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SUMMARY 

A t e s t  program i s  c u r r e n t l y  be ing  conducted t o  determine t h i n  s o l a r  c e l l  

annea l ing  e f f e c t s  u s i n g  a l a s e r  energy source. A C02 continuous-wave (CW) 

l a s e r  has been used i n  annea l ing  exper iments  on 50- vm- th ick  s i l i c o n  s o l a r  

c e l l s  a f t e r  p ro ton  i r r a d i a t i o n .  Tes t  c e l l s  were i r r a d i a t e d  t o  a f l u e n c e  o f  

1 . 0 ~ 1 0 ~ ~  protons/cm2 w i t h  1.9 MeV pro tons .  A f t e r  i r r a d i a t i o n ,  those  c e l l s  

r e c e i v i n g  f u l l  p r o t o n  dosage were degraded by an average o f  30% i n  ou tpu t  

power. I n  annea l ing  t e s t s  l a s e r  beam exposure t imes  on t h e  s o l a r  c e l l  v a r i e d  

f r om  2 seconds t o  16 seconds reach ing  c e l l  temperatures o f  from 400°C t o  

500°C. Under those  c o n d i t i o n s  annea l ing  t e s t  r e s u l t s  showed recove ry  i n  c e l l  

o u t p u t  power o f  f rom 33% t o  go%.* 

INTRODUCTION 

Past i n v e s t i g a t i o n s  have shown p o s i t i v e  annea l ing  e f f e c t s  when r a d i a t i o n  

damaged s i  1 i con  s o l a r  c e l l s  were heated t o  above 4000C f o r  longer  than  10 

minutes ( r e f .  1 and 2 ) .  More r e c e n t l y ,  manufac tu r ing  process induced de fec t s  

i n  semiconductors have been annealed u s i n g  d i r e c t e d  beam energy t o  o b t a i n  t h e  

d e s i r e d  annea l ing  t ime  and temperature ( r e f .  3 ) .  The coherent  beam o f  a l a s e r  

may p r o v i d e  an i d e a l  energy source f o r  s o l a r  c e l l  annea l ing  space a p p l i c a t i o n s  

*This work has been suppor ted by  NASA under Con t rac t  NAS9-15636. 
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where annea l ing  ovens o r  a r r a y  enc losures ( r e f .  4 )  m igh t  n o t  be p r a c t i c a l .  A  

l a s e r  p rov ides  t h e  added b e n e f i t  o f  d i r e c t i n g  t h e  anneal ing beam t o  any por-  

t i o n  o f  a  l a r g e  a r r a y  when r e q u i r e d  (such as a  So la r  Power S a t e l l i t e ) .  Th i s  

would a1 low t h e  annea l ing  dev ice  t o  scan t h e  a r r a y  con t i nuous l y  w i t h o u t  

d i s r u p t i n g  panel power genera t ion  as o n l y  a  smal l  segment o f  t h e  a r r a y  i s  

a f f ec ted .  I n - s i t u  annea l ing  o f  s o l a r  a r rays  i n  space has been a  t o p i c  o f  

t e c h n i c a l  s c r u t i n y  f o r  some t ime.  

BACKGROUND 

P r e l i m i n a r y  l a s e r  annea l ing  s t u d i e s  were conducted t o  determine f e a s i b i l -  

i t y  o f  l a s e r  annea l ing  p r i n c i p l e s  as a p p l i e d  t o  t h e  anneal ing o f  r a d i a t i o n  
* damage i n  s i l c o n  s o l a r  c e l l s .  These s t u d i e s  showed p o s i t i v e  annea l ing  

r e s u l t s  f o r  uncovered s o l a r  c e l l s  annealed w i t h  a  scanned DC e l e c t r o n  beam 

( f i g .  1) and w i t h  a  pu lsed  Nd:YAG l a s e r  ( f i g .  2 ) .  Glass covered s o l a r  c e l l s  

w i t h  e l e c t r o s t a t  i c a l  l y  bonded (ESB) Corn ing 7070 cover glasses were annealed 

us ing  a  C02 l a s e r  ( f i g .  3 ) .  These e a r l y  s o l a r  c e l l  l a s e r  anneal ing t e s t s  

i nvo l ved  exposure pe r i ods  o f  f rom 1 0 v s e c  f o r  t h e  e l e c t r o n  beam t o  2 sec f o r  

t h e  C02 l a s e r .  No at tempt  was made t o  op t im i ze  beam parameters o r  t o  de te r -  

mine what e f f e c t ,  i f  any, t h e  s h o r t  du ra t i on ,  h i g h  i n t e n s i t y  l a s e r  exposure 

had on t h e  c e l l  o r  t h e  anneal ing process ( r e f .  5 ) .  

LASER ANNEALING OF THIN CELLS 

F u r t h e r  t e s t i n g  o f  s o l a r  c e l l  annea l ing  u s i n g  a  C02 l a s e r  has been 

conducted t o  address t h e  ques t ions  o f  l a s e r  beam e f f e c t s  on s o l a r  c e l l s  and 

r e p r o d u c i b i l i t y  o f  l a s e r  anneal ing i n  an i n d i v i d u a l  c e l l .  I n  p a r t i c u l a r ,  50- 

um-th ick  s o l a r  c e l l s  were t e s t e d  as a  low mass advanced c e l l  w i t h  p o t e n t i a l  

f o r  a p p l i c a t i o n  i n  t h e  development o f  l a r g e  space power genera t ing  systems. 

Solar  c e l l  types used i n  t h e  annea l ing  t e s t s  a re  descr ibed  i n  t a b l e  1. 

*This work was performed by Sp i re  Corp., Bedford, MA, under c o n t r a c t  t o  Boeing 

Aerospace Company, Sea t t l e ,  MA. 



I n i t i a l  l a s e r  anneal ing t e s t  parameters were de r i ved  f rom thermodynamic 

ana l ys i s  o f  a  50- vm- th ick  s i l i c o n  s o l a r  c e l l  w i t h  a  50- vm- th ick  i n t e g r a l -  

g l ass  cover .  T h i s  s teady s t a t e  thermodynamic model shows i n  f i g u r e  4 t h e  

l a s e r  beam energy d e n s i t y  r e q u i r e d  t o  m a i n t a i n  a  des i r ed  annea l ing  tempera- 

t u r e .  The amount o f  t ime  r e q u i r e d  f o r  a  l a s e r  beam t o  r a i s e  t h e  temperature 

of a  s o l a r  c e l l ,  as a  f u n c t i o n  o f  l a s e r  beam energy dens i t y ,  f r om room tempera- 

t u r e  (280C) t o  an anneal ing temperature o f  5000C i s  p l o t t e d  i n  f i g u r e  5. 

Al though e a r l y  t h e o r e t i c a l  a n a l y s i s  was done f o r  a  50- vm- th ick  c e l l  w i t h  5 0 - ~ m -  

t h i c k  i n t e g r a l - g l a s s  cover, unglassed 50- vm- th ick  s o l a r  c e l l s  were used i n  

these annea l ing  t e s t s  as i n t e g r a l - g l a s s  covers on t h i n  c e l l s  a r e  n o t  

comple te ly  developed. 

TEST PROCEDURES 

F i g u r e  6 shows schema t i ca l l y  t h e  t e s t  set-up. A  C02 l a s e r  capable o f  

g rea te r  t han  150 wa t t s  CW was used as t h e  l a s e r  source. A mechanical s h u t t e r  

was used which u t i l i z e s  two k n i f e  edge s h u t t e r  leaves and a  l i g h t  e m i t t i n g  

diode, photo c e l l  t o  generate a  pu l se  o f  l a s e r  r a d i a t i o n  and an e l e c t r i c a l  

t i m i n g  pu lse,  r e s p e c t i v e l y .  The e l e c t r i c a l  pu l se  was measured w i t h  a  coun te r  

t o  determine t h e  exact  l a s e r  beam p u l s e  leng th .  Wi th  t h e  s h u t t e r  h e l d  open, 

a  sampl ing m i r r o r  was p laced  i n  t h e  beam t o  d e f l e c t  t h e  beam i n t o  t h e  r e f e r -  

ence power t ransducer  which was used t o  measure t h e  t o t a l  raw beam power as a  

re fe rence .  

A  z i n c  se len ide  lens  w i t h  a  5.0 i n c h  f o c a l  l e n g t h  was used t o  spread t h e  

beam. D is tance  C i n  f i g u r e  6 was ad jus ted  t o  g i v e  t h e  r e q u i r e d  power d e n s i t y  

a t  t h e  t e s t  plane. 

The beam t r a v e l s  th rough  a  motor -d r i ven  m i r r o r  arrangement which was com- 

p u t e r  c o n t r o l l e d  and can be used f o r  a l i g n i n g  and c e n t e r i n g  t h e  beam and f o r  

scanning t h e  beam across t h e  ape r tu re  p l a t e  (2mm ape r tu re )  t o  p r o v i d e  power 

d e n s i t y  p r o f i l e  maps o f  t h e  beam. The l a s e r  t e s t  f a c i l i t y  and Coherent 

Opt i cs ,  Ever lase 150 l a s e r  w i t h  t h e  t e s t  set -up on t h e  work t a b l e  above t h e  

l a s e r  cab ine t  a re  p i c t o r i a l l y  i l l u s t r a t e d  i n  f i g u r e  7. 



Electrical parameters of each cell are measured before and after every 

test to provide comparative test parameters. A Spectrolab X-25 Mark I 1  

solar simulator provides illumination on the test cell during electrical 

measurements. 

Each cell is electrically degraded by irradiation of 1.9 MeV protons to 

a f luence of 1.0~1012 protons/cm2 at Boei ngls Radiation Effects Laboratory. 

EVALUATION OF ELECTRICAL DEGRADATION IN 
UNIRRADIATED TEST CELLS DUE TO LASER EXPOSURE 

Before formal laser annealing tests began, 50- vm-thick solar cell test 

specimens were subjected to various laser intensities and exposure durations 

to determine the mechanical effects of thermal shock during laser irradiation. 

Unglassed 50-vm-thick solar cells were found to physically deform in an 

unpredeterminable fashion above 3000C when subjected to a laser beam. Upon 

measuring electrical characteristics (figs. 8 and 9) of test cells after a 5 

second, 100 watt C02 laser exposure that raised the cell temperature to 500°C, 

no reduction in the solar cells1 electrical characteristics was apparent 

within measurement tolerances. 

RESULTS AND DISCUSSION 

Figures 10 through 16 illustrate laser annealing of charged-particle 

irradiated Solarex and O.C.L.I. 50- vm-thick solar cells. Each cell was to be 

irradiated with 1.9 MeV protons to a fluence of 1.0~1012 protons/cm2; however 

cells No. 18, 19, 31 and 32 did not receive full irradiation fluence due to a 

malfunction of the proton source during the irradiation portion of the test 

sequence. Cells No. 18 and 32 had reduced outputs after the laser anneal 

portion of the test due to cell damage. Cell No. 18 was broken and 25% of the 

cell was lost. Cell No. 31 curled during laser exposure to such an extent 

that accurate measurement in our solar simulation test facility was not 

possible. 



The average c e l l  degradat ion i n  ou tpu t  power due t o  i r r a d i a t i o n  was 

30%. Recovery o f  ou tpu t  power as measured a t  t h e  maximum power p o i n t  v a r i e d  

f rom 33% t o  90% a f t e r  l a s e r  annealing. C e l l s  t h a t  were moderately degraded 

appeared t o  recover  more complete ly  than those more severe ly  damaged. 

There was some i n d i c a t i o n  t h a t  longer  exposure t o  t he  anneal ing temperature 

was b e n e f i c i a l  . 

F igu re  17 i l l u s t r a t e s  repeated anneal ing under t he  same t e s t  cond i t i ons  

as app l i ed  t o  those s o l a r  c e l l s  dep ic ted  i n  f i g u r e s  10 through 16. Mote t h a t  

t h i s  c e l l  d i d  no t  recover  as complete ly  a f t e r  t he  second anneal ing as i t  d i d  

a f t e r  t h e  f i r s t .  

F igu re  18 i s  a summary o f  ou tpu t  power va r i a t i ons ,  a t  t he  maximum power 

po in t ,  a f t e r  each step o f  t h e  anneal ing t e s t  sequence f o r  a l l  c e l l s  except 

c e l l  s No. 18 and 32 which were damaged du r i ng  1 aser exposure. 

Test c e l l s  were exposed t o  temperatures g rea te r  than  5000C f o r  var ious  

t ime  per iods;  however, no anneal ing da ta  was obta ined as c e l l s  t es ted  above 

500-600% were broken as a r e s u l t  o f  severe mechanical deformat ion o f  t h e  

c e l l .  The suspect cause o f  t h i s  e f f e c t  i s  thermal expansion d i f f e rences  be- 

tween t h e  s i l i c o n  o f  t h e  c e l l  and t h e  metal  o f  t h e  c e l l  back contact .  Th is  

back con tac t  covers t h e  e n t i r e  back o f  t he  c e l l  hav ing a g rea ter  e f f e c t  than 

t h e  meta l  g r i d  on t h e  f r o n t  c e l l  surface. 

CONCLUSIONS 

Laser anneal ing o f  t h i n  c e l l s  shows promise; however, bas ic  design a l t e r a -  

t i o n s  are requ i red  t o  min imize thermal shock e f f e c t s  o f  sho r t  durat ion,  h igh  

i n t e n s i t y  l a s e r  pulses on t h e  50- pm-thick s o l a r  c e l l .  Fur ther  s tud ies  o f  

anneal ing temperature and du ra t i on  o f  l a s e r  anneal ing on thermo-mechanically 

s t a b l e  t h i n  c e l l s  are suggested. , 
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Figure 1 ; The Effect of Pulsed Laser Anneal on Violet Cell 12f 

151 

MEASURED 
MEAN EFF. 

( I )  

10.22 

10.28 

TaWe 1 ; Test SYrpce Lbuiasa7@.rn 

ELECTRICAL 
CONTACTS 

Ti-Pd-Ag 
Chevron 

Ti-Pd-Ag 
G r i d  

160 

140 

120 

100 

- 
d - 
Y 

8 0  

60 

40 

2 0  

1 I 1 I 1 I 

- - 

- - 

- - 

- - 

- - 

- - 

I 
- - 

- 

I I I 
0 100 ZOO 300 400 50 0 b o o  

A. R. 
COATING 

Ta205 

OCLI 
Multi- 
l a y e r  
Coating 

JUNCTION 
DEPTH 

2-3,m 

2-3vm 

BACK SURFACE 
FIELD 

Compensated 
Back Surface 
F i e l d  

Back Surface 
F i e l d  

BASE 
RESISTIVITY 

2nn  

2ncm 

SURFACE 
FINISH 

Chemical 
Etch 

Chemical 
Etch 

MANUFACTURER 

SOLAREX 

O.C.L.I. 

THICKNESS 
(um) 

50 

50 

CELL 
DIMENSIONS 

(an) 

2 x 2 

2 x 2 



I I I 1 1 

CELL NO. 1005-7A 

2x2 cm 
Ta205 AR 

ELECTRON DOSE: 

I 1 I 

CELL NO. 1005-18 B 

2 x 2  cm 
Ta2 O5 AR 

ELECTRON DOSE : 
2~ fot5 =rn2 I MeV 

Figure 2 ; /- V Characteristics of Cells with ESB 7070 Coverglass F i ~ u r e  3; 1- V Ckwteristi~s of @/I lsi& ESt3 C b ~ f a a :  After 
A fter Electron Irradiation and After C02 Laser Anneal E/eamn lnadiatim 9 Law Anmf 



CHANNEL 2 - 
I X-Y MOTOR - DRIVERS -FIRE BRICK 

I--- 1 

1. \ 

. n E 
CELL UNDER 

TIMING PULSE 
TO COUNTER 

C-C 
TO HIGH SPEED 

SHUTTER CROSS SLIDE VOLTMETER 
CONTROL THERMOCOUPLE BONDED 
83X TO BOTTOM OF STANDARD CELL 

DIMENSIONS A - = = -a 
92 a 

C E  - 10.2 a 
= %an 

Figure4; Laser Annealing of Solar Cells - Test Schematic 

Figure 5 ; Laser Annealing Test Setup With Coherant Optics Everlase 150 C02 Laser 
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Figure 6 ; Steady State Temperature Resulting From Different Energy Densities 
in a 50-w- Thick Solar Cell With 50-pm- Thick Integral Glass Cover 
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Figure 8 ; C 0 2  Laser Annealed Solar Cell Without Coverglass, Solarex Cell No. 44 
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Figure 9 ; C02 Laser Annealed Solar Cell Without Coverglass, Solarex Cell No. 45 
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Figure 10; C 0 2  Laser Annealed Solar Cell Without Coverglass, Solarex Cell No. 16 
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Figure 1 I ;  CO2 Laser Annealed Solar Cell Withour Co verglass, Solarex Cell No. 18 
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Figure 12; C02 Laser Annealed Solar Cell Without Coverglass, Solarex Cell No. 19 

Figure 73 ; CO2 Laser Annealed Solar Cell Without Coverglass, Solarex Cell No. 20 
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Figure 74 ; C 0 2  Laser Annealed Solar Cell Without Coverglass, O.C. L. I. Cell No. 3 7 
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Figure 15 ; C 0 2  Laser Annealed Solar Cell Without Co verglass, 0. C. L. I. Cell No. 32 
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Figure 76; C 0 2  Laser Annealed Solar Cell Without Coverglass, O.C. L. I. Cell No. 33 
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Figure 17 ; C 0 2  Laser Annealed Solar Cell Without Coverglass, Solarex Cell No. 13 
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Figure 18; Degradation and Recovery of Maximum Power for Laser Annealed Solar Cells 




