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ABSTRACT 

Thedefect responsible f o r  reverse annealing i n  
2 ohm-cm s i l i c o n  s o l a r  c e l l s  has been idant i-  
f i ed .  This dofect ,withencrgy l e v e l  a t  Ev+0,30eV, 
has been ten ta t ive ly  iden t i f i ed  a s  a boron-oxygen- 
vacancy complex, Our calculat ions a l so  suggest t l . a t  
i t s  removal could kesu l t  i n  s ign i f ican t  annealing 
f o r  2 ohurcm and lower r e s i s t i v i t y  c e l l s  a t  temper- 
a tu res  a s  low a s  2000 C, Those r e s u l t s  were ob- 
ta ined by use of an expression derived from the  
Shockley-Read-Hall recombination theory which re- 
l a t e s  measured diffusion length r a t i o s  to r e l a t i v e  
defect  concentrations and ele(;tron capture cross 
sec t ions ,  The r e l a t i v e  defect concentrations and 
one of  the required capture cross scct ions a r e  ob- 
tained from Deep Level Transient Spectroscopy. 
Four addi t ional  capture cross sect ions a r e  obtained 
using our  diffusion lengrh daca and data from tem- 
perature-dependen: l i fe t ime  studies .  These calcu- 
l a t e d  r e s u l t s  a r e  i n  reasonable agreement with ex- 
perimental data. However, s ince  iden t i f i ca t ion  of 
the atomic rons t i tu t ion  of t h e d e f e c t a t  $ + 0.30 
ev is  speculative, add i t iona l  e f f o r t  i s  required 
to  e f f e c t  a firm i d e n t i f i c a t i o n  of the sub-micro- 
scopic cons t i tuer t s  of t h i s  harmful defect.  

INTRODUCTION 

One bar r ie r  t o  extending mission times i n  
s ~ ~ a c e  i s  the rad ia t ion  damage suffered by the si l i-  
con s o l a r  c e l l  power supply. Overcoming t h i s  bar- 
r i e r  by complete el iminat ion of radiat ion damage t o  
the c e l l  remains an elusive research goal,  A more 
pragmatic approach is t o  thermally anneal the ra- 
d i a t i o n  damage. Signif icant  recovery of the per- 
formance of radiation-damaged s i l i c o n  s o l a r  c e l l s  
can be effected by annealing a t  temperatures of 
about 4000 C and above (1). Exact te~nperatures re- 
quired and the amount of recovery accomplished de- 
pend upon radiat ion dose l e v e l  and the s i l i c o n  
type, dopant, and r e s i s t i v i t y .  However, consider- 
ably lower temperatures would be required t o  avoid 
i r r e v e r s i b l e  damage t o  array components while 
achieving the in -s i tu  annealing required to  extend 
mission l i fet imes i n  space. One approach f o r  
achieving lower annealing temperatures l i e s  i n  
iden t i f i ca t ion  and removal of the major defect(s)  
whose e f f e c t  on c e l l  performance necessi ta tes  use 
of t h e  higher annealing temperatures. The primary 
ob jec t ive  of the present  work is t o  iden t i fy  t h i s  
defec t ( s ) .  An addi t iona l  b a r r i e r  t o  low tempera- 

t u r e  annca l i l~g  is  t h e  reverse annealing phenomena 
usually observed i n  siJ.icon a o l a r  c e l l s ,  

The phenomenon I J ~  reverse annealing has been 
observed i n  bulk s i l i c o n  (2) and i n  s i l i c o n  s o l a r  
c e l l s  (1,3),  Since, during reverse anneal, c e l l  
p c r f o m n c c  degrades a t  temperatures well  below 
4000 C ,  i t  cons t i tu tes  a detrilnent toward the 
achj evcment of annealing a t  low temperatures, Thus, 
to  achieve low temperature annealing, iden t i f i ca -  
t ion  and el iminat ion of the defect  o r  defects  rc- 
sponsible  f o r  both t h e  reversa l  and the high-tem- 
perature annealing i s  neceesnry, In  t h i s  p a p a  we 
report  c f f o r t s  t o  i d e n t i f y  the defect  whose pre- 
sence necess i ta tes  high annealing temperatures and 
the defect  responsible  f o r  the reverse annealing 
phenomena i n  s i l i c o n  s o l a r  r,:!ls, In  tlie present 
case, we combine informati(ln fr'om Deep LoveP Tran- 
s i e n t  Spectroscopy (DLTS) (i) aleh diffusion length 
measurements and the  Shockley-&?ad-Hall (SRH) re- 
combination theory (5,6) to  ide:ttify the respoo- 
s i b l c  defects  

I r rad in t ions  and isochronal annealing were 
performed on nJp s i l i c o n  s o l a r  c e l l s  with 0.1 and 2 
ohnrcm boron-dopedbaseresis t ivi t%es.  Startingma- 
t e r i a l  f o r  the 2 ohm-cm c e l l  ?:as C ~ o c h r a l s k i  grown 
while the  s t a r t i n g  mater ial  f o r  the 0.1 ohm-cm 
c e l l  was vacuum f l o a t  zone ref ined s ing le  c r y s t a l  
s i l i c o n .  The c e l l s  were i r rad ia ted  by 1MeV elec- 
trons t o  a fluence of  1015 ~ m - ~ ,  After i r rad ia -  
t ion ,  the  c e l l s  were isochronally annealed i n  
50° C s teps ,  the c e l l s  being held a t  each fixed 
temperature point f o r  20 minutes. Minority c a r r i e r  
diffusion lengths and AM0 I-V measurements were ob- 
t a i n ~ d  a t  room temperature before and a f t e r  i r r a -  
d ia t ion  and a f t e r  each s tep  i n  the isochronal 
anneal. Diffusion lengths were measured by an 
X-ray exc i ta t ion  technique (7), while the AM0 I-V 
measurements were obtained using a xenon-arc s o l a r  
simulator. 

RESULTS 

Figure 1 shows t h e  percent change i n  short-  
c ~ r c u i t  current  during the isochronal anneal f o r  
both the  0 . 1  and 2 ohm-cm c e l l s .  The reverse 
annealing phenomena occurs a t  temperature6 between 
about ZOO0 t o  3500 C f o r  the 2 ohm-cm c e l l .  These 
data a r e  s imi la r  t o  those reported by others  (1). 



Although a @mall tendency toward reverse annealing 
appcars i n  tlio 3.1 ohnrcm data  a t  200' C, tho c f f n c t  
is a s s e n t i a l l y  absent,  within axperimental Irrror, 
i n  the low resistivity c a l l s  s tudied Ilare, Figure 2 
@how& tho  behavior of t h e  d i f fus ion  length r a t i o  
L;~/I;~& f o r  the same two c c l l e  during isochronal 
anneal. The subscript  T denote6 a mcasurcmcnt 
made a f t e r  i soc l~rona l  anneal a t  tcmpcrature T 
while tho subscript  IRR dcnotcs tile room temper- 
a ture mcasuremcnt made innnediately ac tor  i r rad in-  
tion, For reasons whicll a r c  c l a f i f i e d  i n  the next 
sect ion,  these d i f fus ion  length r a t i o s  a r e  r e l a t e d  
to mcasurcd dofcct concentrations and capture cross  
sections. Thuri, to  f u r t h e r  analyze thesc da ta ,  
both defect  concentrations and capture cross  sec- 
tions a r e  required, The rc la t ivn  defcct  *,cnccntra- 
ticlns shown In Fig. 3 a r c  obtained from t , , DLTS 
r e a u l t ~  of Ref, 4, normalized to t h e  pretlt-;t f lu-  
ence of 1015/cm2. 

THEORY AND CALCULATIONS 

Working Equation 

To ob ta in  an equation r e l a t i n g  the d i f tus ion  
length da ta  t o  defect  parameters such a s  c a r r i e r  
capture c ross  sect ions and s e l n t i v c  defect  concen- 
t ra t ions ,  we use the Shocklcy-Read-Hall (SN1) 
theory of  recombination (5,6),  Our s t a r t i n g  point  
i s  tho SRH cxprcssion f o r  r i  the  c a r r i e r  l i f c -  
times due t o  the itil siilglc l e v e l  dcicct .  For 
low i n j e c t i o n  conditions wc have; 

Whcro NI is  the  concentration of the i t h  
defect,  no and po a r c  equilibrium electron and 
hole concentrations, vn and vp a r e  thermal vcl- 
o c i t i e s  f o r  e lectrons and holes, a p i  and ani a r e  
hole and electron cnprurc cross sect ions f o r  t h e  
i t h  defect  and n i  and p i  a r e  calculated from 
tho relations: 

Nc and Nv a r c  the density of s t a t e s  f o r  the  
conduction and valehce bands k is the Boltzmann 
constant and Ei is  t h e  energy l e v e l  of the i t h  
defect. Thc t',ermal v e l o c i t i e s  a r c  obtained from 
the re la t ions :  

where mt, and me d r e  Poic and e lec t ron  e f f e c t i v e  
mnflsos, respoct ivcly,  

Far P tygc s i l i c o n  po is  mcasurcd and no 
calculated from tho re la t ionr  

where nI is ttrc i n t r i n s i c  c a r r i e r  conccntration. 

Using Eqs. (2) ,  (3), and (4), we f ind  f o r  the 
defects  i n  Fig, 3 that :  

and 

Hcncc Eq, (1) s impl i f i es  to  

whcre R i  i s  tho r e l a t i v c  concentrotion of the 
it11 defect with 

Nmax being the maximum defect  concentration 
tdeasurcd by DLTS during the  isochronal anneal. For 
example i n  Fig. 3 ,  Nmax is  obtained from the  peak 
amplitude of the Ev + 0.38 eV defect  ( 4 )  

Since 

We obtain the  required r e l a t i o n  



Capture Crosc Tections 

The capture cross  ecctione obtained from DLTS 
(k), axe l i s t o d  i n  Table 1. Since the electron 
coptura croos sec t ien ,  a*,, f o r  only one dcfect  
(Ec - 0.2 ' eV) is  avoi lahla  from Dt,TS, we cannot 
ca lcu ln te  diffusion length r a t i o s  from Eq. (8) 
using only t h i s  DLTS r e s u l t .  We have therefore 
obtained the necoseary addi t iona l  on values by 
other methods, 

With roepect t o  ?he defects  a t  E,, t 0.38 eV 
and Ev 4. 0.23 eV, tct:poraturedapandent l i f c t i m e  
s tud ies  i n  1.5 ohm-cm p-typo s i l i c o n  yiold values 
fo r  the  r a t i o  an/a Erom which a n  i s  culculated 
(8), From Ref, 8, f o r  the EV + 0.38 eV defect  
un/op 150 and f o r  the dofect a t  Ev + 0.23 eV, 
un/up = 1300 Erom which tho all values f o r  these 
defects  shown i n  Tabla I T  a r e  calculated. F o r t h e  
remaining defects ,  values f o r  a n  were computed by 
f i t t i n g  Eq. (8) to  t h e  diffusion length da taof  Fig.2 
rlt 250° and 300° C using Ri  values from Fig  3. I n  
t h i s  way, the electron capture crosa sect ions f o r  the 
defects  a t  + 0.30 eV and + 0,26 eV were ob- 
tained. Thus, the  required cross  sect ions f o r  a l l  
but t h e  defect: a t  t 0.20 eV a r e  obtained f o r  uae 
i n  Eq, (8 ) ,  Since we cannot evaluate  dn f o r  t h i s  
l a t t e r  dcfect ,  i t  is  assumed tha t  t h i s  defect  can 
be ignored i n  subsequent calculat ions.  

Calculations 

Diffusion length r a t i o s  calculated from Eq. (8) 
using the  cross sect ions of Table 11 and the data  
of Fig. 3 a r c  shown i n  Fig. 4 f o r  the 2 ohm-cm 
ce l l .  The so l id  curve i n  Fig. 4 i s  the curve drawn 
through the  measured diffusion length r a t i o s  shown 
in Fig. 2. The measured and calculated values a r e  
i n  reasonable agreement. The assumption t h a t  
E,, + 0.2 eV center  could be ignored appears wnr- 
ranted. Omitting the defcct a t  Ev + 0.30 eV and 
repeating the calculat ions,  we f ind  that  the  re- 
verse annealing disappears from the  calculated re- 
s u l t s  a s  shown i n  Fig. 5, We note tha t  of t h e  f i v e  
defects conoidercd i n  these calculacions, only t h i s  
l a t t e r  defect  e l iminates  the reverse annealing phe- 
nomena when omitted Erom the calculat ions,  Hence, 
we conclude that  t h e  defact a t  E v +  0.30 eV is  
responsible f o r  the  reverse annealing observed i n  
the p resen t  2 ohni-cm c e l l s .  These celculat ions 
also suggest that  removal of the  defect  a t  
Ev + 0.3 cV could r e s u l t  i n  s ign i f ican t  c e l l  re- 
covery o r  annealing a t  2000 C (Fig. 5). 

I n  addition to the 2 ohm-cm c e l l ,  Ref. 4 re- 
ports  t h e  r e l a t i v e  defect  concentration f o r  a 0.3 
ohm-cm c e l l  shown i n  Fig. 6. These data were used 
to c a l c u l a t e  diffusion length r a t i o s  using the  cap- 
ture c ross  sect ions of Table I1 and Eq. (8). We 
a r e  unablo to  obtain a capture cross  sect ion f o r  
the defec t  a t  EV + 0.48 cV, hence i t  is omitted 
from t h e  calculat ion.  The calculated r e s u l t s  f o r  
the low r e s i s t i v i t y  c e l l  a r e  shown i n  Fig. 7. 
These r e s u l t s  predict  the absence of reverse an- 
nealing i n  t h i s  low r e s i s t i v i t y  c e l l  and a r e  i n  
q u a l i t a t i v e  agreement with our data  f o r  the 0 .1  
ohm-cm c e l l .  The omission of the  center  a t  
L, + 0.4d eV seems warranted. Repeating the  cal- 
cu la t ion  by omitting the  defect a t  Ev f 0.30 eV 

y i e l d r  the  dot tad l i n e  of Fig, 7. Theaa r e ~ u l t p  
euggcet t b ~ i  temoval of thn defect  a t  E,, + 0.30 aV 
could a l s o  r e r u l t  i n  s i g n i f i c n n t  c e l l  recovery o r  
anncoling a t  200° C, Xn t h i s  respect  i t  i o  s ignif-  
i c a n t  t o  note  t h a t  c e l l s  of t b i s  low rcasiotivity 
preeent ly require  annealing temperatures higher than 
400° C t o  e f f e c t  such recovery. 

DISCUSSION 

The preceding ind ica tes  t h a t  the  defect  a t  
Ev t 0.30 eV i s  responsible  f o r  the  observad re- 
veree annealing i n  the  2 ohm-cm c e l l ,  The calcula- 
t ions  a l s o  suggest t h a t  the  same dafect. i e  rcepon- 
s i b l e  f o r  the  required high annealing temperacuras 
and t h a t  its removal could r e s u l t  i n  s i g n i f i c a n t  
performanca annoullr,g a t  ZOO0 C t  I n  making t h i s  
euggastion, i t  i o  implied t h a t  with removal of the 
respoasible  defec t ,  another w i l l  not take i ts 
place,  The present  work i s  incomplete i n  the senee 
t h a t  detabled considerat ion bas not been giverl to  
t h i s  p o s s i b i l i t y ,  Before a scheme can be devised 
t o  eliniinate t h e  Ey t 0,3  eV defcct ,  we must iden- 
t i f y  its atomic composition. It i s  therefore im- 
portant  t o  speculate  on the  naturr? of t h i s  defect.  
It is  reported t h a t  t h e  Ev f 0.30 eV defect  al- 
ways appears when the E, - 0.27 cV defect  dis- 
appears (4). The two defects  a r e  re la ted  i n  the  
sense t h a t  the  Ec - 0.27 cV defect  can be cal led 
t h e  parent t o  the  defcct  a t  EV + 0.30 eV, H e n ~ e ,  
the  atomLc cons t i tu t ion  of both defects  is  of  im- 
portance, 

The defect  a t  Ev + 0.30 eV has been tcnca- 
t i v e l y  i d e n t i f i e d  a s  a boron-oxygen-vacancy complex 
(4). The Ec - 0.27 eV dcfect  increases i n  con- 
cen t ra t ion  with increasing boron concentration and 
has been i d e n t i f i e d  a s  a boron inters t i t ia l -oxygen 
i n t e r s t i t i a l  complex (4). An a l t e r n a t e  iden t i f i ca -  
t i o n  a s s e r t s  t h a t  the  Ec - 0.27 eV defect  i s  com- 
posed of n boron in te rs t i t i a l -boron  subs t i tu t iona l  
p a i r  (9) Both a f i rmer i d e n t i f i c a t i o n  of the  
E v +  0.30 eV defect  and addi t iona l  research direc- 
ted a t  choosing between competing iden t i f i ca t ions  
f o r  the  Ec - 0.27 eV parent defect  a r c  required. 
Such i d e n t i f i c a t i o n s  would be an invaluable guide 
t o  processing e f f o r t s  aimed a t  decreasing the con- 
cen t ra t ion  of these rad ia t ion  induced defecta. 

SUMMARY AND CONCLUSION 

We have used the Shccklcy-Read-Hall recombina- 
t i o n  theory t o  obtain an expression r e l a t i n g  mea- 
sured d i f fus ion  length r a t i o s  t o  defect concentra- 
t ions  and electron capture cross sect ions i n  p-type 
s i l i c o n .  Because only one of the  Inany required 
cross  sect ions was ava i lab le  from DLTS data ,  we 
u t i l i z e d  temperature dependent l i f e t i m e  s tud ies  and 
the  mea~ured d i f fus ion  length data  to  determine 
four  add i t iona l  e lec t ron  capture cross  sect ions,  
Calculations using these cross  sect ions and repor- 
ted r e l a t i v e  defect  concentrations show reasonable 
agreement between calculated and measured diffu-  
s ion  length r a t i o s .  Our calculated r e s u l t s  indi- 
c a t e  t h a t  a defect  a t  EV + 0.30 eV is  responsible 
f o r  t h  reverse annealing observed i n  2 ohm-cm ntIp 
s i l i c o n  s o l a r  c e l l s .  It was a l s o  determined by 
ca lcu la t ion  t h a t  removal of t h i s  same defect  could 
r e s u l t  i n  s i g n i f i c a n t  annealing a t  temperatures a s  



low a s  ZOO0 C f o r  2 ohm-cm and lowor r e o i s t i v i t y  TABLE I, - CAPTURE CROSS SECTIONS FROM DLTS 
callra, ilonco, WP i d o u t i f y  t h e  d ~ f a c t ,  whoa0 onorgy 
l e v a 1  i e  a t  E, + 0.30 aV, 8s t l ~ a  major d e f a c t  
tihose e f f e c t  on c a l l  parfonnef ;c: nacoooitatao use 
of unnoaling tamparatureo a r o ~ n d  bOOO C. S ince  a 
firm i d e n t i f i c a t i o n  of i t e  atomic cons t i cuan t s  has 
not  bean mode, add ik iona l  i d e n t i f i c a t i o n  o f f o r t e  
a r a  r aqu i rad  i n  o r d a r  t o  guida proceeeing e f f o r t e  
d i r a c t o d  a t  removal of t l ~ e  harmful defect .  
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Figure 1, - Isochronal anneal of n'p si l icon solar 
ce I after 1 MeV electron. Irradiat ion: q) II 10 lcm2. (Time at  temporalura, 20 min. l 
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Figure 2 - Measured dif fusion length ratios dur ing  iso- 
chronal  anneal. 
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Figure 3. - Relative defect concentrations from 
DLTS (after Mooney et al. ), 
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Figure 4 - Comparison of calculated and measured d i f fu-  
sion length ratios. 
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Figure 5. - Calculated and measured dif fusion length ratios 
omitt ing the Ev + 0.30 defect. 
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Figure 6, - DLTS data for 0.3 9-cm P-Si. Isuchronally 
annealed after 1 MeV electron irradiat ion (after Mooney 
et al, 1. 
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Figure 7. - Calculated and measured dif fusion length 
ratios, low resistivity P-SI, 
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~-esult  in significant anncalltw for 2 ohm-cm and lower rcslstivity cells a t  temperatures a s  
low a s  200' C ,  Ttlcse results were obtained 11y usc of nn expression derived from the 
Slrockley-Read-Hall recombination theor? which relates measured dlffusion length ratios to 
relativo defect conccntratioils and electron capturo cross  sections, Ttle relative defect con- 
centrations and one of the rcquirod c a ~ t u r e  cross sections a r e  obtained h'om Deep Level 
Transient Spectroscopy, l o u r  additional capture cross sections a r e  obtained using our dif- 
fusion length data and data from tetnperature dependent lifctime ~ tud l e s ,  These calculated 
results a r e  in reasonable agrccn~ent wit11 cxpcrimcntnl data. However, sincc identification 
of tlie atomic constitution of the defect a t  Ev 4 0,30 eV i s  spcculalivc?, additional effort f8 

required to effect a firm identification of the sub-111icroccopic constituents of lllis harmful 
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