  

STB% 2.3 . 9  2.4 8.2 14 52.1 2.2 3.2 10.2 * * a * *  * * * * *  



I D  ISC V O C  I P  LO2 ( 1 0 )  N R F F  E f f  

AVERAGES: 7 0 6 1 4  BASELINE W054 0 0  0 0 0  
2 2 . 1 7  . 5 4 9  2 0 . 2 1  - 6 . 9 8 0  1 . 7 3  - . 5 3  . 7 5 0  9 . 6 5  

STD . 0 5  . O O O  . 1 6  . 4 5 3  . I 4  . 2 4  . 0 0 8  . 1 2  
7 0 6 1 4  W075TI-V002 ( 1 E 1 4 - 1 E 1 4 )  

1 5 . 4 3  . 4 8 3  1 3 . 6 8  - 6 . 1 8 5  1 . 8 5  . 0 3  . 6 9 4  5 . 4 7  
STD - 2 2  - 0 0 2  . 2 0  , 2 8 7  . 1 2  - 3 2  . 0 1 0  . 1 4  

PERCENT O F  BASELINE 
6 9 . 6  88 .0  h 7 . 7  1 1 1 . 4  1 0 7  2 0 5 . 2  9 2 , 5  5 6 . 6  

STD% 1 . 2  . 4  1 . 6  1 0 . 1  1 6  7 9 . 0  2 . 3  2 . 2  

O C D  PCDa PCDb 



7 0 6 1 3  WO76POLY 002 W054 0 0  0 0 0  
*SOL1 AM1 : PO=9 1.60M!4/CN@2 KO A K  C O A T I N G  

I D  ISC V O C  I P  LOG(I0 )  N K FF E f f  O C D  PCDa PCDb 

AVERAGES: 7 0 6 1 3  8ASELINE W054 00  0 0 0  
2 2 . 2 3  . 5 4 9  2 0 . 2 3  -6 .830  1 . 7 6  -.55 . 7 4 6  9 . 6 3  3 .07  . 0 0  . O O  

STD . l o  . 0 0 1  . 1 5  . 2 6 5  . 0 9  . 2 3  . 0 0 3  . 0 9  . 3 8  * * 
7 0 6 1 3  WO76POLY002 

1 9 . 2 3  - 5 0 5  1 6 . 6 2  -5 .425  2 . 3 7  - . 35  . 666  6 . 8 8  1 . 0 6  . O O  . O O  
STD .64  . 0 2 2  1 . 0 3  . 7 3 1  . 4 8  1 . 0 5  . 0 5 0  . 8 9  . 67  * k 

PERCENT OF BASELINE 
8 6 . 5  9 2 . 1  8 2 . 1  1 2 1 . 3  1 3 5  1 3 6 . 8  89 .2  71.4 2 1 . 0  * * * * *  * * * * *  

STD% 3 . 3  4 . 2  5 . 8  1 4 . 1  35  293 .7  7 . 1  1 0 . 0  1 5 . 8  *****  * * * * *  



7 0 6 1 5  w077M0001 ( 4 . 2 E 1 2 )  NO54 0 0  0 0 0  
*SOL2 APl1: P0=9 .1 .60M~/CM@2 N O  A R  COATING 

I D  ISC V O C  I P  L03 ( 1 0 )  N R F F  E f f  

AVERAGES: 7 0 6 1  5  BASELINE ~ 0 5 4 ~ 0 0  0 0 0  
2 2 . 4 6  . 5 4 9  2 0 . 6 0  - 7 . 4 4 8  1 . 5 9  - . 2 6  . 7 5 5  

STD . 2 7  . 0 0 1  . 3 2  . 3 2 1  . 0 9  .18  . 0 0 7  
7 0 6 1 5  W077M0001 ( 4 . 2 E 1 2 )  

1 9 . 0 0  . 5 0 5  1 6 . 9 7  -6, .095 1 . 9 4  - . 8 7  , 7 7 0  
STD . 3 2  . 0 0 2  . 3 5  . 3 5 7  . 1 8  . 3 5  . 0 0 9  

P E R C E N T  O F  'RASEI ,T i \ ;E  
0 4 . 6  9 1 . 9  8 2 . 4  1 1 8 . 1  1 2 2  * * * * *  9 5 . 4  

STD% 2 . 5  . 5  3 . 0  8 . 5  1 9  4 5 7 . 5  2 . 1  

O C D  PCDa PCDb 



I I.) I S C  VOC. I P  LO; (10) N R FF Eff OCD PCDa PCDb 

AVERAGES: 70721 . BASELINE W054 00 000 
2l.tjU .547 19.62 -6.776 1.8U - . 7 . 3  . I 4 6  9.33 3.58 .U0 .OO 

STbl .19 .001 .19 . 4 3 2  .15 .30 ,005 . l l  .33 * * 
70721 W080PH001 (7E14) 

22.06 ,548'20.06 -6.932 1.75 -.44 .743 9.49 5 . 2 0  . O O  - 0 0  
S T D  .18 .002 .23 .522 .18 .27 .012 .18 .58 * * 

P E K C E N T  OF B A S E L I N E  
102.1 100.1 102.2 97.7 97 139.8 99.5 101.7 145.5 * * * * *  * * * * *  

S T D %  1.7 .5 2.2 14.7 19 78.3 2.3 3.1 30.9 *****  * * * * *  



70725 W081N-NI001 (1.7E15) W060 00 000 
*SOL2 AM1 : PO=91.60MW/CM@2 NO AR COATING 

ID ISC VOC IP Lo!; (10) N R FF E f f  

AVERAGES: 70725 BASELINE W060 00 000 
21.58 .561 19.85 -7.978 1.50 .31 .748 9.58 

STI) .31 .004 .46 .716 .16 .02.018 .42 
70725 WU81N-NI001 (1.7E15) 

21.17 .419 16.79 -4.164 2.81 .48 .556 5.26 
S T D  .29 .074 .47 .219 .46 1.49 ,040 1.26 

PEKCEKT OF BASELIXE 
98.1 74.6 84.6 147.8 187 153.8 74.3 54.8 

STD% 7.8 13.8 4.4 7 . 7  5 3  512.3 1 . 2  1b.l 

O C D  P C D a  PCDb 



70726 W082N-V001 (4E14.) NU60 00 000 
*SOL2 AMl: PO=91.60MW/CM@2 NO AR COATING I .  

ID ISC VOC I P  LO;;(IO) N R FF Eff OCD PCDa PCDb 

AVERAGES: 70726 BASELINE W060 00 000 
21.57 .556 19.85 -7.743 1.53 -.08 .756 9.60 7.38 .00 .OO 

STU .24 . 0 0 4  .28 . 2 2 2  .05 .l l  ,007 . 2 6  1.22 * * 
70726 WO82N-V001 (4E14) 

17.51 .510 15.56 -6.098 2.02 -.75 .710 6.70 1.21 .OO. .OO 
S T I> .24 .005  . 4 6 . 6 5 8  .36 . 4 7  ,025 .35 . 3 4  * * 

PERCENT OF BASELINE 
81.2 91.6 78.4 121.2 132 * * * * *  93.8 69.8 16.3 * * * * * ' * * * * *  

STD% 2.0 1.5 3.5 11.0 2 8  * * * * *  4.3 5.7 8.0 * * * * *  * * * * *  



I D  ISC V O C  I P  L G  ( 1 0 )  N K FF ' E f f  

AVERAGES: 70829  BASELINE WOb0 0 0  000  < 7 0 4 1 2 >  
22 .78  . 5 6 6  2 1 . 1 5  - 8 . 5 0 8  1 . 3 8  . 1 2  . 7 6 9  1 0 . 4 8  

S T 0  . . 1 2  . 003  , 1 5  .464  , 0 9  . 1 4  . 0 0 6  . 1 3  
7U829 W083NFE001 ( 1 E 1 5 )  

1 9 . 6 3  . 5 3 5  i 7 . 4 0  -5 .932  2 . 1 8  - . 81  . 7 0 6  7 . 8 5  
S T 1) 1 . 2 4  . 0 1 0  1 . 2 6  - 7 7 2  . 3 9  . 8 1  . 0 2 0  . 7 7  

PEKCENT OF BASELINE 
8 6 . 2  94 .5  8 2 . 3  1 3 0 . 3  1 5 8  * * * * *  9 1 . 8  7 4 . 9  

S T D %  5 . 3  2 . 3  6 . 5  13 .4  '11 * * * a *  3 . 3  8 . 4  

O C D  P C D a  PCDb 



7 1 1 0 4  W084AL001 ( 5 E 1 6 )  W078 0 0  0 b 0  
*SOL6 AE11 : PO=91.60MW/Cb102 NO A R  COATING 

I D  I S C  V O C  I P  LOCI(I0)  N K F F  E f f  O C D  PCDa PCDb 

AVERAGES: 7 1 1 0 4  BASELINE ~ 0 7 8  0 0  0 0 0  
2 2 . 7 0  . 5 5 3 . 2 0 . 4 7  - 6 . 3 6 9  1 . 9 5  - . a 0  , 7 3 6  9 . 7 7  3 . 9 0  . ; O O  . O O  

STD . O O  . O O O  .UO .UUU .UO . O O  . O O O  .00 . O O  * * 
7 1  1 0 4  WOQ4AL001 ( 5 E l 6 )  

1 9 . 8 9  . 5 2 5  1 7 . 3 1  - 5 . 3 3 1  2 . 4 3  - . 8 5  . 6 8 1  7 . 5 1  . 8 0  . O O  . O O  
S T D  . 3 1  . 0 0 2  . 3 0  . 3 0 4  . 2 0  .38  . 0 1 4  . 1 9  . 1 0  * * 

PERCENT O F  BASELINE 
8 7 . 6  9 4 . 9  8 4 . 6  1 1 6 . 3  1 2 4  93. .2 9 2 . 5  7 6 . 9  2 0 . 6  * * * * *  * * * * *  

S T U %  1 . 4  . 4  1 . 4  4 . 8  1 0  4 7 . 4  1 . 9  2 . 0  2 . 7 * * * * * * * * * *  



8 0 5 2 4  W 0 8 5 N / Z K 0 0 1  ( 7 E l l )  KEPEAT W079 0 0 . 0 0 0 .  
S O L 9  AM1 : PO=91.60PIW/CM02 NO AR COATING 

I D  I S C  VOC. I P  L E ( I 0 )  Eu" . X F E  E f f '  OCD PCDa PCDb 

AVEKAGES:.  8 0 5 2 4  BASELINE W 0 7 9 ,  0 0  0 0 0  
2 1 . 5 3  . 5 4 7  1 9 ; 5 7  - 7 . 0 1 0  1 . 7 1  - . 0 8  . 7 , 3 5  

STD . 2 4  . 0 0 2  . 2 1  - 0 8 0  . . 03  - 2 2  - 0 0 6 .  
8 0 5 2 4  W 0 8 5 N / Z K 0 0 1  ( 7 E l l . )  R E P E A T .  

2 1 . 4 7  . 5 5 0  1 9 . 4 9  - 7 . 2 8 3  1 . 7 7  - . I 7  . 7 3 7  
STD . 2 8  . 0 0 3 .  . 5 7  - 1 . 2 2 2  . 6 2  1 . 3 4  . .045 

PERCENT OF BASELINE 
9 9 . 7 ,  1 0 0 . ! ~  9 9 . 6 '  9 6 . 1  1 0 3  - 5 . 3  106.3 

STD% 2 . 4  . 9  , 4 . 0 ,  ' 1 8 . 8  . 3 8  * * * * *  7 , .0  



7 0 9 2 6  W086C001 ( 4 E 1 7 )  W078 0 0  0 0 0  
*SOL6 AM1 : P 0 = 9 1 . 6 0 ~ ~ / C M @ 2  NO A R  COATING 

I D  I S C  V O C  I P  L E ( I 0 )  N R 

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  - . / l o  

STD . 1 0  . 0 0 1  . 1 6  . 2 8 1  . 0 7  . l l  
7 0 9 2 6  W086C001 ( 4 E 1 7 )  

2 1 . 5 4  . 5 4 9  1 9 . 2 7  - 6 . 0 3 0  2 . 1 7  - 1 . 3 9  
STD . 2 0  . 0 0 2  . 4 2  . 7 7 3  . 3 9  . 6 0  

PERCENT O F  BASELINE 
1 0 0 . 0  9 9 . 3  9 7 . 1  1 2 1 . 3  1 4 1  * * * * *  

STD% 1 . 4  . 6  2 . 9  1 3 . 3  3 3  2 7 7 . 7  

F F  E f f  O C D  PCDa PCDb 



I D  I S C  V O C  I P  LoCI ( 1 0 )  N R F F  E f f  O C D  PCDa PCDb 

AVERAGES: 7 0 9 3 0  BASELINE W078 0 0 ,  0 0 0 .  
2 2 . 6 0  . 5 5 3  2 0 . 4 1  - 6 . 4 8 1  1 . 9 3  - . 75  . 7 3 8  9 . 7 5  4 . 4 6  . O O  . O O  

STD . 1 4  . 0 0 2  . 3 0  . 4 6 5  . 1 7  . 3 1  .01.0 . . 2 3  . 1 2  * * 
7 0 9 3 0  W087CA001 ( 1 E 1 5 ) ? ?  

2 2 . 5 9  . 5 5 3  2 0 . 3 1  - 6 . 3 1 7  2 . 0 1  - . 7 8  .7r30 9.064 4 . 3 9  . O O  - 0 0  
STD . 1 7  . 0 0 2  - 3 2  . . 6 4 5  - 2 6  . 4 1  . 0 1 4  . 2 4  . 5 0  * * 

P E R C E N T  O F  B A S E L I N E  
1 0 0 . 0  1 0 0 . 0  9 9 . 5  1 0 2 . 5  1 0 4  9 6 . 7  9 9 . 0  9 8 . 9  9 8 . 3  * * * * *  * * * * *  

STDX 1 . 4  . 9  3 . 1  1 7 . 7  2 4 1 1 7 . 7  3 . 3  5 . 0  1 4 . 2 * * * * * * * * * *  



7 0 9 1 9  ~ 0 8 8 t ~ 0 0 1 ( 5 ~ 1 4 )  . W058 0 0  0 0 0  
*SOL6 ,AM1 : PO=9 1 .  ~ O M W / C M @ ~  N O  A R  COATING 

I D  ISC V O C  I P .  LOCI(I0) N K F F  ~ f f  

AVERAGES: 7 0 9 1 9  BASELINE W058 0 0  0 0 0  
20 .80  . 5 9 5  1 9 . 1 2  -7 .644  1 . 6 9  - . 3 8  . 7 6 1  

STD .22  . O O O  . 1 9  . 5 9 5  . 1 8  . 1 7  . 0 1 3  
7 0 9 1 9  W088CR001(5E14) 0 . 5  O R M C M  

21 .04  .574  1 8 . 3 2  -5 .652  2 .64  - . 99  . 6 8 8  
STD -39 - 0 3 8  1 . 0 5  1 . 3 0 6  .70 1 . 0 4  . 0 7 0  

PERCENT OF BASELT.NE 
101 .2  9 6 . 5  9 5 . 8  1 2 6 . 1  1 5 6  -58 .3  90 .5  

STD% 3.0  6 . 5  6 . 5  2 4 . 2  6 3  5 0 4 . 0  1 0 . 8  

O C D  PCDa PCDb 



70922 W089CU001 (2E15) W058 00 000 
*SOL6 AM1: PO=91.60MW/CM02 NO AR COATING 

ID ISC VOC IP LOG (10) N. R FF Eff 

AVERAGES: 70922 BASELINE W058 00 000 
20.60 .592 18.85 -7.421 1.75 -.32 .752 9.69 

STD .30 .002 .05 7 1 1  .2.2 .01 .022 .10 
70922 W083CU 001 (2E15) 

21.29 .594 19.22 -6.762 2.11 -..99 .740 9.90 
STD .18 .007 -56 1.. 382 , 6 0  .70 . 0 3 8  ,61 

YEKCENT OF BASELINE 
103.3 100.3 101.9 108.9 120 * * * * *  98.5 102.2 

s T D%. 2.4 1.5 3.2 29.1 54230.7 8.0 7.4 

OCD PCDa PCDb 



7 1 0 2 8  ~ 0 9 6 ~ ~ 0 0 1  LOU KES ISTIVITY ( 7 E 1 4 )  W058 00  0 0 0  
*SOL6 AM1 : P0=9 1.60MW/CM@2 NO A R  COATING 

I D  ISC V O C  :TI? LCG(I0 )  N K F F  E f f  

AVERAGES: 7 1 0 2 8  BASELINE W058 0 0  000 
20 .40  - 5 8 7  1 8 . 5 5  -6 .955  1 . 8 6  - .41  . 7 4 1  9 .38  

S T D  . o o  . 0 0 0  .oo  . 0 0 0  - 0 0  .on .ooo  .os 
7 1 0 2 8  W090MN001 LOW RESISTIVITY ( 7 E 1 4 )  

19.33 . 5 6 8  1 6 . 6 7  -5 .677  2./9 - . 8 8  . 6 7 3  2.84 
STD .86  . 0 1 9  . 9 9  1 . 7 4 6  . 9 3  . 6 9  . 0 7 3  1 . 0 8  

PERCENT O F  BASELINE 
94 .9  9 6 . 7  8 9 . 9  1 1 8 . 4  1 5 0  -16 .2  9 0 . 8  8 3 . 5  

STDX 4.2 3 . 3  5 . 3  2 5 . 1  50  1 7 0 . 5  9 . 9  1 1 . 5  

O C D  PCDa PCDb 



71031  W091CR-MN002 (5E14-3E14)  W078 00  000  
*SOL6 AN1 : PO=91;60MW/CM@2 N O  'AR C O A T I N G  

I D  ISC V O C  I P  LOG(IO) N R F F  E f f  

AVERAGES: 71031  ' BASELINE W078 0'0 0 0 0  
22.'20 . 5 4 8  20 .08  - 6 . 5 9 5  1 . 8 5  . - . 5 5  -73.6.  9 .47  

STD . O O  , 0 0 0  . O O  . O O O  , O O  . O O  . 0 0 0  . O O  
71031  W091CK-MN002 ( 5 E 1 4 - 3 E 1 4 )  

1 6 . 7 0  . 4 8 9  1 4 . 5 5  -5 .442  2 .27  -1..01 .6,82 5.9'0 
S  TL) - 7 8  , 0 1 0  .88.  , 5 2 1  e.30 . - 5 2  e02.0 . 5 4  

PERCENT OF BASELINE . , 

75.2  8 9 . 2 .  72.4'  117,5 1 2 3  1 6 . 1  9 2 . 7  6 2 . 3  
STD% 3 . 5  1..9 4 . 4  7 .9  16  9 4 . 8  2 . 7  5 . 8  

O C D  PCDa PCDb 



7 1 1 0 1  W092PH002 ( 2 . 8 E 1 6 )  W078 0 0  0 0 0  
*SOL6 AM1 : P 0 = 9 1 . 6 0 M ~ / C M @ 2  N O  AR COATING 

I D  ISC V O C  I P  LO;; ( 1 0 )  N K FF E f f  O C D  PCDa PCDb 

A V E R A G E S :  7 1 1 0 1  B A S E L I N - E  w o n  0 0  onn  
2 2 . 2 5  . 5 5 2  2 0 . 0 4  - 6 . 3 6 1  1 . 9 6  - .71 . 7 3 2  9 . 4 9  4 . 5 5  . 0 0  .00  

STD . 15  . 0 0 2  .Ul . 2 4 8  . 1 0  . 0 3  . 0 1 1  . 1 0  . O O  * * 
7 1 1 0 1  W092PHO02 ( 2 . 8 E 1 6 )  

2 2 . 2 1  - 5 6 3  1 9 . 5 2  - 5 . 3 6 7  2 . 5 8  - 1 . 6 5  .7O9 9 . 3 8  3 . 7 3  . O O  . 0 0  
STD . 2 5  . 0 0 4  . 3 6  . 5 2 8  . 3 6  . 5 4  . 0 1 7  . 2 8  . 8 3  * * 

PERCENT OF BASELINE 
9 9 . 8  1 0 2 . 2  9 7 . 4  1 1 5 . 6  1 3 2  - 3 2 . 0  9 6 . 9  9 8 . 8  8 2 . 1  * * * * *  * * * * *  

STDX 1 . 8  . 9  1 . 9  1 1 . 9  2 6  8 7 . 4  3 . 8  4 . 0  1 8 . 2  * * * * *  * * * **  



71108  W093MN004 ( 6 . 6 E 1 4 )  W078 00  000 
*SOL6 AM1: P0=91.60MW/CM@2 NO AR C O A T I N G  

I D  I S C  V O C  I P  LOG ( I O )  N K FY E f f  O C D  PCDa PCDb 

AVERAGES: 71108 BASELINE M U 7 8  0 0  0 0 0  
2 2 - 4 0  . 5 4 8  20 .32  -6 .899 1 .74  - .08  . 7 3 1  9 .50  5 . 8 5  . O O  . O O  

S T D  . O O  . O O o  . o o  . 0 0 0  . O o  . o o  . 0 0 0  . o o  . o o  * * 
71 1 0 8  WO93MN004 ( 6 2 6 E 1 4 )  

20 .75  - 5 3 4  1 8 . 2 0  -5 .516 2 .40  -1 .09  - 6 9 6  8 . 1 6  1 . 3 1  - . O O  . O O  ' 

STD . 2 5  . 0 9 4  . 5 4  . 7 3 2  . 3 8  . 5 1  . 025  . 4 1  - 4 3  * * 
PERCENT O F  BASELINE 

92 .6  9 7 . 5  8 9 . 5  1 2 0 . 0  1.38 *****  95.2 8 6 . 0  2 2 . 4  * * * * *  * * * * *  
STD% 1 .1  . 8  2 .6  1 0 . 6  22 6 2 7 . 5  3 . 4  4.4 7 . 3  * * * * *  * * * * *  



80509 W99L~lN005 (2E15)(POLY KEPEAT K U K  \:WIT!{ 76 P O L Y  BASE P U )  14079 00 000 
S O L 8  AM1: P0=91.60MW/CH@2 NO AR COATING 

I D  I S C  VOC IP LOS (10) N K FF E f f  OCD PCDa PCDb 

AVERAGES:  80509 B A S E T , T N F ,  W079 00 000 
22.20 .548 20.11 -6.674 1.84 -.64 .740 9.52 4.33 .00 .OO 

STL) .16 .001 .09 . 5 1 1  - 2 0  .29 ,012 .08 .31 * A 

80509 W094tIN005 (2E15)(POLY K E P E 4 T  K U 8  \ - I T ' T I I  7 6  P O L Y  BASE 1 " ~ )  
ZU.U3 . 5 1 2  17.27 -5.147 2.56 -1.00 .671 7.28 .74 .CO .OO 

STC .67 .005 .22 .653 ,44 .59 .020 . lU .16 * * 
PEKCEhT OF B A S E L I K E  

90.2 93.5 85.9 122.9 179 42.7 90.7 76.4 17.0 * * * * * * * * * *  
STDX 3.7 1.1 1.5 4 42 207.3 4.1 1.8 5.2 * A A * *  * * * * a t  



7 1 2 0 8  W095MN006(F)  ( 1 E 1 5 )  W097 0 0  0 0 0  Growth) 
*SOL6 AM1 : PO=91.60MW/CM@2 NO AR COATING 

I D  I S C  VOC I P  LO(; ( 1 0 )  N R  FF E f f  O C D  PCDa PCDb 

AVERAGES: 7 1 2 0 8  BASELlNE W097 0 0  0 0 0  
2 2 . 7 0  - 5 5 0  2 0 . 6 6  - 7 . 0 0 9  1 .7 '1  - . 2 1  . 7 4 0  9 . 7 7  . . 4 9  . . O O  . O O  

STD . O O  . O O O  . O O  . O O O  . O O  . O O  . O O O  . O O  . O O  * * 
7 1 2 0 8  W095MN006(F)  ( 1 E 1 5 )  

2 0 . 5 7  - 5 3 1  1 7 . 9 9  - 5 . 2 6 1  2 . 5 3  - 1 . 7 7  . 7 0 3  8 . 1 3  . 9 4  . O O  . O O  
STD .22. .UU4 . 3 8  . 5 0 6  . 3 3  . 4 4  . 0 1 9  , . ? I  . 2 1  * * 

PERCENT OF BASELINE 
9 0 . 6  9 6 . 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  1.9 2 1 0 . 4  2 . 5  3 . 1  4 2 . 9  * * * * *  * * * * *  



7 1 2 1 3  ~ 0 9 6 ~ ~ 0 0 7 ~ ( 6 . 3 ~ 1 4 )  W097 0 0  0 0 0  (Slow Growth) 
*SOL6 AM1: PO=91.60MW/CM@2 N O  A R  COATING 

ID I S C  V O C  I P  LCG ( 1 0 )  N ' R F F  E f f  

AVERAGES: 7 1 2 1 3  BASELINE W097 0 0  0 0 0  . 
2 2 . 2 0  . 5 4 8  2 0 . 0 1  - 6 . 3 6 3  1 . 9 5  . - - 8 1  . 7 3 5  9 . 4 5  

STD . O O  . O O O  . 1 2  . 2 6 3  . l l  . O 1  . 0 1 0  . 1 3  
7 1 2 1 3  W096MN007 ( 6 . 3 ~ 1 4 )  

2 7 . 3 2  ,5/1/1 1 3 . 6 3  - 5 . 5 7 8  2 . 3 i  - 1 . 2 4  .709 9 . 1 0  
S T D  . 2 7  - 0 0 4  . 4 1  . 6 3 2  . 3 8  . 5 2  . 0 2 1  . 3 6  

PERCENT O F  BASELINE ' 

1 0 0 . 5  9 9 . 2  9 8 . 4  1 1 2 . 3  1 2 2  4 6 . 1  9 6 . 5  3 6 . 3  
STD% 1 . 2  . 8 '  2 . 7  1 4 . 0  2 8  6 8 . 0  4 . 2  5 . 2  

O C D '  PCDa PCDb 



7 1 2 1 4  W098 MO 0 0 2  ( 9 . 2 E l l )  W097 0 0  0 0 0  
*SOL6 AM1 : PO=91.60MW/CM@2 N O  A R  COATING 

I D  I S C  V O C  I P  L a  ( 1 0 )  N K FF E f f  O C D  PCDa PCDb 

AVERAGES: 7 1 2 1 4  BASELINE ~ 0 9 7  0 0  0 0 0  I 

2 2 . 4 0  - 5 4 7  2 0 . 2 0  - 6 . 4 4 0  1 . 9 1  -.60 . 7 3 2  9 . 4 8  4 . 2 9  . O O  . O O  
STD , O O  . O O O  . O O  . O O O  . 00  .oo'  . o O O  . O O  . O O  * ' * 

7 1 2 1 4  W098 MO 0 0 2  ( 9 . 2 E l l )  
2 0 . 9 2  . 5 2 2  1 8 . 4 2  - 5 . 5 6 0  2 . 2 7  - 1 . 0 1  . 7 0 1  8. .10 1 . 1 2  . 0 0  . O O  

STI) . 1 6  . 0 0 3  . 2 9  . 4 2 1  . 2 4  . 3 6 . 0 1 6  . 2 4  . 1 7  * * 
PERCENT OF BASELINE 

9 3 . 4  9 5 . 5  9 1 . 2  1 1 3 . 7  1 1 9  2 9 . 9  9 5 . 7  8 5 . 4  2 6 . 1 * * * * *  * * * * *  
STD% . 7  . 6  1 . 4  6 . 5  1 3  . 5 9 . 7  2 . 2  2 . 6  4 . 0  * * * * *  * ****  



71216 WlOOCU-T.1002 ( 1 ~ 1 5 - 3 ~ 1 3 )  W097 00 000 
SOL7 AM1 : P0=91.60NW/CM@2 NO AR COATING 

ID ISC VOC IP LOCI (10) N K FF Eff 

22.50 .555 20.25 
22.70 .547 20.00 
22.80 .540 19.01 
22.70 .546 19.80 
22.70 .550 20.46 
1 7 .  i f )  ,552 a o .  5 0  
15.40 .488 13.57 
15.60 .486 13.59 
15.50 .486 13.66 
15.70 .484 13.63 
15.90 .488 13-94 
15.60 .484 13.61 
15.40 .484 13.45 
16.20 .486 14.00 
16.20 .485 14.00 
15.20 .483 12.95 
15.60 .489 13.69 
15.70 .486 13.64 
15.70 .490 13.81 
15.50 -486 13.61 
16.00 -489 13.93 
15.80 .487 13.75 
15.80 .409 13.85 
15.50 s487 13.67 
15.30 .486 13.14 
15.40 .489 13.52 
15.70 .491 13.81 
15.50 .488 13.65 
15.60 .489 13.75 

AVERAGES: 71216 BASELINE W097 00 000 
22.70 .551 20.48 -6.395 1.94 -.76 .736 

STD .00 .UW1 -02 .017 .00 .06 .003 
71216 W100CU-TTOUZ (1E15-6E13) 

15.64 .487 13.66 -5.705 2-10 -.(.I5 .673 
' STD .25 .002 .24 .277 .15 .29 .009 
PERCENT OF BASELINE 

68.9 88.4 66.7 110.8 108 193.6 91.4 
S T D %  1.1 . 5  1.2 4.6 8 40.9 1.6 

OCD PCDa PCDb 



8 0 1 0 6  G1102TI006 POLY ( l . i ' E 1 4 )  NO97 0U 0 0 0  
SOL7 8  / 1 0 / 7 8  AM1: P 0 = 9 1 . 6 0 ~ ~ / C M @ 2  N O  A R  COATING 

I I) I S C  V O C  I P  L X  ( 1 0 )  . N. K F F  E f f  

AVERAGES: 8 0 1 0 6  BASELINE W097 0 0  0 0 0  
2 3 . 0 5  . 5 4 8  2 0 . 7 1  - 6 . 2 6 3  1 . 9 8  - . 6 1  . 7 2 6  9. .70 

STD . 2 5  . 0 0 1  . 1 7  1 1 8  m.05 4 0 3  e 0 0 4  . 0 7  
8 0 1 0 6  W 1 0 2 T I 0 0 6  POLY ( 1 . 8 E 1 4 )  

1 3 . 6 4  - 4 4 9  1 1 . 2 4  - 4 . 5 8 1  2 . 8 3  - 1 . 0 8  . 6 1 3  3 . 9 9  
S  TD . 3 4  . 0 1 1  . 6 4  . 4 8 2  . 4 2  1 . 3 2  . U 4 4  . 4 3  

PERCEKT OF BASELINE 
5 9 . 2  8 1 . 9  5 4 . 3  1 2 6 . 8  1 4 3  2 3 . 9  8 4 . 4  4 1 . 1  

STD% 2 . 1  2 . 2  3 . 6  9 . 2  2 5  2 3 3 . 3  6 . 5  . 4 . 8  

OCD PCDa PCDb 



8 0 1 0 9  W l 0 3 T I 0 0 1  (1 . 7 ~ 1 4 )  LOW KESIS'CIVITY KO58 (10 O O U  
SOL7 8 / 1 3 / 7 8  AM1: P0=91.60blW/CPlQ2 NO A K  C O i i T I N 1 ;  

ISC V O C  IP LOG ( 1 0 )  N K F F  E f f  

AVERAGES: 8 0 1 0 9  BASELIKE W058 0 0  0 0 0  
2 0 . 4 0  . 5 7 9 . 1 7 . 6 7  - 4 . 9 2 7  2 . 9 9  - 2 . 2 7  . 6 9 2  8 . 6 4  

STD . 1 0  .Oil4 .U5 . 0 2 2  . O O  . 1 7  . 0 0 5  . 0 7  
8 0 1 0 9  W103TIUQl ( 2 . 5 L 1 4 )  LOW K E S I S T I V I ' ~ Y  

1 1 . 6 3  . 5 0 2  9 . 7 2  - 4 . 9 6 7  3 . 1 0  - 2 . 4 8  . 6 3 9  3 . 9 6  
STD . 1 7  . 0 1 9  . 5 7  1 . 2 2 1  . 8 7  1 . 5 8  . 0 6 1  . 5 3  

PERCENT OF BASELINE 
5 7 . 0  8 6 . 8  5 5 . 0  9 9 . 2  1 0 4  9 0 . 9  9 2 . 3  4 5 . 8  

STD% 1 . 1  3 . 9  3 . 4  2 5 . 3  2 9  8 2 . 5  9 . 6  6 . 6  

O C D  PCDa PCDb 



8 0 1 1 0  Wl04CU-TI003 ( 2 ~ 1 5 - 1 . 4  E 1 4 )  W097 00  0 0 0  
SOL7 ' 8  / 1 0 / 7 8  APll: PO=91.60MW/CM@2 N O  A R  COATING 

I D  ISC V O C  I P  La ( 1 0 )  N R F F  E f f  

l R *  
lB.*  
2B 
3 8  
4B* 
5B* 
1  C 
2  C 
3 c  
4 C  
5C 
6C 
7C 
8C 
Sic 
10C 
11C 
1  S  
2 s  
3  S  
4 s  
5 s  
6 s  
1  T  
2  T. 
3T 
4T 
5T 
6T 

AVERAGES: 8 0 1 1 0  BASELIKE W097 0 0  0 0 0  
2 3 . 1 5  . 552  2 1 . 2 0  - 7 . 3 8 3  1 . 6 0  - . l o  .74.8 1 0 . 1 0  

S TD . 1 5  . O O O  . 1 0  . 090  . 0 2  . 0 6  . 0 0 5  . 0 1  
801  10  W104C'J - T I 0 0 3  ( 2 E 1 5 - 2 . 5 E 1 4 )  

1 4 . 6 0  , 4 7 0  12,.69 - 5 . 5 5 8  2 . 1 1  - . 28  . 6 6 9  4 . 8 5  
STD . 2 3  . 0 0 3  . 1 8  . 1 9 1  . l l  .26  . 0 0 5  . 0 9  

P E R C E b T  O F  BASELINE 
6 3 . 0  8 5 . 2  5 9 . 8  1 2 4 . 7  1 3 2  -74 .2  8 9 . 4  4 8 . 1  

STD% 1 . 4  , . 5  1 . 1  3 . 5  9  5 6 8 . 9  1 . 3  .9 

O C D  PCDa PCDb 



;  3 : . :  1 ( f . L 1  4 )  7,057 0 0  OC10 
SOL7 AH1 : PO=91.  60tr\l/CMA2 N O  A K  COATING 

I D  I S C  V O C  IF' L O G ( I 0 )  N R F F  E f f  O C D  PCDa PCDb 

AVERAGES: 80113 B A S E L I N E  W057 0 0  0 0 9  
2 1 . 6 8  . 5 8 h  1 9 - 4 1  - 6 . 0 0 5  2.i5 - 1 . 3 0  . 7 3 1  9 . 7 9  1 - 8 1  .UU .00 

STD e l 9  - 0 0 4  . 2 4  - 1 7 2  . 0 9  e 2 9  . 0 0 9  e 2 4  - 3 8  * ?C 

8 0 1 1 3  W105V001 ( h E 1 4 )  
1 4 . 2 7  - 5 2 4  1 2 . 2 2  - 5 . 5 0 4  2 . 7 1  - 1 . 3 7  - 6 6 5  5 . 2 9  - 9 8  .no . O O  

S T l )  e l 6  - 0 3 4  - 7 5  1 . 4 5 7  - 8 5  1 . 4 1  - 0 7 1  a 8 6  . 3 1  * * 
PERCENT O F  S A S E L I N E  

6 5 . 9  8 9 . 7  6 2 . 9  1 0 8 . 3  1 2 0  9 4 . 0  9 0 . 9  5 4 . 1  5 4 - 0  *****  * * * * *  
S TD 2 1  6 . 5  4 . 7  2 7 . 6  4 4  1 5 6 . 4  1 0 . 9  1 0 . 4  3 1 . 6  * * * * *  * * * * *  



80116 W106N-AL002 W079 00 000 (1E16) 
SOL7 AM1: P0=91.60~~/CM@2 NO AR COATING 

II) ISC VOC IP LO;;(IU) N K FF E f f  O C D  P C D a  P C D b  

A V E R A C E S ~  80116 BASELINE w o n  no 000 
22.05 .560 20.34 -7.977 1.49 -,05 .761 9.93 10.40 .OO .OO 

STD .05 .002 . l l  .625 .14 .17 .010 .14 .65 * .R 

80116 W106N-AL002 
21.98 -546 19.60 -6.012 2.19 -1.20 .725 9.20 8.40 .OO .00 

STD .20 .004 .44 .853 .49 .76 .022 .31 1.66 * * 
PEKCENT OF BASELINE 

39.7 97.6 96.4 1 2 4 . 6  147 * * * * *  95.3 92.7 80.7 * * * * * * * * * *  
STD% 1.1 .9 2.7 17.4 50 * * * * *  4.2 4.5 22.0 * * * * *  * * * * *  



8 0 2 0 2  REPEAT K U N  OF W 1 0 7 F Z - A L 0 0 1  ( 3 E 1 6 )  W l O l F Z O 0 . 1  
* S O L 6  AM1 : PO=9 1.60MW/CM02 NO AR COATING 

I D  I S C  VOC I P  L a  ( 1 0 )  N R F F  E f f  

AVERAGES: 8 0 2 0 2  B A S E L I N E  W l O l F Z O O l  
2 2 . 7 0  . 5 4 4  2 0 . 2 9  - 5 . 9 9 1  2.09 - 0 8 5  . / 2 2  9 . 4 3  

STD . O O  .OOO .OO .OOO . O O  .OO . O O O  .OO 
8 0 2 0 2  REPEAT K U N  OF W 1 0 7 F Z - A L 0 0 1  ( 3 E 1 6 )  

2 2 . 2 9  . 5 6 5  1 9 . 7 3  - 5 . 7 4 1  2 . 4 1  - 1 . 3 2  . 7 1 5  9 . 5 3  
STD . 1 6  . 0 0 6  . 5 3  . 8 4 0  . 5 2  . 6 4  . U 2 7  . 4 7  

P E R C E N T  OF B A S E L I N E  
9 8 . 2  1 0 3 . 9  9 7 . 3  1 . 0 6 . 2  115 4 .  9 9 . 1  1 f l 1 . 1  

S T D %  . 7  1.1 2 . 6  1 4 . 0  2 5  7 5 . 7  3 . 7  5 . 0  

OCD PCDa PCDb 



8 0 2 2 2  W108N/V002 ( 8 E 1 3 )  W079 00 0 0 0  
SOL8 AM1 : P0=91.60hlW/CM@2 N O  AR COATING 

I D  ISC V O C  I P  L G ( I 0 )  N K F F  E f f  O C D  PCDa PCDb 

AVERAGES: 8 0 2 2 2  BASELINE W079 00 0 0 0  
2 1 . 1 3  . 5 5 0  1 9 . 0 8  - 6 . 5 5 6  1 . 8 9  - . 5 3  . 7 3 1  8 .98  6 . 4 1  . O O  . O O  

STD . 2 6  . 0 0 2  . 31  . 3 3 5  . 1 3  . 3 8  . 0 0 2  . 1 4  1 . 3 7  * x 
8 0 2 2 2  W108N/V002 ( 8 E 1 3 )  

1 0 . 2 7  - 5 2 2  1 6 . 2 5  - 6 , 1 3 1  2 . 0 1  - .67  . 7 1 2  7 . 1 8  l.63 . 0 Q  . 00  
STD . 3 6  .U04 . 4 4  . 5 0 4  . 2 2  . 3 0  . 0 1 9  . 3 3  . 3 8  * * 

PERCENT O F  BASELINE 
8 6 . 4  9 4 . 9  8 5 . 4  1 0 6 . 5  1 0 6  73 .2  97 .4  8 0 . 0  2 5 . 3  * * * * *  * * * * *  

STU% 2 .8  1 . 0  3 . 7  1 2 . 9  1 9  1 8 8 . 9  3 . 0  5 . 0  1 2 . 6  * * * * *  * * * * *  



8 0 2 2 0  W109C002 ( 3 . 7 6 1 6 )  W097 0 0  0 0 0  
SOL8 . . . A M l , :  'PO=91.60MW/CP1@2 N O  A X  COATI% 

. . 

I D  . ISC V O C  I P  L G ( I 0 )  N K F F  E f f  

AVERAGES: 8 0 2 2 0  BASELINE W097 0 0  0 0 0  
2 2 . 7 5  - 5 4 8  2 0 . 4 9  - 6 . 3 2 4  1 . 9 6  - . 7 2  . 7 3 2  9 . 6 5  

STT) - 1 5  - 0 0 0  . l l  . 0 5 7  . 0 2  . O O  . 0 0 2  . 0 4  
8 0 2 2 0  W109C0O2 ( 3 . 7 E 1 6 )  

2 2 . 2 4  . 5 4 4  1 9 . 6 8  - 5 . 6 1 7  2 . 3 2  - 1 . 2 6  . 7 1 3  9 . 1 3  
STD ' , 2 4  . 0 0 2  . 2  1  . 4 3 0  . 2 6  . 5 0  . 0 1 1  . l l  

PERCENT O F  BASELINE 
9 7 . 8  9 9 . 3  9 6 . 1  1 1 1 . 2  1 1 9  2 4 . 8  9 7 . 5  9 4 . 6  

STD% 1 . 7  . 4  1 . 6  7 . 7  1 5  6 9 . 7  1 . 8  1 . 5  

OCD PCDa PCDb 



I D  I S C  V O C  I P  LCX;(IO) N K F F  E f f  O C I )  PCDa . PCDb 

A V E K A G E S :  8 0 2 2 4  BASELINE W058 U0 0 0 0  
2 0 . 1 0  , 5 8 8  18 .01  -6 .057 2 .25  -1 .41  . 7 3 3  9 .16  1 . 5  . O O  . 0 0  

S  TI) . O O  . 0 0 0  . 0 0  , 0 0 0  . O O  .0U . 0 0 0  . O O  .0U * * 
80224  W l  lOFEO01 ( 8 E 1 4 )  

1 8 . 2 1  .571  1 5 . 5 8  -4 .996  3 . 2 2  -2.60 . 6 7 8  7 .49  . 9 9  . 0 0  . O O  
S T D  . 3 5  .U18 .86  1 . 0 4 5  . 9 6  1 .88  . 0 5 6  . 8 7  .29  * * 

PEKCENT O F  B A S E L I N E  
9 0 . 6  97 .2  8 h . 5  1 1 7 . 5  143  1 4 . 7  92 .6  8 1 . 8  63 .6  * * * * *  * * * * *  

STDX 1 . 7  3 . 1  4 . 8  1 7 . 3  43 133 .6  7 . 7  9 . 5  1 8 . 8  * * * * *  * * * * *  



80227 W111CU-V001 (2.5E15-3E14) W097 00 000 
SOL8 AM1: YO=91.60MW/CN@2 NO AR COATING 

ID ISC VOC IP LO2 (10). N K FF E f f  OCD PCDa PCDb 

AVERAGES: 80227 BASELINE W097 00 000 
21.70 .547 19.46 -6.159 2.03 -.83 .726 9.12 4.81 .OO .00 

STD .OO .OOO . O O  .000 .00 .OO .OOO .OO -00 * 4. 

80227 W111CU -V001 (2,5E15-3E14) 
15.28 .474 1 3 . 3 4  -5.656 2.10 -.48 .678 5.20 .73 .00 .OO 

STD .22 .004 -33 ,509 .28 -47 .020 .22 .15 * * 
PERCENT OF BASELINE 

70.4 86.7 68.5 108.2 103 142.3 93.3 57.0 15.1 * * * * *  * * * * *  
STD% 1 .O .7 1.7 8.3 14 57.0 2.7 2 . h  3.1 * * * * *  * * * * *  



8 0 5 2 2  WlllCL1/V001 ( 2 . 5 E 1 5 1 3 E 1 4 )  REPEAT K U N  W097 00 0 0 0  
SOL9 AM1: P0=91.60MW/C~@2 NO A R  C O A T I N G  

I D  ISC V O C  I P  LO(; ( 1 0 )  N K F F  E f f  O C D  

. O O  
4 . 1 6  
4 .42  
3.64 
3 . 3 8  

,9 1 
. 9 1  

1 .30  
. 9 1  
. 6 5  
. 3 9  
. 3 3  
. 7 8  

PCDa PCDb 

AVERAGES: 80522 BASELINE W097 0 0 ,  000 
22 .30  . 5 5 0  2 0 . 1 9  - 6 . 5 7 0  1 . 8 8  - . 81  . 7 4 3  9 .63  4 .29  . 0 0  . O O  

STI) . O O  . 0 0 1  . 1 5  .394 . 1 5  . 1 9 . 0 0 9  . 1 3  . 1 3  * * 
80522  W111CU /V001 ( 2 . 5 E 1 5 1 3 E 1 4 )  R E P E A T  K U N  

15 .46  . 4 7 7  1 3 . 6 3  -6 .074 1.97 - . 33  . 6 9 1  5 . 3 8  .84  . O O  . O O  
STD . 5 6  . 0 0 5  . 4 8  .899  . 4 9  1 . 2 8  . 0 2 2  . 3 1  .26  * * 

PEKCENT O F  BASELINE 
69 .3  86 .6  6 7 . 5  1 0 7 . 5  1 0 5 1 5 9 . 2  93 .0  55 .9  1 9 . 5  * * * * * * * * * *  

STD% 2 .5  1 . 0  2 . 9  ' 20.1  3 6  204.7  4 . 1  4 .0  6 . 8  * * * * *  * * * * *  



80301 W112TA001 (4E121 W097 00 000 
SOL8 AM1: PO=91.60MW/CM@2 NO AR COATING 

ISC VOC IP LOG(I0) N K FF Eff O C D  PCDa P C D ~  

22.50 , 5 5 3  20'07 '-6.052 2.10 -,46 .711 3.36 .OO .OO .00 
21.70 .536'17.94 -4.038.3.77 -2.87 .641 7.89 1.87.  .O1? .OO 
2 2 - 0 0  ,547 "18t38 4.500 3.12 - 2 . 7 9  . 6 3 2  8.81 3.G4 .UU . UU 
21.20 .541 16.75 -4.385 3.33 2.36 .535 6.49 2.99 .OO .OO 
21.40 .*544 .19.21 -6.176 2.02 -.90 ..729 8.97 3.90 .OO .00 
22.00 .548 19.92 -6.612 1.85 -.66 .740 9.43 4.42 .OO .OO 
19.20 .525 '16.31 .-4.537 3.11 -2.58 .670 ' 7.14 .91 .OO .OO 
19.20 .528 .16.97 -5.736 2.19 -.86' .703 7.53 .91 .OO .OO 
19.60 -521 16.71 -4.815 2.80 -1.17 .657 7.09 ..65 .OO .OO 
19.60 .534 17.69 -6.734 1.77 -.05 .722 8.00 ' 1.17 .OO .00 
19.40 .523 16.80 -5.113 2.57 -1.30 .680 7.30 ..91 .OO ' .OO 
19.20 .532 16.98 -5.692 .2.24. -1.11 .707 7'. 64 1.04 .OO .OO 
19.10 .528 16.23 -4.507 3.16 -2.84 .673 7.18 i91 .00 .OO 
19.50 ,533 17.61 -6.732 1.77 -.lo' .724 7.96 1.04 .00 .OO 
19.70 .529 17.45 -5.798 2.16 -.79 .705 7.77 .91 .OO .OO 
19.10 .529 16.70 -5.287 7 . k 9  -1.57 ,697 7.115 1.04. .00 ' .OO 
19.70 .529 17.35 -5.633 2.25 -.76 .696 7.67 .91 .OO .OO 
18.80 ,521 16.43 -5.445 2.34 -.81 .685 7.09 .65 .00 .OO 
20.30 .534 18.20 -6.543 1.84 .30 .705 8.08 1..04 .OO .00 
19.90 -532 17.64. -5.875 2.13 -.57 .70i 7.'86 .91 .OO .OO 
13.20 .534 17..24 -b.436 1.89 - . 3 2  .719 7 .  Y 1 . 0  .00 .OO 
19.30 .527 16.54 -4.764 2.89 -2.08 .67h 7.27 .78' .OO .OO 
19.20 .525 16:65 -5.076 2.61 -1.68 .687 7.32 .65 .00 .OO 
19.10 -528 16.91. -5.763 2.18 -.99 .708 7.55 .91 .OO .OO 
19.50 .517 16.34 -4.352 3.27 -2.33 .649 6.92 .52 .OO .00 
19.60 e525 17.00 -5.198 2.51 -1.48 -691 7.52 .91 600 .OO 

AVERAGES: 80301 BASELINE W097 00 000 
21.70 .546 19.57 -6.394 1.93 -,78 . 7 3 4  9.20 4.16 . 00  .OO 

STD .30 .002 .36 - 2 1 8 . 0 8  e12.006 -23 r26 * * 
803Ul WllZTAOOl (1E13) 

19.41 -528 16.99 -5.502 2.41 -1.15 . h 9 3  7.51 .89 .00 .00 
STD -33 .005 .52 . ..712 .44 .83 .020 , .33 .16 * * 

PEKCENT OF .BASELINE 
89.4 96.6 86.8 114.0 125 51.8 94.3 81.6 21.4'***** * * * * *  

STDX 2.8 1.2 4.3 14.4 29 145.2 3.5 5.7 5.4 * * * * *  * * * * *  



8 0 5 2 2 1  W 1 1 3 F ~ / C K 0 0 1  ( 8 E 1 4 )  W l O l  0 0  0 0 0  
SOL9 AM1 : P 0 = 9  1.60PiW/CM@2 K O  AR COATIN2 

I D  I S C  VoC I P  L ~ ; ( I o )  N K F F  E f f  OCD PCDa PCDb 

AVERAGES:. 8 0 5 2 2 1  BASELINE W l O l  0 0  0 0 0  
2 2 . 2 5  . 5 4 9  2 0 . 0 9  - 6 . 4 0 6  1 . 9 3  - . 8 9  . 7 4 0  9 . 5 5  3 . 9 7  .00  . O O  

S T D '  . 2 3  . 0 0 0  . 2 2  . 2 4 0  . 1 0  . 1 7  . 0 0 4  1 .  1 1  * ' * 
8 0 5 2 2 1  W 1 1 3 F Z / C R 0 0 1  ( 8 E 1 4 )  REPEAT K U N  

2 0 . 0 7  . 5 1 5  1 7 . 8 0  - 5 . 7 8 1  2 . 1 3  - 1 . 0 9  . 7 1 3  7 . 7 9  1 . 0 0  . O O  . O O  
STD . 1 2  . 0 0 1  . 2 7  . 4 1 2  . 2 7  . 4 2  . 0 1 4  .18  . 0 8  * * 

PEKCENT OF BASELINE 
9 0 . 2 ,  9 3 . 8  8 8 . 6  1 0 9 . 8  1 1 0  7 7 . 2  9 6 . 4  8 1 . 6  2 5 . 2  * * * * *  * * * * *  

STD% 1 . 5  . 3  2 . 4  1 0 . 0  2 0  7 9 . 6  2 . 4  2 . 9  2 . 9  * * * * *  * * * * *  



8 0 3 1 7  ~ 1 1 5 ~ / ~ ~ 0 0 2 '  ( 1 E 1 6 )  W079 00 0 0 0  
SOL8 AM1 : PO=91.60MW/CM@2 N O  A R  C O A T I N G  

I D  ISC V O C  I P  LOS ( 1 0 )  N R F F  E f f  O C D  PCDa PCDb 

AVERAGES: 8 0 3 1 7  BASELINE W079 00  000 
20 .93  . 5 4 5  1 9 . 0 3  -6 .922 1 . 7 5  -.5O . 7 4 3  8 . 9 8  5 .24  . O O  . O O  

STD .25  .O04 . 3 8  , 4 3 4  .14  .17  . 0 1 2  .32  . 4 3  * * 
80317  W115N/CU 002 ( 1 E 1 6 )  

2 0 . 8 7  - 5 3 8  18 .10  -5.099 2 . 6 9  -1 .61  , 6 8 7  8 . 1 6  2 . 2  7 . U U  . UU 
STD .51 .007 .64  . 5 4 9  . 4 1  .52  . 0 2 5  .5O . 9 9  * * 

PERCENT OF BASELINE 
99.7 9 8 . 6  9 5 . 1  1 2 6 . 3  154  *****  9 2 . 5  9 0 . 9  4 3 . 3  *.**** * * * * *  

STD% 3.7 2 .1  5 . 3  1 3 . 0  3 8  2 4 5 . 8  4.9 9 .0  23 .9  * * * * *  * ****  



80321 \J116P11001 (1E17) LOW KESISTIVITY KLJEI W057 00 000 ' 

SOL8 8 /13/78 ' AM1: ~O=91.60MWlCM@2 NO AK COATING . 
. . 

ID ISC VOC IP LCX;.(IO) N R FF E f f  OCD PCDa PCDb 

AVERAGES: 813321 ' BASELINE W057 00 U O O .  
21.40 .574 18.28 -4.745 3.29 -2.33 .674 8.77 1.20 .00 .00 

S T I.) .13 .005 . 6'2 .656 .83 '1.45 .025 .38 .28 * * 
80321 W116PlLC)Ol (1E17) LOW KESISTIVITY KUN ' 

21.08 .5b6 18.08 -5.054 2.94 -1.20 .6b7 8.44 1.23 .00 .00 
STD . 2 6  . U l b  . t j6  8 1 7  .59 ' .96 .050 : .83 .46 '" * 

PERCENT OF BASELINE 
98.5 98.6 98.9 93.5 89 148.2 , Y 9 . G  96.'3 102.8 * * * * *  * * * * *  

STD% 1.8 3.7 7.0 34.3 45 99:,4 11.3" ,14..1 ' 71.1 * * * * *  * * * * *  



8 0 5 2 4 1  Wl15N/CUO02 ( 1 E 1 6 )  R E P E A T  W079 0 0  U O O  
SOL 9  AN1 : P 0 = 9 1 .  bO?lW/Cf4@2 N O  A K  C O A T I N G  

I D  ISC V O C  I P  L W ( I 0 )  N R F F  E f f  O C D  PCDa PC 

AVERAGES: 8 0 5 2 4 1  BASELINE W079 0 0  0 0 0  
21 .53  . 5 4 7  1 9 . 5 7  - 7 . 0 1 0  1 . 7 1  - .08  . 7 3 5  9 .16  5 . 1 1  . O O  . O O  

STD . . 24  . 0 0 2  . 21  . 0 8 0  . 0 3  . 2 2  - 0 0 6  . 1 8  . 6 4  * * 
8 0 5 2 4 1  W115N/CU002 ( 1 E 1 6 )  REPEAT 

21 .40  . 5 4 3  1 9 . 1 3  -6 .314  2 . 0 6  - . 6 4  , 7 1 8  8 . 8 2  7 . 8 9  .OO . O O  
STD .26 - 0 0 5  . 5 0  1 . 0 1 5  . 4 9  . 6 5  . 0 2 8  . 4 5  1 . 2 5  * t 

PERCENT OF BASELINE. 
99 .4  9 9 . 1  97 .7  1 0 9 . 9  1 2 0  * * * * *  9 7 . 8  9 6 . 4  7 6 . 0 * * * * * * * * * *  

STD% 2 . 3  1 . 3  3 . 7  15 .7  3 1  * * * * *  4.7 6 . 8  3 7 . 0  * * * * *  * * * * *  
8 0 4 0 3  W118PH003 ( 7 E 1 6 )  LOW RESISTIVITY W057 0 0  0 0 0  
SOL8 8  1 1 0 1 7 8  AM1: P O = 9 1 . 6 0 ~ ~ 1 C M @ 2  N O  A R  COATING 

I D  ISC VOC TI? LCG ( 1 0 )  N K F F  E f f  0ci1 P C U a  P C U b  

AVERAGES: 8 0 4 0 3  BASELINE NO57 0 0  0 0 0  
N O  BASELINE 

8 0 4 0 3  W118PH003 ( 7 E 1 6 )  LOW R,ESISTIVITY 
21 .78  . 5 6 5  1 9 . 0 7  - 5 . 4 8 0  2 . 6 3  -1 .41  . 6 9 9  9 . 1 0  6 . 4 5  . 0 0  . O O  

ST]) .37 . 0 1 0  . 7 2  . 9 9 8  . 6 2  . 7 5  . 0 3 5  . 5 6  7 . 5 0  * * 



H ~ 4 0 ~ :  b; i i g s /  ~)..{:nr~ (3E14) l:;(?-ig ~n ~ P P  

5. f l  la ci ' 1 :  ~~=9] .F . ! 'Y \n : / r : . ' ; t : . '  \if) C K  r f > @ T / v C  
> 

1 1; I:C: V Q C  . I F  L O G ( I n )  N F: F -  F'FF 



8 0 4 0 5  W120N/CK002 (3E14)  W079 0 0  0 0 0  
SOL8 AM1 : P 0 = 9  1.60FIW/CN@2 N O  A R  COATING 

I D  ISC V O C  I P  LOS ( 1 0 )  N R FF E f f  O C D  PCDa PCDb 

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  5 . 8 1  . O O  . O O  

STD .17 . 0 0 4  . 3 5  . 8 1 9  . 2 3  . 3 0  . 0 1 6  . 3 3  1 . 0 5  * rt 

8U4US W120N/CR002 
2 1 . 3 5  . 5 5 3  1 8 . 9 1  -5.3.49 2 . 3 6  1 . 2 2  . 7 1 1  1  4 . 4 0  . O O  .OO 

STD . 5 5  . 0 1 0  . 9 5  1 . 3 5 9  . 6 3  . 9 4  , 0 3 5  . 7 4  2 . 3 0  * * 
PERCENT OF BASELINE 

9 9 . 2  1 0 1 . 2  9 6 . 7  1 1 5 . 7  1 3 6  * * * * *  9 7 . 4  9 8 . 0  7 5 . 8  * * * * *  * * * * *  
STD% 3 . 3  2 . 5  6 . 7  3 1 . 3  6 0  * * * * *  7 . 4  1 1 . 9  6 0 . 5  * * * * *  * * * * *  



8 0 4 2 4  K 1 2 1 K / T I 0 0 2  ( 4 E 1 3 )  GO79 0 0  0 0 0  
SOL8 AM1 : .PO=.91.60MW/CM@2 NO AK COATING 

I D  I S C  V O C  I P  . L O S ' ( I 0 )  N K FF  E f f  OCD PCDa PCDb 

AVERAGES: 8 0 4 2 4  . B A S ' E L I N E  W079 0 0  0 0 0  
2 1 . 3 8  . 5 4 3  1 9 . 2 2  -6 .67 .6  1 . 8 4  . 1 7  

STD .I 1  .O06  . 3 3  . 6 8 7  . 2 1  ..12 
8 0 4 2 4  W 1 2 1 N / T I 0 0 2  ( 7 E 1 3 )  

1 9 . 8 7  . 5 2 5  1 7 , 2 h  - 5 . 3 1 7  2 . 5 1  - 1 . 0 7  
STD . 4 0  .OU6 . 5 8  .688 . 4 6  . 7 0  

PERCENT O F  BASFLINE 
9 3 . 0  9 6 . 6  8 9 . 0  1 2 0 . 4  1 3 6  * * * * *  

STD% 2 . 3  2 . 1  4 . 6  1 9 . 6  4 4  * * * * *  



8 0 4 2 5  W 1 2 7 r 1 ' 0 0 7  ( 8 . 4 ~ 1 3 )  W097 0  000  (Fast Growth) 
S O L 8  AM1: P0=91.60MW/CM@2 NO A K  C O A T I N G  

I D  ISC V O C  I P  'LOZ ( 1 0 )  

AVERAGES: 8 0 4 2 5  BASELINE W097 O 
22.20 ..55Q 2 0 . 0 3  - 6 . 3 9 6  

STD . O O  . 002  . 0 9  . 2 4 4  
8 0 4 2 5  W122TI007 ( 3 E 1 4 )  

1 4 . 0 0  . 4 6 7  1 2 . 2 1  -5 .757  
s '1' u . i b .  . u u 4  . 2 4  . 4 ~ 6  

PERCENT OF BASELINE 
6 3 . 1  8 5 . 0  6 1 . 0  1 1 0 . 0  

STDX . 7 69 1 . 5  10:O 

O C D  PCDa PCDb 



8 0 4 2 7  W123TI008 ( 1 . 0 5 ~ 1 4 )  \JOY7 00 0 0 0  (Slow Growth) 
SOL8 8  1 1 3 1 7 8  A M l :  P 0 = 9 l .  ~ U M W / C M @ ~  NO A R  COATIN; 

.I D ISC V O C  ' I P  LO2 ( 1 0 )  N R 

AVEKAGES: 8 0 4 2 7  BASELINE W097 00  0 0 0  
2 2 . 1 5  . 5 4 8  1 9 . 6 1  -5 .530  2 .35  - 1 . 4 0  

STD . 0 5  . 0 0 2  . 1 5  . 3 9 8  . 2 4  . 3 9  
8 0 4 2 7  W123TI008 ( 1 . 8 8 E 1 4 )  

14 .37  , 4 6 9  12.59 - 5 . 3 5 3  . 1 . 9 3  . . 4 8  
STL, . 17  . 004  . 2 1  . 4 3 8  .18. . 5 1  

PEKCEKT O F  B A S E L I K E  
6 4 . 3  3 5 . 7  6 4 . 2  9 3 . 5  82 2 3 4 . 3  

STD% . 9  1 . 0  1 . 6  1 6 . 0  17 5 6 . 3  

E f f  O C D  PCDa PCDb 



80531 W124M0003 W097 '30 000 (4.6 ~10) 
SOL9 Al.11 : PO=91.60MW/CMo2 NO AR COATING 

ID ISC VOC IP L G  (10) N R FF E f f  OCD P C D a  P C D b  

A V E R A G E S :  80531 BASELINE W097 00 000 
21.70 -546 19.67 -6.743 1.80 -.39 .736 9.22 3.64 .00 .00 

STD .OO .000 .OO .OOO .OO .OO .000 .OO .OO * * 
8053 1 W124M0003 

21.62 . 5 4 2  19.21 -5.906 2.22 -1.10 .717 8.89 2.98 .OO .00 
STD .16 .003 .43 .856 .45 .54 . 0 2 6  .36 .62 * fi 

P E R C E N T  OF B A S E L I N E  
99.6 99.2 97.7 112.4 124 -79.9 97.5 96.4 82.0 * * * * *  * * * * *  

S T D %  .7 - 6  2.2 12.7 25 136.3 3.6. 4.0 17.1 * * * * *  * * * * *  



I D  I S C  V O C  I P  L G ( I 0 )  N R F F  E f f  

AVERAGES: 8 0 6 0 1  BASELINE W097 00  0 0 0  
2 2 . 0 2  . 5 4 9  1.9.93 - 6 . 7 0 9  1 . 8 2  - . 3 4  . 7 3 2  9 . 3 6  

STD . 0 7  . O O O  . 1 7  . 3 1 3  . 1 2  . 1 6  . 0 0 8  . 1 3  
8 0 6 0 1  W125M0004 

2 1 . 0 2  . 5 3 4  1 8 . 5 7  - 5 . 6 4 0  2 . 3 0  - 1 . 2 3  . .709  8 . 4 2  
STD . 1 6  . 0 0 4  . 4 1  . 5 8 1  . 3 5  . 5 0  , 0 2 4  , 3 6  

P E R C E N T  OF BASELINE 
9 5 . 5  9 7 . 3  9 3 . 2  1 1 5 . 9  1 2 6  *****  9 6 . 9  9 0 . 0  

STD% 1 . 1  . 9  2 . 9  1 3 . 0  2 ' 9 3 8 7 . 9  4 . 4  5 . 1  

OC1) ' P C D a  P C D b  



8 0 6 0 2  W126MULTI001 W097 0 0  0 0 0  
SOL9 Atl l :  P0=91.6UXW/C~02 N O  A K  C O A T I N G  

I D  ISC V O C  I P  L ( X ; ( I U )  N K F F  E f f  O C D  PCDa P C D b  

AVERAGES: 8 0 6 0 2  'BASELINE W097 0 0  0 0 0  
21 .75  - 5 4 9  1 9 . 8 8  - 7 . 2 4 9  1 . 6 5  - .27 . 7 4 8  9 . 4 5  4 . 8 1  . O O  . 0 0  

STD .15  . 0 0 1  . 0 2  . 3 5 6  . l o  . 0 9 . 0 0 8  . 0 5  . 1 3  * * 
80602  W126MULTI001 

1 9 . 1 0  . 5 2 Y  1 / . 4 8  - 5 . 9 1 4  2 . 1 2  - . 75  . 7 0 8  7 . 8 0  1 . 2 2  .00  . O O  
STD .26  . 0 0 3  . 3 2  . 4 5 6  . 2 3  . 3 9  . 0 1 4  . 2 3  . 1 9  * * 

P E R C E K T  O F  BASELINE 
90 .6  9 6 . 4  8 8 . 0  1 1 8 . 4  1 2 9  - 7 5 . 8  3 4 . 6  8 2 . 6  2 5 . 3  * * * * *  * * * * *  

STB% 1 . 8  . 7  1 . 7 .  1 0 . 6  22 2 7 6 . 9  2.9 2 .9  4 . 7  * * * * *  * * * * *  



8 0 5 3 0  W127YZ/TIUOl ~ 1 0 1  0 0  0 0 0  
SOL9 8 1 1 3 1 7 8  Af.11: P 0 = 9 1  .60MCJ/CMQ2 ti0 A K  COATING 

I D  I S C '  V O C '  I P  LOZ('1O) N K .  F F  E f f ' O C D  

AVEKASES: 8 0 5 3 0  BASELINE W l O l  0 0  0 0 0  
2 2 . 5 3  . 5 4 7  2 0 . 1 4  - 6 . 0 0 7  2 . 1 1  - . 9 3  . 7 2 3  9 . 4 2  3 . 9 0 .  

STD . 1 8  . 0 0 1  . 2 9  . 4 3 1  . 1 9  . 3 2  . 0 0 9  . 1 7  . 3 8  
8 0 5 3 0  W 1 2 7 F % / T I 0 0 1  UITH C Z  b A S E S  A D D E D  C K  

1 4 . 2 6  . 4 6 2  1 2 . 4 5  - 5 . 7 9 2  1 . 9 6  . 2 5  .66Y 4 . 6 6  . 7 8  
STD . l l  . 0 0 2  . 0 9  .1.35 . 0 6  . 1 5  . 0 0 5  . 0 5  . . 3 8  

PERCENT O F  BASELINE 
6 3 . 3  8 4 . 5  6 1 . 8  1 0 3 . 6  9 3  2 2 7 . 0  . 9 2 . 5  4 9 , 4  2 0 , O  

'STD% 1 . 0  . 5  1 . 4  9 . 3  1 2  3 1 . 2  1 . 3  1 . 5  1 2 . 6  



80603 W128TA002 W097 00 000 (8Ell) 
SOL9 8 /10/78 Atll: P0=91.60~W/CM@2 NO AR COATING 

ID ISC V O C  IP LE(I0) Ii R FF E f f  

AVERAGES: 80603 BASELILE W037 00 000 
21.95' .550 20.05 -7.042 1.71 -.70 .756 9.65 

. S T D  .15. . 0 0 1  .12 .082 .02 .10 .001 . 07  
80603 W12bTA002 

21.38 .545 19.14 -6.227 2.08 -.a9 .725 8.94 
STD .12 .OU3 .42 .a37 .43 .57 .025 .35 

PERCENT OF BASELINE 
97.4 99.2 95.4 111.6 122 72.9 95.8 92.6 

STD% 1.2 .7 2.7 13.0 28 112.2 3.5 4.3 

OCD PCDa PCDb 

*u.s. GOVERNMENT PRINTING OFFICE: 1978-740-2061181 




