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ABSTRACT 

Using Hall e f f e c t s  measurements, the  electron  energy depend- 

ence  of   the  defect   in t roduct ion  ra tesof   the Ec - 0.17 ev, Ec - 0.4 ev, 

and E + 0.3 ev  levels  has  been  determined. The two l eve l s  a t  
Ec - 0.17 ev  and Ec - 0.4 ev are found t o  be r e l a t ive ly   i n sens i t i ve  

t o  incident  electron  energy a6 predicted  by  simple  displacement  theory. 

The defect   in t roduct ion rate f o r   t h e  Ev + 0.3 ev   l eve l  is  found t o  

increase  rapidly  with  increasing  electron  energy. It is also  observed 

that  the  energy  dependence of t h e  E + 0.3 ev  level   appears   to  be a 

func%ion  of material r e s i s t i v i t y   i n   t h a t   t h e  dependence becomes s teeper  

a t  lower r e s i s t i v i t i e s .  A t  r e s i s t i v i t i e s   o f   t he   o rde r   o f  15 ohm-cm 

the  energy  dependence  of  the  defect  introduction rate of   the E + 0.3 ev 

l e v e l  is iden t i ca l   t o   t he   obse rved   ene rgy  dependence  of the  degradation 

of   minor i ty   car r ie r   l i fe t ime i n  10 ohm-cm n on p s i l i c o n   s o l a r   c e l l s .  

Empirically it is observed  that   th is   energy dependence  appears t o  be 

proport ional   to   the  second power of  the  simple  displacement  theory, 

sugges t ing   tha t   these   defec ts  may be associated  with a divacancy  or 

other  double  displacement  type  defect. 

V 

V 

V 

Under  low energy  proton bombardment in  the  energy  range  from 

0.2 Mev t o  1.9 MeV the  degradat ion  ra tes   of  open c i rcu i t   vo l tage ,   shor t  

c i r c u i t   c u r r e n t  and maximum power are much greater  than  normally ob- 

served  for   penetrat ing  radiat ion.  The  maximum s e n s i t i v i t y  of absolute  

power degrada t ion   of   s i l i con   so la r   ce l l s   appears   to  l i e  a t  o r   s l i g h t l y  

above 2 MeV with  decreasing  sensi t ivi ty   evidenced a t  energies below 2 

M e V  and  above 6 MeV. In   addi t ion,   considerable  room temperature  annealing 

in   per iods  of  times of  the  order  of  days i s  observed  for low energy pro- 

ton damaged c e l l s   i n   c o n t r a s t  t o  tha t   observed   for   ce l l s  damaged with 

more penetrat ing  radiat ion.  



One MeV e l e c t r o n   i r r a d i a t i o n  of 1 ohm-cm and 10-ohm-cm boron 

doped  and  aluminum  doped  n on p s i l i c o n   s o l a r   c e l l s   i n d i c a t e  that t h e  

d i f f e r e n c e s   i n   r a d i a t i o n   s e n s i t i v i t y  as measured  by K values  cannot  be 

a t t r i b u t e d   t o  the dopant material. It was also observed   tha t   d i f fe r -  

ences   in  K values were g rea t e r  between  specimen lo ts   than   be tvaer  t.he 

d i f f e r e n t l y  doped  specimens  of  equal  resistivities,  suggesting that 

fabricat ion  techniques  or   dif ferences  in   bulk material t race  impuri ty  

content may be reeponsible   for  the observed small di f fe rences   in  

r a d i a t i o n   s e n s i t i v i t y .  

v i  
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I. INTRODUCTION 

The e f fo r t s   desc r ibed   i n  this report  range from the   acquis i -  

t i o n  of  important  design  data on contemporary s i l i c m  solar c e l l s  

under low energy  proton bombardment to   bas ic   research  on the   fmda-  

mentals  of  defect  formation  in  si l icon by electron and proton  radiation 

of  the  type found i n  space.  Although the  complete  understanding and 

solut ion  of  problems  concerning  the use of  semicon6uctor  devices i n  
space is beyond the  scope  of  any  single program, it is f e l t  that the  

work presented  here,  coupled with similar e f f o r t s  by o thers   in  the 

f i e l d ,  w i l l  lead  to   fur ther   s t imulat ion,   bet ter   understanding,  and 

more e f f i c i en t   so lu t ions   t o   t hese  problems. 

The work reported  here encompasses three  general  areas of 
investigation.  In  Section I1 the  electron  energy dependence  of the 

defect  introduction rate for   several   energy  levels  i s  presented  for 

both  p-type and n-type  si l icon.  In  Section I11 data  is presented on 

the   e f f ec t  of low energy  proton bombardment of s i l i c o n   s o l a r   c e l l s ,  

In  Section IV aluminum  doped p-type  si l icon and boron doped p-type 

s i l i c o n   o f   r e s i s t i v i t i e s  of 1 and 10 ohm-cm are investigated  in  terms 

o f   t he i r   r ad ia t ion   s ens i t i v i ty  t o  1 MeV electrons.  

... . 



T I .  RADIATION  INDUCED ENERGY W E I S  I N  SILICON " 

Despite  considerable  study of e lec t ron  damage i n   s i l i c o n ,   t h e  

nature of the   defec ts   cont ro l l ing   degrada t ion   in   s i l? ,eon   devices  is not 

c lear .  Wertheirn's work indicated  that   e lectrons  of   0 .7  Mev introduce 

recombination  centers  in  n-type  si l icon a t  0.27 ev  above  the  valence 

band  and i n  p- type  s i l icon a t  0.17 ev below t h e  conduct  ion band" 2. 

Galkin, e t  a l y 3  have repor ted   tha t  1.0 MeV electrons  produce  recombin- 

a t ion   cen ters   in   n - type   s i l i con  a t  0.16 ev below the  conduction band. 

Baicker has reported  evidence  that   the  dopant used i n  n- type  s i l icon 

may influence the recombination  center  produced by e lec t ron  damage . 
In   p- type  e lectron irradiated sil icon,  he  has  suggested that  a recombin- 

a t ion   cen ter  a t  0.18 ev  above  the  valence band controls  recombination. 

In  addition, it has  been shown tha t   t he   annea l ing   cha rac t e r i s t i c s   o f  

recombination  centers  in  both n-  and p- type   s i l i con   i r rad ia ted   wi th  0.7 

MeV e lectrons are iden t i ca l   t o   t hose  of   the   s i l i con  A center  (E - 0.17  ev)5,6 

Work done a t  STL has  indicated  that   the  E - 0.17 ev l eve l   con t ro l s  re- 

combination i n  p- type  s i l icon  i r radiated  with 1.0 MeV electrons . The 

nature of  the  radiat ion  defects   control l ing  recombinat ion  in   e lectron 

irradiated s i l i c o n  is s t i l l  very much i n  doubt  because of t he   conf l i c t ing  

conclusions  reported. 

4 

C 
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A l l  of   the  work reported  in  the above references  involved some 

d i r e c t  measurements of   minori ty   carr ier  lifetime which  were analyzed  in 

terms of  Hall-Shockley-Read s t a t i s t i c s ,   Th i s   d i r ec t   app roach  is  subject  

t o  many experimental   d i f f icul t ies   because  of   the low lifetimes  involved 

in   i r r ad ia t ed   s i l i con .  The work reported  here  involves  an  indirect  

approach t o   t h e  problem  of i den t i fy ing   t he   i r r ad ia t ion  produced  recombin- 

a t ion   cen ters .  The introduction rates of  various  defect  levels were 

determined fo r   e l ec t rons  of  various  energies.  These data are compared 

with the energy  variation  of  degradation  studies on s o l a r   c e l l s .  The 

c r i t i c a l   f l u x e s  and damage constants have  been  determined f o r  n on p and 

p on n so l a r   ce l l s   i r r ad ia t ed   w i th   e l ec t rons  of  various  energies . t h e  

simplest  case,  the  energy  dependence  of  the  recombination  center  intro- 

7 
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duction rate should  be similar to   the   energy  dependence  of  these c r i t i -  

ca l   f l uxes  and damage constants.  Such agreement is not  conclusive  evidence 

for   ident i f icat ion  of   recombinat ion  centers ,   but  it can  support or 

quest  ion  previous  conclusions. 

The introduct ion  ra tes   of   the   defect   levels  were measured  by 

t h e  Hall coefficient  technique. These  techniques  have  been  used i n  

several   invest igat ions  for   detect ing  defect   energy  levels  ’ ’ ’ . 
Previous work was concentrated  on  lower  energies,  whereas,this work in- 

c lude?  e lectrons  to  35 MeV. I n   a d d i t i o n   t o   t h e  Hall measurements, 

considerable  study  of  these  defects by electron  spin  resonance  has been 
reported 6’9J10’11. Several   defects  have  been  characterized  through 

t h i s  work. They are: an  acceptor  level a t  E - 0.17 ev (Si-A center ) ,  

an  acceptor   level  a t  E - 0.4 ev  (Si-E  center), a second  acceptor 

l e v e l  a t  Ec - 0.4 ev  (Si-C  center), and a donor level a t  Ev + 0.3 ev 

(S i - J   cen te r ) .  Only  one l e v e l  a t  0.4 ev  has been reported by Hall 

measurements;  however, the  exis tence of two has  been  suggested by 

annealing  studies . 

1 2 3 0  

C 

C 

1 2  

A.  Experimental  Techniques 

The i r rad ia t ions   repor ted  were  done a t  s e v e r a l   f a c i l i t i e s .  

The STL  Van de Graaff w a s  used f o r  a l l  e lec t rorsof  1 MeV and lower. The 

Shel l  Development Corporation Van de Graaff was used i n   t h e  1 t o  3 MeV 

range. The Geheral Atomic Linear  accelerator was used f o r  4 t o  35 MeV 

i r r a d i a t i o n s .  A l l  i r r a d i a t i o n s  were  done a t  room temperature and care 

was taken t o  avoid  heating  of  the  samples by the   e l ec t ron  beam. Measure- 

ment of beam current ,   e lectron  f lux and Hall coef f ic ien t  w a s  ins t ru-  

mented as described  previously7yi3. The s i l i c o n   u s e d   i n   t h i s  work was 

grown by the   c ruc ib le  method by Futurecraft  Corporation.  Dislocation 

dens i ty  was below 100 per  sq. cm. The principal  dopants were phosphorus 

f o r  n-type and boron f o r  p- type .   Res is t iv i t ies   var ied  from 1 t o  150 ohm-cm. 

The Hall coefficient  of  each sample was determined as a 

3 



function  of  temperature  before  and after i r r ad ia t ion .  The Hal1 coeff ic-  

ient  can be re la ted   to   the   major i ty   car r ie r   concent ra t ion  by the  fol lowing 

e quat  ion : 
r n =  Re (1 1 

where n = concentrat ion  of   major i ty   carr iers  

R = Hall coe f f i c i en t  

e = electronic   charge 

r = Hall f a c t o r  

The Hall f a c t o r  was determined  from  Hall  mobility  and  published dr i f t  

mobi l i t i es  . The de tec t ion  and determination  of  energy  levels is  covered 

by Wertheim' and H i l l  . The defect   in t roduct ion rate was determined as 

follows : 

14 
a 

r 
R e (defects/electron-cm)  (2) I =  

where R = Hall coe f f i c i en t   be fo re   i r r ad ia t ion  
0 

R = Hall coe f f i c i en t  after i r r a d i a t i o n  

T = Electron flux, e/cm 2 

B. Results 

The Hall da ta  are analyzed  in   plots   of   reciprocal  Hall coef f i -  

cient  versus  reciprocal  temperature.  This plot   can be eas i ly   i n t e rp re t ed  

s ince  major i ty   carr ier   concentrat ion is ve ry   c lose ly   r e l a t ed   t o  the re- 

c iproca l  Hall coe f f i c i en t  and  changes in   ca r r i e r   concen t r a t ion   a r e   r e f l ec t ed  

by changes i n  Hall coe f f i c i en t .  Examples of t h i s  are shown in  Figures  1 

through 6. Figure 1 is typical  of  the  response  of  n-type  si l icon  to  lower 

energy  electrons.  The data show evidence  of  one  acceptor  level a t  

Ec - 0.17 ev. The Ec - 0.4 ev   l eve l  is introduced a t  very low rates a t  
1 MeV and below. When electrons  of  much higher energy  interact  with n- 

type   s i l i con ,  the Ec - 0.4 ev   l eve l  is introduced  in much higher rates. 

This e f f e c t  is  shown in Figures 4 through 6. The appearance  of the 

Ec - 0.4 ev   l eve l  is  shown by the large  decrease  in   carr ier   concentrat ion 

4 
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Figure 1. Temperature  Variation  of  Reciprocal Hall Coefficient 
f o r  100 n -cm, n-type  Silicon  before  and after Elect-  
ron   I r rad ia t ion  ( 1.0 MeV ) 
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Figure 4. Temperature  Variation  of  Reciprocal Hall Coefficient 
f o r  100 n -cm, n-type  Sil icon  before and after Elect-  
ron   I r rad ia t ion  (4.7 MeV) 

8 



3 

4- 
””- 

”-- 

I 
_””” 

” 

I .”” 

L L 

Sample N-3  

% = 15 MV 

= Unirradisted 

o = 3 x 1 0 ~ 3 ~ / ~ ~ ~  
9 = 0.20 defects/electron-cm 

tl = 0.62 defects/electron-crn 

for the Ec - 0.4  ev   l eve l  

for  the Ec - 0.17 ev leve l  

4 5 8 9 

9 



”A”----- - /””. 
/” - 

I 
5 

L 
6 

’ 
_””” 

/ 

I - --- 

I Ej, = 35 MeV 
A = Unirradiated 

o = 3 x 1 0 ~ 3 ~ / ~ ~ ~  
r) = 0.185 defects/electron-cm 

for  the  Ec - 0.4 ev  level 

1 = 0.62 defects/electron-cm 
for the  Ec - 0.17 ev leve l  

9 10 

Figure 6. Temperature Variation of Reciprocal Hall Coefficient 
for  100 n -cm, n-type  Sil icon  before  and’after  Elect-  
ron   I r rad ia t ion  (35 MeV) 
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above room temperature after i r r ad ia t ion .  The data  regarding  introduction 

rates of   these  levels  are summarized in  Table I. The electron  energy 

va r i a t ion   o f   fo r   t he  Ec - 0.17 ev and E - 0.4 ev   l eve ls  is shown 

graphical ly   in   Figure 7. It can be seen   tha t   the   in t roduct ion   ra tes  of 

t hese   l eve l s  rise slowly  for   e lectrons above 1 MeV.  Some da ta  are 

included  for 1 ohm-cm samples. The d i f fe rences   in  r( observed  with  varying 

r e s i s t i v i t y  are comparable t o   t h e  amount o f   s ca t t e r   i n   t he   da t a .  

C .  

Figures 8 through 11 ind ica t e   t he  Hall coef f ic ien t  

analysis  f o r  p- type  s i l icon  i r radiated  with  e lectrons  of   0 .7  MeV t o  11.5 
MeV. The data show evidence o f  only one l e v e l  at E + 0.3 ev. The in t ro-  

duc t ion   ra te   o f   th i s   l eve l  i s  increased  great ly  as the  energy  of  the bom- 

barding  ebectrons  increases,  The data regarding  introduction rate of 

t h i s   l e v e l  are summarized in  Table I. In  general  it appears   that   the  

in t roduct ion   ra tes   a re   f inc t ions  of both  dopant  concentration  and  electron 

energy. The p-type data are summarized graphical ly   in   Figure 12 .  It can 

be seen   t ha t   i n   a l l   c a ses   t he   i n t roduc t ion  rate of  t h e  E + 0.3 ev   leve l  

rises very  rapidly  with  increasing  electron  energy. The shape of t h i s  

curve  depends t o  some degree on t h e   r e s i s t i v i t y  of  t he   s i l i con .  The 

so l id   l ine   represents   on ly   da ta  from 15  ohm-cm s i l i con .  The data from 75 

and 130 ohm-cm vary  in   regard t o  shape  and  slope o f  the  curve.  

V 

V 

C .  Discussion 

n = ~n a; 
d 0 

where nd = concentration  of  defects 

i = integrated  e lectron flux 

n = concentration  of atoms i n   s o l i d   p e r   u n i t  volume 

u = displacement  cross  section 

v = average  secondary  displacements  per  primary  displacement 

0 

- 
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TABU I 
summary of Data 

Sample No. p (ohm-cm, t ype  ) 

N- 18 100 

N-11 100 

N- 14 100 

N-15 100 

N- 3 

N- 1 

N- 100 

N- 101 

100 

100 

100 

1 

1 

n 

n 

n 

n 

n 

n 

n 

n 

n 

%(MeV) 

0.6 

1.0 

2 .o 

3.0 

4.7 

15.0 

35 .o 

1 

3 

P (e/cm j E (ev) y(def/elec-cm) 2 
.. 

5x10 l3 Ec-0.17 

3 1 0 ~ 3  E,- 0.4 
Ec-0.17 

3.4~10 l3 E,-0.4 
Ec-0.17 

3.4~10 l3 E~-0.4 
Ec-0.17 

3. oxl0l3 E,-(). 4 
Ec-0.17 

3.0xlO l3 E~-0.4 
Ec-0.17 

3 . 0 ~ 1 0 ~ ~  E C -0.4 
Ec-O. 17 

Ixl 0 l6 Ec-0.17 

3.4~10 l5 E~-0.4 
E -0.17 
C 

0.30 

0.025 

0.37 

0.076 
0.37 

0.09 

0.54 

0.20 

0.57 

0.20 

0.62 

0.113 

0.62 

0.30 

0.11 

0.37 
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TABLE I 
Summary of Data Continued 
” 

Sample No. p(ohm-cm, type)  

P-112 

P- 107 

P- 101 

P- 103 

P-108 

P- log 

P- 15 

P- 17 

P-25 

P-105-1 

P- 13 

P- 14 

P- 14 

P-8 

P- 6 

p- 3 

P- 1 

P 

P 

P 

P 

P 

P 

P 

P 

P 

P 

P 

P 

P 

P 

P 

P 

P 

- Eb(Mev) 

0.7 

1.0 

3.0 

3.0 

11.5 

11.5 

1.0 

2 .0  

11.5 

1.0 

3.0 

3.0 

3.0 

4.7 

15 

35 

35 

i ( €?/all2 ) 

9 1 0 ~ 5  

2xio 16 

2.3x10 15 

4 . 6 ~ 1 0 ~ ~  

4x10 14 

-1.0~5 

2,OxlO 

1 . 1 6 ~ 1 0 ~ ~  

lXl0 14 

15  

-10~5 

3 .4~10 

5 . 7 ~ 1 0  

5 . 7 ~ 1 0  

2x10 14 

14 

14 

14 

1 . 5 ~ 1 0  14 

14 1.2xlO 

7x10 14 

(ev) 

Ev+O .3 

Ev+O. 3 

Ev+O .3 

Ev+O .3 

Ev+O. 3 

Ev+O .3 

Ev+O .3 

Ev+O .3 

Ev+O. 3 

Ev+O .3 

Ev+O. 3 

Ev+O .3 

Ev+O .3 

Ev+O . 3 

Ev+O .3 

Ev+O. 3 

Ev+O .3 

ll(def/elec-cm) 

0.013 

0.025 

0.12 

0.12 

0.35 

0.31 

0.038 

0. og 

0.34 

0.033 

0.11 

0.11 

0.11 

0.17 

0.28 

0.31 

0.32 
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Figure 7. Introduct ion Rate of   the  Ec - 0.4 ev  and E - 0.17 ev 
Levels  in  n-type  Sil icon  for  Electrons  of  various 
Energies 
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Figure 9. Temperature  Variation  of  Reciprocal Hall Coefficient 
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Figure 11. Temperature  Variation  of  Reciprocal Hall Coefficient 
f o r  15 ohm-cm p-type  Silicon  Before and After Electron 
I r r ad ia t ion  (11.5 MeV) 
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Since a displacement  involves  production  of .a l a t t i c e  vac- 

ancy  and  an i n t e r s t i t i a l ,  n should  equal  the  concentration  of  vacancies 

o r   t h e   c o n c e n t r a t i o n   o f   i n t e r s t i t i a l s  produced  by the   i r r ad ia t ion .  

Typically, the values  of nd t h a t  one ca lcu la tes  are g rea t e r  by an  order 

of  magnitude o r  more than  the  concentrat ions  of   defects   detected,  The 

physical   s t ructures   of   the   defects   reported  here  are known t o  be com- 

plexes  involving  vacancies  and  other  chemical  species  rather  than 

simple  vacancies and i n t e r s t i t i a l s .  It appears  that   vacancies are 

involved  in many s o l i d  state reactions  such as : 

d 

V + I = l a t t i c e  (a 1 
V + 0 = V-0,  S i - A  center  (b 1 
V + P = V-P, Si-E center   (c  1 
V + V = V-V, S i -  J center  (a 1 

where V = a s i l i c o n   l a t t i c e  vacancy 

I = a s i l i c o n   l a t t i c e   i n t e r s t i t i a l  

0 = an  oxygen  atom 

P = a phosphorus  atom 

Reaction  (a)  above  probably  accounts  for the low concentration  of  defects 

compared to   t he   t heo re t i ca l   concen t r a t ion   o f   d i sp l acemen t  produced 

vacancies. It also  can be assumed that  the introduct ion rate of   defects  

involving one vacancy (A o r  E center)  should be p ropor t iona l   t o  the 

ca lcu la ted   in t roduct ion   ra te  o f  vacanc ie s   o r   t o  CT i. The ex ten t   o f   th i s  

agreement  can be seen  in   Figure 7. Normalized p lo t s   o f  (T i have  been 

f i t t e d   t o   t h e  data on Figure 7. Although  considerable  scatter is  observed, 

there  is a very  rough  agreement  between the  energy  var ia t ion  of  cr and 

f o r   t h e  Ec - 0.17 ev   leve l .  A similar agreement is found f o r  t he  

Ec - 0.4 ev  level ,  however, a t  1 MeV the agreement is very  poor. It is 

a l so   i n t e re s t ing   t o   no te  that  the energy  var ia t ion  of  damage constant 

&)and   r ec ip roca l   c r i t i ca l  flux ( % c ' )  f o r  p on n s o l a r   c e l l s  has pre- 

viously been r epor t ed   t o  have the same energy  var ia t ion as CT u. - 7  

The introduct ion rate of the E + 0.3 ev is c o n t r a s t e d   t o  
V 

t he   o the r   l eve l s  by a very fast rise in   the  e lectron  energy  range  invest i -  
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gated.  This  level may be  associated  with a divacancy.l6 A divacancy i s  
thought t o  be two la t t ice   vacancies  on nearest  neighbor sites. Such a de- 

f e c t  may be  formed  by the  diffusion  of   s ingle   vacancies   to  a s i te  where 

two of them may r e a c t   t o  form a divacancy. An altecnate  formation  could 

occur by the  primary  displacement  of a s i l i c o n  atom followed by .the 

secondary  displacement of a nearest   neighbor   s i l icon atom. The first 

s i l i c o n  atom  must r e t a i n  enough energy, after co l l i s ion   wi th   the  second, 

t o  avoid  being  trapped on the  s i te  of   the  second  s i l icon atom. This 

double  displacement  also  should be characterized by a higher   threshold 

energy.  This  process is d i s t i n c t  from t h e  earlier only   in   tha t   the  

secondary  displacement must occur on a nearest  neighbor s i te  t o  primary 

displacement. If the  secondary  displacement  occurs on a next   to   neares t  

neighbor  or more d i s t a n t  s i t e  with  subsequent  reaction  of  vacancies,  the 

formation is l imi ted  by s o l i d  state d i f fus ion  o r  some other  thermally 

activated  process.  If such a defect  i s  formed  by the   reac t ion   of  two 

r ad ia t ion  produced  vacancies,  simple mass ac t ion   p r inc ip l e s   i nd ica t e   t ha t  

the   in t roduct ion  rate of  divacancies  should  be  proportional  to  the  second 

power of u c .  A plot   of  cr and (a i)2 is  a l s o  shown on Figure 12.  Both 

functions  have  been  normalized  to a value  of 0.001 f o r  1 MeV. S ince   the i r  

shapes on the   log- log   p lo t  are similar, it appears   tha t   the   in t roduct ion  

rate of t h e  E + 0.3 ev   l eve l   i n  15 ohm-cm s i l icon   has   the  same energy 

va r i a t ion  as (a v )  . It i s  a l s o  obvious  that   the  defect  introduction 

rate i n   t h e  75 and 130 ohm-cm s i l i c o n  are not   fo l lowing   th i s   re la t ionship  

closely.  The reasons for  these  deviat ions  are  unknown, bu t   th i s   d i f fe rence  

in   res i s t iv i ty   involves   roughly   an   o rder   o f  magnitude  change i n  dopant 

concentrations.  Such a change  could  involve  considerable  shift  between 

competing  reactions  involving  vacancies. If the  divacancies are formed 

by double  displacement  with a threshold  energy  of  roughly 50 ev and if 

t h e   S e i t z  and  Koehler  analysis is applicable,  the  "double  displacement" 

c ross   sec t ion  w i l l  not be changed great ly   for   e lectron  energies   above 1 

MeV. This i s  i n   d i r e c t   c o n t r a d i c t i o n   t o   t h e  data repor ted   here   for   the  

- 2  

E + 0.3 ev   leve l .  
V 

The behavior  of  the E + 0.3 ev   leve l  

t o   t h a t  of  the Si-K cen te r   i n   r ecen t  work a t  RCA. 17 
V 

w a s  recent ly  compared 

The K center   reportedly 
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i s  t h e  dominant  paramagnetic  defect  center  in low re s i s t i v i ty   p - type   s i l i con .  

The s t ruc tu re  of t h e  K center  is not known, however, the   in t roduct ion  rate 
increase   wi th   e lec t ron   energyfar   th i s   cen ter  is similar t o   t h a t  of t h e  

E + 0.3 ev   leve l .  The model suggested for t h e  K cen te r  i s  a subs t i tu -  

t i o n a l  oxygen  atom  bonded t o  a n   i n t e r s t i t i a l   s i l i c o n  atom i n   t h e   n e x t   t o  

nearest  s i te .  This  proposed  defect  could be formed  by the   reac t ion   of  a 

vacancy  and an i n t e r s t i t i a l   w i t h   a n  oxygen  atom. The sequence  of  these 

events  could be such that   the   formation rate would be p ropor t iona l   t o   t he  

product  of  the  concentration  of  vacancies  and  the  concentration  of  inter- 

s t i t ia ls .  Since the concentration of vacancies  should be d i r e c t l y  related 

to   t he   concen t r a t ion  of i n t e r s t i t i a l s ,   t h i s   d e f e c t   i n t r o d u c t i o n  rate could 

a l s o  be r e l a t e d   t o  the second power of (0 v ) .  

V 

An i n t e r e s t i n g   s i m i l a r i t y  can be noted  in   the  degradat ion of 

n on p s i l i con   so l a r   ce l l s .   F igu re  13 shows experimental data from 

Reference 7 r ega rd ing   t he   va r i a t ion   o f   t he   r ec ip roca l   c r i t i ca l  flux of 

various n on p solar   cel ls   under   e lectron  i r radiat ion  of   varying  energy.  

These data a l so  f i t  the  energy  var ia t ion  of  (a t )  . S i n c e   t h e   r e s i s t i v i t i e s  

used in   these  devices  compare with  the 15 ohm-cm p-type material s tudied in  

t h i s  work, it is in t e re s t ing   t o   no te   t ha t   t he   e l ec t ron   ene rgy  dependence of 

2 

t h e  $-' and 7 are t h e  same. Although t h i s  is  not  conclusive  evidence, it 

ind ica t e s   t ha t   t he  E + 0.3 ev   leve l  may be the  recombination  center  in 

e l ec t ron   i r r ad ia t ed  n on p s i l i c o n  solar c e l l s .  The f a c t   t h a t   t h e   s o l a r  

c e l l  data follow  the  square power re la t ionship   a l so   suppor ts   th i s   theory ,  

since  degradation by the  formation of J o r  K cen ters  (E + 0.3 ev)  could 

occur   i n   t h i s  manner. This  evidence is in  d i rec t   cont ras t   to   p rev ious  

studies  of  recombination  centers i n  irradiated p-type  si l icon, where t h e  

most commonly suggested  recombination  center  for  electron damaged p-type 

s i l i c o n  is  t h e  Ec - 0.17 ev   leve l  (A cen ter ) .   E lec t rons   in   the  1 MeV and 

lower  range were used in   these  previous  s tudies .  The data presented  here 

make it d i f f i c u l t   t o   r a t i o n a l i z e   t h e  E - 0.17 l e v e l  or A-center as t h e  

recombination  center  in  case  of  electron  energies  greater  than 1 MeV. The 

damage rate of n on p c e l l s  rises much faster with  energy  than either t h e  

experimentally measured introduct ion rates of   the  E - 0.17 ev   l eve l   o r   t he  

theoret ical ly   expected rate (0 c ) .  

V 

Y 

C 

C 
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* OUMX Hof than 1.3 n-cm n/p 
o O W  Hoffman 3 .3  n-cm n/p 
x OUOX Hoffmn 10.6 !A-cm n/p 
A OUOY Hoffman 21.0 n-cm n/p 

--- (a c )  , (a ) normalized t o  
+ " BTL 1.2 n-cm n/p 

2 

5.3 x 10-16 at 1 MeV 

0.1 Electron Energy (MeV) 
10 100 

Figure 13. Electron Energy Dependence of Q Values for n on p -1 

Si l i con  Solar Cells 
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D. Conclusions 

The phenomena of   rad ia t ion   induced   defec t   l eve ls   in   s i l i con  

is complex and d i f f i cu l t   t o   unde r s t and .  A considerLble amount of   reported 

experimental   data is in   d i r ec t   con f l i c t   wh i l e   o the r   po r t ions  of t h e  re- 

ported data seem to   subs t an t i a t e   cu r ren t   de fec t  models. The data and re- 

sults presented  in   this   report   support   the   fol lowing  canclusions:  

1. 

2. 

3. 

4. 

. 

The Ec - 0.17 ev  and  the E - 0.4 ev   l eve l   in t ro-  

duction rates (TJ) raise very  slowly  for  increasing 

electron  energy above 1 MeV. 

The 7 f o r   t h e  Ev + 0.3 ev  level   increases   very 

rapidly  with  increasing  electron  energy. 

The ?l of   the Ev + 0.3 ev   leve l  and damage rate of 

n on p s o l a r   c e l l s ,  as shown  by G c  and K values 

have identical  energy  dependence. 

The energy  dependence of 7 f o r   t h e  E + 0.3 ev 

l eve l ,  and K values  and @c f o r  n on p s i l i c o n  

so la r   ce l l s   appea r   t o  be p ropor t iona l   t o   t he  

second power of ((5 t ) ,  This s imi la r i ty   sugges ts  

t h a t   t h e  E + 0.3 ev   leve l  and the  recombination 

center   in   high  energy  e lectron  i r radiated n on p 

s i l i c o n   s o l a r   c e l l s  are associated  with a d i -  

vacancy or  other  double  displacement type defect .  

C 

-1 

V -1 

V 

Several   points  regarding E + 0.3 ev  level  remain  unresolved. 
V 

If t h i s   l e v e l  is  associated  with  the  divacancy it should  have t h e  same 7 
as t h a t  measured by ESR technique. The 7 for  divacancies  values  reported 

by Corbett and  Watkins , and Benski, "et al. ''11 are lower  than  those  of 

t h e  E + 0.3 l e v e l  by  one  and two orders  of  magnitude  respectfully.   In 

addi t ion,   prel iminary  anneal ing  s tudies   indicate   that   the  Ev + 0.3 ev   l eve l  

does  not anneal r ap id ly   i n   t he  300-4OO0C as reported  for   divacancies  or 
f o r  irradiated n on p solar cells.'' The e f f e c t  of  r e s i s t i v i t y  on 'fl f o r  

t h e  E + 0.3 ev   leve l  is ve ry   d i f f i cu l t   t o   exp la in .  The production  of d i -  

vacancies  should be relatively  independent  of  impurity  concentration and 

maintain  the same energy  dependence  regardless of contamination. 

16 

V 

16 

V 

24 



111. LOW ENERGY PROTON DEGRADATION IN SILICON SOLAR CELLS 

The energy  spectrum  of  the  trapped  proton  belt  around  the 
e a r t h  is normally  considered  to  be  of the order  of E-3 t o  E-5. Because 

of the  s teepness  of  t h i s  energy  spectrum  s i l icon  solar   cel ls ,  which are 
necessarily  exposed,  receive a considerable  dosage  of low energy  protons. 

Thus it is important t o  understand  the  response  of   solar   cel ls  t o  these  

low energy  protons.  Since low energy  protons are not  considered  pene- 

t r a t ing   r ad ia t ion ,   t he   ex t r apo la t ion   o f  data obtained  with  penetrating 

rad ia t ion ,  i.e., high  energy  electrons  or  high  energy  protons,  does  not 

yield  meaningful   resul ts .  The pr inc ipa l   reason   tha t   ex t rapola t ion  from 

penet ra t ing   rad ia t ion  is not   va l id  i s  t h a t  low energy  protons  produce 

regions  of  severe damage near   the   sur face  a t  depths less than a minority 

car r ie r   d i f fus ion   length .  Hence, the  recombination of c a r r i e r s   i n   t h e i r  

process   of   di f fusion  to   the  junct ion becomes a complicated  function  in 

t h a t   t h e   m i n o r i t y   c a r r i e r s  w i l l  have d i f f e r e n t  lifetimes depending upon 

the   r eg ion   i n  which they are diffusing.  For  these  reasons,   there is a 
grea t  need for  experimental   information on t h e   e f f e c t s  of low energy 

protons on s i l i c o n   s o l a r   c e l l s .  

A. Experimental  Techniques 

During  the  course  of  this  contract ,  two low energy  proton 

experiments  have  been  conducted;  the first i n  December and January,  the 

second i n  March. The f ac i l i t y   u t i l i zed   fo r   t hese   expe r imen t s  was the  

STL 2 MeV proton Van de Graaff. Experiments were conducted at energies 

ranging  from 0.2 MeV t o  1.9 MeV. Due to   the  short   range  of   protons of 

these   energ ies   in  a i r ,  a l l  of  the  experiments were conducted i n  a vacuum 

chamber. This chamber consis ted of  remote  control  apparatus  for  both 

mapping the  beam and posi t ioning test  specimens in  t h e  beam. A shielded 

Faraday cup was used t o  determine  the  intensi ty  of t h e  beam as a funct ion 

o f  pos i t ion  and t o  determine  the  total   exposure  of  the tes t  specimens  by 

s imultaneously  i r radiat ing  the test specimen  with  the  Faraday  cup  located 

in   an  adjacent   posi t ion  of   equal   intensi ty .  The  STL proton Van de G r a a f f  

f a c i l i t y  does  not  incorporate the conventional HVEC magnetic  analyzing 
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assembly. Hence, it was necessary t o   i n c l u d e   i n   t h e  chamber design a 

magnetic  deflection  system  to separate the  var ious components of   the  

primary beam and remove a l l  but  the  primary  proton beam f o r   t h e  ir- 

radiat ions.  The magnetic  deflection  system  consisteu of a k'' Varian 

magnet operated  with f la t  4" pole  pieces  and a one  inch  pole  gap.  Five 

d i s t inc t ly   s epa ra t e   i den t i f i ab le  beams were observed  with  this  system; 

ml, m2, and m beams a t  the  pr incipal   operat ing  energy as wel l  as m 

beams a t  one-half   the  principal  energy and one- th i rd   the   p r inc ipa l  

energy.  These l a t t e r  two beams are a t t r i b u t e d   t o  break-up  of  the 

and m beams i n   t h e  d r i f t  tube   p r ior   to   en t rance   to   the   magnet ic  

analyzer,  The m beam, r e f e r r e d   t o  as the   p r inc ipa l  beam, cons is t s  

simply  of  protons  with a charge-to-mass r a t i o   o f  1. The m beam with 

a charge-to-mass r a t i o   o f  1 /2  is a t t r i bu ted   t o   s ing ly   i on ized  hydrogen 

molecules  which are  not  completely  ionized a t  the  source and a re  sub- 

sequent ly   acce le ra ted   to   the   fu l l   po ten t ia l ,  The m beam with a charge- 

to-mass r a t i o   o f  l/3 is  at t r ibuted  to   t r i -a tomic,   s ingly  ionized  hydrogen 

molecules  for which the  formation mechanism is not well known.  The y, 
m and m beams were present  in  the  primary beam with  about  equal mag- 

nitudes  while  the 1 / 2  and l/3 principal  energy ml beams were about two 

orders  of  magnitude less in   i n t ens i ty .   Sca t t e r   sh i e lds  were  included 

in  the   i r r ad ia t ion  chamber t o   e f f e c t i v e l y  remove t h e  unwanted beam 

components a f t e r  magnetic  analysis.  Experiments were performed a t  mag- 

ne t i c   de f l ec t ions  of t he   p r inc ipa l  beam of 10 and 20 degrees,  
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In   o rde r   t o   i nves t iga t e   t he  beam, considerable beam analy- 

sis  with a s i l i c o n   s o l i d  state de tec tor  and a 400 channel  pulse  height 

analyzer was performed. It was observed  that  when very small entrance 

and exi t   aper tures   for   the  magnet ic   analyzer  were used (0.1'' o r  less)  

the  analyzed beams were extremely  clean  with  an  energy  width  of  the  order 

of a f e w  percent. Also, the   p r inc ipa l  beam comprised  over 95 percent 

o f   t he   t o t a l  number of   par t ic les   inc ident  on the   de tec tor .   In   th i s   c lean  

configuration, however, t he  beam diameter was too small to   pe r fwm mean- 

ingful  experiments on so lar   ce l l s .   S ince  no control  over beam spo t   s i ze  

could be exercised  past   the  analyzing magnet, much la rger   aper tures  were 
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necessa r i ly   u sed   t o   ob ta in   su f f i c i en t  beam diameters. It was observed, 

however, t h a t  as the  analyzing  aper tures  were made larger, the  energy 

width  and  content  of  the beam deteriorated.  For  extremely  large  aper- 

tures the  energy  width  of  the beam would approach 30 t o  40 percent  and 

the   conten t   o f   the  beam a t t r i b u t a b l e   t o   t h e   p r i n c i p a l  beam was observed 

t o   d r o p   t o  as low as 60 percent.  As a r e s u l t ,  it was necessary  to  com- 

promise  the  i r radiat ing beam con ten t   s ign i f i can t ly  i n  order t o  obtain 

reasonable beam diameters   for   the   conduct   o f   the   i r rad ia t ions .  

The tes t  specimens  used in  these  experiments  consisted  of 

1 ohm-cm, 1 cm x 1 cm p/n s i l i c o n   s o l a r   c e l l s  and 10 ohm-cm, 1 cm x 1 cm n/p 

s i l i con   so la r   ce l l s ,   bo th   types   furn ished  by Hoffman Electronics  Corpor- 

a t ion .  The bulk  of   the  data  was obta ined   for   the  10 ohm-em n/p c e l l s  

s ince   they   a re  o f  pr incipal   pract ical   importance;  however, su f f i c i en t   da t a  

was obta ined   for   the  p/n cel ls   to   ensure  correlat ion.   Junct ion  depths   of  

both  types  of  cells  were 0.5 microns  while t h e i r   i n i t i a l   e f f i c i e n c i e s  were 

of 8 t o  10 percent. Measurements of I - V  cha rac t e r i s t i c s  were performed 

us ing   the  STL sun simulator (an E L I  u n i t )  and a 2800°K unf i l te red   tungs ten  

l i g h t  table. The t ungs t en   l i gh t  table used in   these  experiments  is t h e  

same uni t   descr ibed  in   previous  reports lg  on rad ia t ion  damage and has  been 

held a t  a constant   intensi ty  f o r  t h e  last four  years  through 3 series of 

s tandard   ce l l s .  The sun equivalent power for   th i s   tungs ten   source  w i l l  

therefore  vary  sl ightly  depending on the   pa r t i cu la r   cha rac t e r i s t i c s  of  t h e  

c e l l s  under t e s t   b u t   u s u a l l y   l i e s  between 130 mw/cm2 and 140 mw/cm2 f o r  

contemporary  silicon solar c e l l s .  

B. Results 

The ana lys i s  of  t h e  data t o  be presented   in   th i s   sec t ion  

is based  on radiation  induced  changes  in  the I-V cha rac t e r i s t i c s  as observed 

under  both  tungsten and sun il lumination. Changes in   shor t   c i rcu i t   cur ren t ,  

open c i r cu i t   vo l t age ,  and maximum power as a function  of  integrated  proton 

f l u x  and  proton  energy  are  the  principal  parameters  studied  and  presented 

here.  Changes in   o the r   impor t an t   so l a r   ce l l  parameters such as series re- 

s i s t ance ,  in-beam annealing,  and  rapid  post-irradiation  annealing were a l s o  
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obsenred.  Since, however, analysis   of   the   data   yielded no s ign i f i can t  

t rends  for these parameters, t h e i r   i n c l u s i o n   i n  the r e s u l t s  is necessar i ly  

l imited  to  general   mention and discussion. 

The degrada t ion   of   shor t   c i rcu i t   cur ren t   dens i ty  as a func- 

t ion  of   proton  energy is shown in  Figure 14. For  each  energy shown, 3 t o  7 
c e l l s  were used t o   o b t a i n  the data presented i n  t h i s   s e c t i o n .  The data 

shown in   F igure  14 ind ica te  tha t  i n  the low energy  proton  region the de- 

gradation rates, i.e, the s lopes of the degradation  curves, seem t o   v a r y  

considerably as a function  of  energy. The slopes a l l  appear   to  be steeper 

than the  normal 6.5 t o  7 ma/cm2 - decade  observed  for   penetrat ing  radiat ion 

of either electrons  or   protons.  The slopes shown fo r  1.9 and 1.7 MeV 

appear   to  be approximately 10.5 ma/cm2 - decade  increasing t o  about 1 2  ma/cm - 
decade a t  1.5 MeV and 15.5 ma/cm - decade at 1 MeV. A t  t h i s  point  the slopes 
appear t o  start  decreasing  again  indicating  about 13 ma/cm - decade at 0.5 
MeV and considerably  less   than that  at 0.3 and 0.2 MeV. The degradation 

rates a t  these la t ter  two energies were so slow that  inadequate beam time 

was ava i l ab le   t o   ob ta in   su f f i c i en t  data for  slope  determination. A group 

of p on n c e l l s  were irradiated at 0.5 MeV f o r  comparison with the n  on  p 

c e l l s  and, as shown in   F igure  14, the  degradation rates are ident ica l .  

Su f f i c i en t ly  low beam i n t e n s i t i e s   f o r  the  i r r a d i a t i o n  of p  on n c e l l s  were 

d i f f i c u l t   t o   o b t a i n ,  and a l so   s ince   p r inc ipa l   i n t e re s t  is i n  t h e  n on p 

c e l l s ,  a l a rge  amount of  information was not   obtained  for  p on n c e l l s   o t h e r  

t h a n   t o   v e r i f y  that  t he i r  response was similar i n   n a t u r e   t o  the n  on  p 

c e l l s .  It is also  observed  in  Figure 14 that the knee of the  curve i.e., 

the   po in t   o f  the in t e r sec t ion  of the s lope  with the i n i t i a l   c o n d i t i o n s ,  

seems to   r each  a minimum value somewhere between 1.9 MeV and 6.7 MeV and 

then  reverses  its d i r ec t ion  toward  higher  values  of  integrated  f lux with 

fur ther   decrease  in proton  energy. 

2 

2 

2 

A series of pos t   i r r ad ia t ion  measurements indicated that 

considerable room temperature  annealing  occurs  for low energy  proton ir- 
radiated c e l l s .  Recovery of between 20 percent  and 90 percent of t h e  

sho r t   c i r cu i t   cu r ren t  was observed i n  times of the order  of days. Annealing 
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of  open c i r c u i t   v o l t a g e  a t  room temperatures was  not  observed. There 

appeared t o  be no cor re la t ion ,  however, i n  the  annealing data Fn that 

the  observed  recovery was not a c o n s i s t e n t   m c t i o n   o f  ei ther proton 

energy, time, o r  amount of  radiation  induced damage. In   add i t   i on   t o  

room temperature annealing, in-beam annealing was also  observed. Al- 
though  the beam i n t e n s i t i e s   u t i l i z e d  in the  experiment were not   suf f i -  

c i e n t l y  high t o  raise the temperature  of a s o l a r   c e l l  it is qu i t e  

probable tha t ,  due t o  the short   range  of the protons,   local ized heating 

i n  the region  near  the  junction where the damage i s  occurring is respon- 

sible f o r  the observed phenonema. In   severa l   cases   for   longer  ir- 

i r ad ia t ions  a t  the same i n t e n s i t i e s  , I - V  curves were actual ly   obtained 

wherein  the  open  circuit  voltage had proceeded w i t h  i t s  normal  degra- 

dation  but the  sho r t   c i r cu i t   cu r ren t  had a c t u a l l y  been  annealed t o  a 

h igher   va lue   than   before   the   i r rad ia t ion  was i n i t i a t e d .   F o r   t h i s  

reason, some of  the shor t   c i r cu i t   cu r ren t  data a t  the  higher   f luxes were 

considered  invalid and are therefore   not  shown on the p lo t   o f   shor t  

c i rcu i t   cur ren t   versus   in tegra ted  flux. 

I n   o r d e r   t o   o b t a i n  a comparison  between  observed  degra- 

da t ion   in   shor t   c i rcu i t   cur ren t   under   tungs ten   i l lumina t ion  and  equi- 

valent  performance  under  solar  illumination in space, a series of 

measurements were made using the STL sun  simulator  which is an OCLI un i t .  

The r e s u l t s   o f   t h i s  comparison are shown in  Figure 15. The t y p i c a l  re- 

sponse   for   pene t ra t ing   rad ia t ion   in  the solar   s imulator   versus   our  

standard 2800 K tungsten  source, which has  been  maintained  constant  over 

the past   four   years ,  i s  shown i n  the f igure .  The expected departure 

from t h i s  typical   response is ev ident   in  that f o r  the  case  of  severe 

damage near the surface of the c e l l  the degradation  under  sun  illumination 

is more seve re   fo r   t he  same degradation  under  tungsten  i l lumination  due 

t o  the higher blue  content  of  solar  i l lumination. However, there is  no 

s t a t i s t i ca l ly   s ign i f i can t   d i f f e rence   obse rved   fo r   p ro ton   ene rg ie s   r ang ing  

from 0.5 t o  1.9 MeV. Some d i f fe rence  would be expected  in  t h i s  range; 

however, the s c a t t e r   i n  the data is  apparent ly   greater   than the d i f fe rence  

in  response. On the   o the r  hand, a s ign i f i can t  departure is observed  for 
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proton  energies o f  0.2 MeV ind ica t ing  a r ap id   de t e r io ra t ion  of response t o  

t h e   s h o r t  wavelength component of  so la r   i l lumina t ion  a t  energies below 

0.5 MeV. These curves were used to   ca l cu la t e   deg rada t ion  of output power 
in   space which w i l l  be presented in  a later sect ion.  

Degradation i n  open c i rcu i t   vo l tage   versus   in tegra ted   f lux  

and  proton  energy is shown i n  Figure 16. The observed  degradation rates 

o r  slopes, are a l l  approximately  alike  and  equal t o  about 120 mv per 

decade.  There  appears t o  be s l igh t   dev ia t ions  i n  t h i s   s l o p e  as a funct ion 

of  proton  energy  but  these  deviations  are less t h a n   t h e   s c a t t e r  in t h e  

d a t a  and  hence  unresolvable.  These  slopes, however, are considerably  greater 

than  the  s lopes  observed  in   the  case of e i t h e r   e l e c t r o n  or proton  pene- 

t ra t ing   rad ia t ion   where in   s lopes  of the  order   of  40 t o  50 mv/decade are 

commonly observed f o r  10 ohm-cm n on p c e l l s .  Although  examination of 
I - V  cha rac t e r i s t i c s  as a function  of  proton  energy seem t o  imply a 

g rea t ly   i nc reas ing   s ens i t i v i ty  o f  open c i r cu i t   vo l t age  a t  t h e  lower  proton 

energ ies ,   th i s  is  not   in   ac tua l i ty   the   case  as evidenced by t h e   d a t a   i n  

Figure 16. The  maximum sens i t i v i ty   o f   t he  open c i r c u i t   v o l t a g e   s e e m   t o  

l i e  somewhere between 1.5 and 2 Mev with  decreasing damage s e n s i t i v i t y  a t  

energies  of 1 MeV and less. The i l l u s i o n   t h a t   t h e  open c i r cu i t   vo l t age  

degradation is increasing a t  energies  of 1 Mev and  below is due pr imari ly  

to   t he   f ac t   t ha t   t he   sho r t   c i r cu i t   cu r ren t   deg rada t ion   s ens i t i v i ty  i s  

decreasing  very  rapidly and i n   f a c t  a t  lower  energies  the open c i r c u i t  

voltage is the  pr incipal   degradat ion parameter. The s h i f t  from t h e  40 t o  

50 mv/decade degradation rate observed  for  proton  energies as low as 6.7 
MeV to   t he   s t eep   s lopes  shown in   F igure  16 apparently  occurs  between 2 

MeV and 6.7 MeV. 

Due t o  the  pecul iar   nature   of   the   response of s i l i c o n   s o l a r  

c e l l s   t o  low energy  protons,   extrapolation  of  data  for  penetrating  radiation 

t o  performance in  space is not a valid  approach.  Therefore,  the I-V 
character is t ics   obtained  in   these  experiments  were corrected for a c t u a l  

space  conditions  through  the  use  of  Figure 15 f o r   f u r t h e r   a n a l y s i s .  A 

p l o t  09 the  degradation  of Pmax versus   in tegra ted   f lux  was then  obtained 

32 



I 

w 
w 

"/P 

1.9 MeV 

A 1.5 MeV 

1.0 MeV 

x 0.5 Mev 

0 0.2 MeV 

Figure 16. Sil icon Solar  Cell Open Circuit  Voltage  Degradation 
Under Low Energy Proton  Irradiation 



as shown in   F igure  17. The degradat ion  in  Pmax i s  observed t o  be maxi- 

mum for   proton  energies  of  1.5 and 1.9 MeV wh i l e   f a l l i ng   o f f  at energies 

of 1 MeV and  below. In comparing this   data   with  data   previous. ly  ob- 

ta ined  a t  6.7 MeV it appears   evident   that   the   region of maximum ove r -a l l  

degradat ion  in   the power producing   capabi l i ty   o f   s i l i con   so la r   ce l l s  l ies  

in   the  region  of  2 t o  6 MeV and is  most probably  qui te   c lose  to  2 MeV. 

The slopes,  as an t ic ipa ted ,  are considerably  steeper  than  those  observed 

f o r  penetrat ing  radiat ion.  In  the  case  of  penetrating  radiation,  degra- 

da t ion  rates of  approximately 20 percent  per  decade are commonly observed 

wherein  the  slopes  observed  for  proton  energies  between 1.9 and 0.5 MeV 

are approximately 45 percent  per  decade. However, a t  0.2 MeV the  degra- 

dat ion rate appears t o  have  decreased  considerably  due  to  the  decreased 

s e n s i t i v i t y  of the   shor t   c i rcu i t   cur ren t   degrada t ion .  The observed  de- 

gradation a t  0.2 MeV in  these  experiments is  approximately 2 0  percent  per 

decade i n   s p i t e   o f   t h e   f a c t   t h a t  a t  these  lower  proton  energies  observ- 

able   degradat ion  in   the series r e s i s t a n c e   o f   t h e   c e l l   b e g i n s   t o  become 

qui te   evident  and important.  Considering  the wide var ia t ions  in   degra-  

dat ion rates observed  for   the  short   c i rcui t   current ,   the   uniformity  of  

the  degradation rates f o r  Pmax i s  somewhat surpr i s ing  and  can  only be 

accounted for by unresolvable  differences  in  the  degradation rates of 

other  parameters  such as open c i rcu i t   vo l tage ,   se r ies   res i s tance ,  and 

short  term  annealing. 

C . Conclusions 

The degradation rates f o r   t h e  open c i rcu i t   vo l tage ,   shor t  

c i r cu i t   cu r ren t ,  and Pmax a l l  increase  substant ia l ly   under  low energy 

proton bombardment r e l a t ive   t o   deg rada t ion  rates observed  for  penetrating 

rad ia t ion .  In par t icu lar   the   shor t   c i rcu i t   cur ren t   degrada t ion  rate seems 

t o  show a very  strong  dependence on proton  energy  in  the  region below 2 

MeV. The ne t   resu l t   o f   the   degrada t ion   in   the  I-V cha rac t e r i s t i c s  i s  

summarized  by the  degradation 3n t h e  m a x i m u m  power producing  capabili ty 

o f   t he   ce l l .  Although  the power degradation rate is almost  twice as high 

as for   pene t ra t ing   rad ia t ion ,  m a x i m u m  s e n s i t i v i t y  seems t o  occur   in  a re- 

34 



W 
Ln 

3 

2 

1 

0 

10l2 

Figure 17. Degradation of Maximum Power Output f o r  Sil icon  Solar 
Cells Under Low Energy Proton  Irradiation 



gion between 2 and 6 MeV and moot probably  very  near 2 MeV. For  an  equal 

exposure of' lower energy  protons,  the  absolute power degradation  decreases 

with  further  decrease  in  proton  energy below 2 .MeV. Hence, the  proton 

r a d i a t i o n   s e n s i t i v i t y  of s i l i c o n   s o l a r   c e l l s  which is increasing  with  de- 

creasing  proton  energies seems t o  reach its maximum s e n s i t i v i t y   i n  a re- 

gion  near 2 MeV and then b e g i m   t o  fa l l  of f .  Inasmuch as the   da ta  shown 

here are presented as unannealed  data, and since  measurable  annealing at 

room temperature  for  short   periods  of time has  been  observed,  the  actual 

power degradation  experienced  in  space  over a long  period  of time w i l l  

not be as severe: as indicated by these data. 

Although  considerable  data were  o'b.tained in   these  experi-  

ments, i t  is d i f f i c u l t  t o  assess  a meaningful  accuracy t o   t h e   r z s u l t s  due 

t o   t h e  compromised proton beam ultimately  used ., It is  estimated t h a t   t h e  

accuracy  of  the data is most probably good .to  within a fac tor   o f  2 but it 

cannot be considered  accurate t o   w i t h i n  5 or   10  percent .  It is  evident. 

that   considerably more e f f o r t  needs to  be expended in   t he   acqu i s i t i on  of 

low energy  prot,on data. However, a f a c i l i t y   c a p a b i l i t y   o f  a higher  energy 

and a more complete magne+,ic analyzing  system Tdould be required t o  improve 

on the  aeeuracy  of  the data and  cover the range .to a t  l e a s t  4 or  5 MeV. 
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N. " EFFECT OF 

The effect   of   impuri t ies  on the   e l ec t r i ca l   p rope r t i e s   o f  

semiconductor materials has  long  been known. It has  been shown t h a t  

the  response  of  semiconductor materials in  the  presence  of a rad ia t ion  

environment  can be effected by the  presence of e i the r   de l ibe ra t e ly  

induced  impurit ies  or  trace  impurit ies which  do not  normally  affect  

t h e  material's charac te r i s t ics   in   the   absence   o f  a radiation  environ- 

ment. For  example, a g roup   o f   s i l i con   so l a r   ce l l s  produced  from oxygen 

free crys ta l s   exhib i ted  a marked decrease  in   radiat ion  sensi t ivi ty   under  

20 MeV proton bombardment ,20 Further  experiments, however, with oxy- 

gen free sil icon  indicated  that   the  observed  decrease  in  radiation 

sensi t ivi ty   could  not  be a t t r i b u t e d   t o   t h e  oxygen concentration  but 

r a t h e r   t o  some o ther   un ident i f ied   impur i t ies   p resent   in   tha t   par t icu lar  

c r y s t a l .  

It can be expected,  therefore,   that   through  the  controlled 

use  of  impurities  the  response of s i l i c o n   t o   r a d i a t i o n  can be e i t h e r  

reduced o r  enhanced. Pa r t i cu la r   i den t i f i ca t ion  of  an  impurity t o  reduce 

t h e   s e n s i t i v i t y  of  minori ty   carr ier   l i fe t ime  to   high  energy  radiat ion 

has   not   yet   been  ident i f ied  for   s i l icon.  Data have recently  been  pre- 

sented , however,  which suggests   an  apparent   decrease  in   sensi t ivi ty  of 

aluminum doped sil icon.  In  order  to  obtain  f 'urther  information on the  

r ad ia t ion   s ens i t i v i ty   o f  aluminum doped s i l i c o n ,  a series  of  experiments 

were performed which are described i n  t h i s   s ec t ion .  

21 

A. Experimental  Techniques 

In  order  to  obtain  an  adequate measure  of t h e   s e n s i t i v i t y  

of   minori ty   carr ier  lifetime t o  high  energy  radiation, K values are used 

as an c r i t e r i o n  of sensi t ivi ty .   This   technique i s  super ior   in   the   de te r -  

mina t ion   of   abso lu te   sens i t iv i ty   than   shor t   c i rcu i t   cur ren t   s ince   the  

shor t   c i rcu i t   cur ren t   o f  a s i l i c o n   s o l a r   c e l l  is a function  of many things 

which are not   affected by rad ia t ion  and can,  therefore,  induce  considerable 

random var ia t ions   in   the   da ta .  The techniques  for  obtaining K values 
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have  been  previously described’’ but  w i l l  be  reviewed b r i e f ly   he re .  The 

minor i ty   car r ie r   d i f fus ion   length   o f   i r rad ia ted   s i l i con   can  be expressed 

as : 
1 
” ” l2 + K B  
L2 LO 

(4 1 

where L = t he   f i na l   minor i ty   d i f fus ion   l eng th  

LO 
= t he   i n i t i a l   minor i ty   d i f fus ion   l eng th  

@ = t h e   t o t a l   i n t e g r a t e d   f l u x  

K = t h e  damage constant 

The use  of   this   equat ion  requires   that   the   defect   in t roduct ion rate re- 
main constant and tha t   o the r   cha rac t e r i s t i c s   o f   s i l i con  which e f f e c t  

minor i ty   car r ie r  lifetime, such as r e s i s t i v i t y ,  a l so  remain  constant. 

If these  condi t ions  prevai l ,   then a log-log  plot   of   minori ty   carr ier  

diffusion  length  versus   integrated  f lux w i l l  have a slope  of minus 0.5. 

Under these  condi t ions K i s  a constant and  can  be  used as a measure of 

the   sens i t iv i ty   o f   the   mater ia l  as expressed  by: 

It must be remembered t h a t  K is  constant  only if the   s lope   o f   t he  

minori ty   degradat ion  character is t ic  i s  e q u a l   t o  a minus 0.5. In a 

majori ty   of   the   data   obtained  for  K values  the  observed  slopes w i l l  f i t  

a minus 0.5 s l o p e   w i t h i n   t h e   s t a t i s t i c a l   v a r i a t i o n s   o f   t h e   d a t a  o r  

un le s s   t he   t o t a l   i n t eg ra t ed  flux becomes su f f i c i en t ly   h igh   t o   e f f ec t  

changes i n   t h e  material r e s i s t i v i t y .   I n  some cases ,   s ignif icant   de-  

partures  can be observed  for  specific  groups of c e l l s ;  however,  such 

departures are observed  only  occasionally  and  have  never  exceeded a 
slope of  0.4. The I-V c h a r a c t e r i s t i c s   f o r   t h e   c e l l s  were  measured with 

t h e  2800°K tungs t en   l i gh t   t ab l e  which was descr ibed  in   Sect ion 111-A. 

From these I - V  charac te r i s t ics   degrada t ion   of   shor t   c i rcu i t   cur ren t  was 

also  obtained  for  comparison  with K values. 

The test  specimens  consisted  of two sepa ra t e   l o t s   o f  

s i l i c o n  solar ce l l s   furn ished  by Texas  Instruments. Each l o t  was broken 
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up  in to   f ive   ce l l s   o f   four   d i f fe ren t   types  of  base material described 

as follows : 

Group 1 (5 c e l l s )  

1 x 2 cm, 5 grid,  15 m i l  thick  blanks,   pulled 

c r y s t a l  boron  doped, Ti-& contacts,  1.5 - 3.0 
ohm-cm base   r e s i s t i v i ty .  

Group 2 ( 5  c e l l s  ) 
Same as above,  except 10 - 12 ohm  cm base 

r e s i s t i v i t y .  

Group 3 ( 5  c e l l s  1 
Same as above, except Aluminum doped c r y s t a l  

and 1.5 - 3.0 ohm  cm base r e s i s t i v i t y .  

Group 4 ( 5  c e l l s )  

Same as Group 3, except 10 - 1 2  ohm  cm base 

r e s i s t i v i t y .  

The two l o t s  were obtained a t  d i f fe ren t   t imes  and hence w i l l  r e f l e c t  
any  changes i n   s e n s i t i v i t y  due t o  time dependent  variations  in manufac- 

turers   product ion  l ines   techniques.  

B. Results 

After receipt   of   the  f irst  l o t  of c e l l s   t h e   i r r a d i a t i o n s  

were i n i t i a t e d  on four  specimens  from  each  group  maintaining one c e l l  as 

a control .  After a t o t a l  dose  of 2 x lOl4 e/cm an  equipment  malfunction 

i n   t h e   e l e c t r o n  beam dosimetry  electronics was detected.   This   fa i lure  

invalidated a l l  t h e  data acqui red   to   tha t   po in t .  A t  th i s   t ime,   the  second 

l o t  o f   c e l l s  was requested and furnished by Texas  Instruments. Upon 

rece ip t  of t h e  second l o t  of c e l l s ,   t h e  tes t  w a s  r e i n i t i a t e d   u s i n g  a l l  

o f   t h e   c e l l s  from t h e  second l o t  and t h e   c o n t r o l   c e l l  from t h e  f irst  l o t .  

In adai t ion,   the   remaining  cel ls  from t h e  first l o t  which  had already 

received 2 x 10 e/cm2 were i r r a d i a t e d   t o  an  integrated  f lux 2 x 10 

2 

14 15  
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The degradat ion  of   short   c i rcui t   current   for   the 1 ohm-cm c e l l s  

is shown in   F igure  18. The d a t a   i n d i c a t e s   t h a t   i n   t h e  second l o t  of c e l l s  

t h e  aluminum  doped s i l i c o n  is  approximately a fac tor   o f  2 be t t e r   t han   t he  

boron  doped cel ls ,   whereas ,   in   the first l o t   t h e  aluminum  doped c e l l s   d i d  

not exhibit as s t rong a d i f fe rence  in  response. The 1 ohm-cm boron  doped 

c e l l s   f o r   t h e  two l o t s  are prac t ica l ly   ident ica l .   In   F igure  19 the  de-  

g rada t ion   i n   mkor i ty   ca r r i e r   d i f fus ion   l eng th  is shown as a f’unct ion  of 

integrated flux. As evidenced  in  Figure 19 t h e  aluminum  doped c e l l s  

exhibited a somewhat be t t e r   r e s i s t ance   t han   d id   t he  boron  doped c e l l s   f o r  

t h e  second l o t ;  however, t h e  f irst  lo t   ind , ica ted   exac t ly   the   reverse ,   in  

t h a t   t h e  boron doped c e l l s  were  almost a f ac to r  of  2 better than   the  

aluminum  doped c e l l s .  K values  obtained  from  the data shown in  Figure 19 
are presented  in  Table 2. A s  shown in  Table 2, t h e  K va lues   ind ica te   tha t  

t h e   l o t  one aluminum  doped  and l o t  two boron doped 1 ohm-cm c e l l s   a r e  

similar and supe r io r   t o   t he   l o t  one  boron  doped  and l o t  two aluminum  doped 

c e l l s .  There  does  not  appear,  therefore, t o  be  any s ign i f i can t   d i f f e rence  

between the  aluminum  doped and t h e  boron  doped c e l l s .  The ac tua l  K values 

obtained are i n  good agreement  with  data  previously  obtained  and  reported 

by ourselves22 and RCAI7. It i s  po in ted   ou t   t ha t   t he   d i f fus ion   l eng th   da t a  

ind ica tes  a s t r a igh t   l i ne   deg rada t ion   cha rac t e r i s t i c  as expected  with  slopes 

exhibi t ing a good f i t  t o  a minus 0.5 al though  s ignif icant   deviat ion from 

th is   s lope   d id   appear  t o  occur   in   the  case  of   the   second  lot  1 ohm-cm 

aluminum  doped c e l l s ,  

Short   c i rcui t   current   degradat ion of the  10 ohm-cm c e l l s  i s  

summarized in   Figure 20. The second l o t  aluminum  doped 10 ohm-cm c e l l s  

were t h e  most superior  as was the  case in the  previously  described 1 ohm-cm 

aluminum doped case,  On the   o ther  hand,  examination of t h e  f irst  l o t   d a t a  

ind ica t e s   t ha t   i n  terms of  short   circuit   current  degradation,  the  boron 

doped c e l l s   o f   t h e  first l o t  were a c t u a l l y   s u p e r i o r   t o   t h e  aluminum  doped 

c e l l s ,  Examination  of the   d i f fus ion   length   degrada t ion   charac te r i s t ics  

shown in  Figure 2 1  indicate   that   only  the  second  lot   boron doped 10 ohm- 

cm c e l l s  were d i f f e ren t   t han  and s l i g h t l y   i n f e r i o r  t o  the  remaining  other 

th ree   types   t es ted .  A s  shown i n  Table 2, t h e  10 ohm-cm boron  doped c e l l s  
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Figure 18. Short  Circuit  Current  Degradation of 1 ohm-cm Si l icon 
Solar Cells Under Electron  Irradiation 
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Figure 19. Minority Carrier Diffusion  Length  Degradation  of 
1 ohm-cm Si l icon  Under Elec t ron   I r rad ia t ion  
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TABLE I1 

K Values f o r  Aluminum and Boron Doped Silicon 

1 ohm-cm 
Aluminum doped 

Lot 1 

1.2 - 1.6 x 10-l' Lot 2 

1.7 - 2.5 x 10-l' 

STL 
22 ""_ 

1 ohm-cm 
Boron doped 

1.0 - 1.4 x 10-I" 
1.8 - 2.3 x 10 - 10 
1.5 - 2.5 X 10 -10 

1.2 - 1.7 X 10 - 10 

10 ohm-cm 
Aluminum dopqd 

8 - g x 

10 ohm-cm 
Boron doped 

4.7 - 5.2 x lo-'' 

8.2 - 10 x 
" 

7 - g x 

7 - 10 x 10-l1 
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Figure 20. Short  Circuit  Current  Degradation of 10 ohm-cm Si l icon  
Solar Cells Under Electron  I r radiat ion 
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Figure 21. Minority Carrier Diffusion  Length  Degradation  of 
10 ohm-cm Si l i con  Under Elec t ron   I r rad ia t ion  
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of the second lo t   exh ib i t ed  K values similar to   those  previously  reported;  

whereas both aluminum  doped l o t s  and the boron  doped c e l l s   o f   l o t  number 

one were superior  by almost a f a c t o r  of 2. As i n  the case of t h e  1 ohm 

cm c e l l s  there i s  no s ign i f i can t   d i f f e rence   i n  K values which can be 

a t t r i b u t e d   t o  a dependence on dopant. 

C . Conclus  ions 

A t o t a l   o f  40 n on p s i l i c o n   s o l a r   c e l l s  of 1 and 10 ohm-cm 

boron  and aluminum  doped base material were irradiated with 1 MeV e l e c t -  

rons. Comparison of K values   indicates  t h a t  there is  no s ign i f i can t  

d i f f e rence   i n  the r a d i a t i o n   s e n s i t i v i t y  between aluminum  doped s i l i c o n  and 

boron  doped s i l i c o n .  The only  s ignif icant   dif ference  observed was the 

expected  decrease  in   sensi t ivi ty   of  the 10 ohm-cm c e l l s   r e l a t i v e   t o  the 

1 ohm-cm cells, Signi f icant   var ia t ions  were observed as a function  of 

l o t  number ind ica t ing   t ha t  minor d i f f e r e n c e s   i n   r a d i a t i o n   s e n s i t i v i t y   i n  

otherwise alike t e s t  specimens are introduced  in the  manufacture  of the 

devices due t o  either s l i gh t   d i f f e rences   i n   f ab r i ca t ion   t echn iques  o r  

d i f f e rences   i n  the actual   t race  impuri ty   concentrat ions of the mater ia l  

used f o r  the  specimens. 
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v. SUMMARY 

The resu l t s   o f   the   energy   leve l   s tud ies   repor ted   in   Sec t ion  I1 

indica te   tha t   the   e lec t ron   energy  dependence  of n OL? p s o l a r   c e l l  damage i s  

s i m i l a r   t o   t h a t  found for  the  production  of  the E h  + 0.3 ev  energy  level. 

Although t h e  data suggests a relat ionship,  it is not  conclusive. The posi-  
t i v e   i d e n t i f i c a t i o n  of the  recombination  centers  for  electron damaged s o l a r  

ce l l s   r equ i r e s  a definit ive  experiment which yields  direct   information  about 

the   cont ro l l ing   defec ts .  As previously mentioned, many attempts  have  been 

made t o   s o l v e   t h i s  problem, The suggested  solutions are not  consistent  with 

each  other   or   other  known f a c t s .  It remains  for a consis tent   analysis  of 

recombina t ion   cen ters   in   e lec t ron   i r rad ia ted   s i l i con   to  be made. Theoret ical  

models f o r   t h i s   a n a l y s i s  are avai lable .  The problems are  largely  experimental .  

The minor i ty   car r ie r  lifetimes involved impose d i f f i c u l t   e l e c t r o n i c  problems 

i n  measurement.  There a re  many approaches  and va r i a t ions   fo r   t h i s   t ype  of 

experiment; however, the  proposed  defect models must expla in   the  known 

degrada t ion   pa t t e rns   i n   so l a r   ce l l s .  There a r e  two aspects  of  basic problem. 

The f irst  is to   ident i fy   the   recombina t ion   cen ters .  This includes  the 

determination  of  the  various Hall, Shockley-Read  parameters. The second 

phase  of  the  problem is t o  determine  the  physical  nature of  the  recombination 

centers .  Work to   i den t i fy   t he   cen te r s  is  l imi t ed   t o   i nves t iga t ion  of minority 

c a r r i e r  lifetime or   d i f fus ion   length  as functions o f  temperature or   major i ty  

car r ie r   concent ra t ion .  The experimental  problems  involved i n  such  investi-  

gat ions must be solved in such a way t o  yield  reproducable   resul ts  which  can 

be  confirmed  by  an  independent method. After the  recombination  center is 
identified,   techniques  such  as Hall coef f ic ien t ,  ESR, infrared  absorption, and 

photoconductivity may be used t o  determine  nature  of  the  defect. 

The data presented  in   Sect ion I11 c l e a r l y   i l l u s t r a t e   t h e  ex- 

treme s e n s i t i v i t y   o f   s i l i c o n  solar c e l l s   t o  low energy  protons.  Although 

the   da t a  may suffer shortcomings  in   the  quant i ta t ive details of absolute  

s e n s i t i v i t i e s  due t o   t h e  compromised proton  being  used  in  these  experiments, 

t h e  data qual i ta t ive ly   p roves   tha t ,  a t  low proton  energies,   the  degradation 

rates a l l  increase  sharply  over  those  observed  for more penetrat ing  radiat ion.  
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mere appears   to  be a d i s t i n c t  peak in   t he   s ens i t i v i ty   ve r sus   ene rgy  

r e l a t ionsh ip  which lies somewhere between 2 and 6 MeV. Inasmuch as the 

experiments  reported here covered  only  energies  from 0.2 MeV t o  1.9 MeV, 

comparison  of these data w i t h  previous  experiments  reported earlier a t  
proton  energies down t o  6.7 MeV ind ica te  that t h i s  peak s e n s i t i v i t y   i n  

absolute power output  degradation must l i e  somewhere between 2 and 6 MeV 

and most probably  c lose  to  2 MeV. Based on t h i s  information,  then, it 
is ev ident   tha t   fur ther  data on  low energy  proton  degradation in the 

energy  region  from  about 2 MeV t o  6 MeV is needed t o  complete the 

picture  concerning the proton  energy  dependence o f  s i l i c o n   s o l a r   c e l l  

degradation. 

In   Sec t ion  N, the r e s u l t s  of an  experiment t o  determine  the 

e f f e c t  of aluminum versus  boron  dopant on the r a d i a t i o n   s e n s i t i v i t y  of p- 

t y p e   s i l i c o n   t o  1 MeV e lec t ron   rad ia t ion  was presented.  Analysis of the 

d a t e  based on K values  indicates  that   aluminun and  boron  doped  p-type 

s i l i c o n  do  not exhibit any marked d i f f e r e n c e s   i n   t h e i r   r a d i a t i o n   s e n s i t i v i t i e s .  

Since  over 40 d i f f e ren t  specimens of 4 d is t inc t ly   d i f fe ren t   combina t ions   o f  

r e s i s t i v i t y  and  dopant material were t e s t ed ,   t he   r e su l t s   can  be considered 

s t a t i s t i c a l l y   s i g n i f i c a n t .  It was also observed t h a t  wider var iances   in  

rad ia t ion   sens i t iv i ty   occur red  between  supposedly alike specimens fabri- 

cated a t  different   t imes  than  differences  observed tha t  could be a t t r i b u t e d  

t o   v a r i a t i o n  of dopant material, It is  not   c lear  a t  t h i s  wr i t i ng  which 

d i r e c t i o n   f u t u r e   e f f o r t s  on t h e   e f f e c t  of  impuri t ies  i n  s i l icon  should take. 

Others i n   t h e   f i e l d  are currently  conducting similar programs  with a wide 

range  of  dopant materials, Hopefully, when these  programs are completed 

and  reported,  an  analysis  of a l l  the current  data t o  date w i l l  ind ica te  

a reasonable and log ica l   approach   to   the   cont inua t ion   of   e f for t s   in   th i s  

pa r t i cu la r  area. 
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