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Afte r 223 days in orbit , the other solar cell experiments continue
to generally func t ion  well . Among the experiments  of primary in te res t
is the Spectrolab “Helios” cell. This cell was space qua l i f i ed  as one
of the experiments aboard the NTS—l satellite. The “Helios” cell is pre-
sently in use as the main power source on NTS—2 and is in use in other
satellite programs . As of day 223, the maximum power output of the
Spectrolab Helios cell (NTS—2) has decreased by 12.7 percent. The maximum
power versus days in orbit for this experiment is shown in Fig. 6.

The gallium arsenide cell is a high—efficiency solar cell that is
expected to be radiation hardened and therefore quite durable for space
applications. The problems of surface recombination and low lifetime in
the diffused region are largely overcome by the addition of a GaA1As
window . An array made up of Hughes Research Laboratory l s gallium arsenide
(GaA1As/GaAs) solar cells comprises Experiment #15 on NTS—2.

As shown in Fig. 7, the initial degradation in the gallium arsenide
cells was observed to begin to anneal after 28 days in orbit and continued
until about day 80. The annealing mechanism may be operating to some
extent as radiation damage accumulates in the cell. This may explain why
the gallium arsenide cell degrades at a slower rate than the othe r types
of cells. Al though the gallium arsenide cell was not the cell with the
highest BOL power (see Table IV), if the present relative degradation rate
continues , the GaAs cell may have the highest end—of—life power after 3
years. At present its maximum power output has decreased to 58.6 mW , a
decrease of only 4.6 percent. The maximum power of the gallium arsenide
cell versus days in orbit is shown in Fig. 7. During the mission, the
maximum temperature of the solar cell panel has gradually increased from
71 .5° C on day 28, when evidence of annealing began , to 101.4°C on day 223.
The average temperatures of the two solar cell panels versus days in orbit
is given in Fig. 8.

The Comsat textured cell was flown with and without an ultraviolet
rejection filter in order to evaluate the effect of the filter. Figure 9
shows the degradation of the Comsac textured cell in both configurations .
Although the two arrays start with approximately the same beginning—of—
life short—circuit current , the 

~~~ 
of the cells with the uv filter

(Experiment #6) degraded only 9.1 percent. However, the ‘Sc of Experiment

~5 without the uv filter is down by 30.6 percent . This amount is much
greater than was expected solely from the absence of the uv filter. There
may be another degradation factor involved which is so far unexplaineth
Laboratory experiments indicate that solar cell degradation from ultra-
violet ligh t is ot  the order of 2 to 4 percent . The damage occurs during

1.1

.4
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the first tew days or weeks due to da rkening o t  the  adhesive. Perhaps
the lab oratory experiments were not extended long enough or perhaps
t h e r e  is some d e f e c t  in the adhes ive  used in this 5’as,,’ . If the
degradat ion seen in the I,~~ of these cells we re 1’aused by particle
radiation in the cell , the \‘~~~ would be severely degraded. Fi1~ur e  10
shows that the V~~ of the cells with and w i t h o u t  uv ~i1ter is essentially
the same , and the fill factor of Experiment 0’~ is a ls o  unaffected. The
knee of the 1—V curve would be not icablv “softened ” i t the cells had
suffered radiation damage .

Expe riments 03 and 04 compare the effects of removing th e ultraviolet
rejection filter from the Spectrolab textured hybrid cell. The coversl ide
in Exper imetit ~~-‘c , the one without the t~iv f ilter , is bonded with FEP Teflon.
Since the re is no adhesive to darken, the absence of a uv filter should
have no effect. The data presented in Fi g. 11 indicate that there is little
diff erence. The experiments began with a BOL maximum power of 53.5 mW
and 55.-. rnW , r e s p e c t i v ely .  At p r e s e n t .  the 

~max 
of  ‘3 with a uv filter

is down to ~.
‘.5 mW (11.0 percent) and -c without a uv filter is down to

~~.5 mW or 8.8 per cent. S

The percent losses in the photovoltaic parameters of all the experiments
may be compared in Table V.

Prior to launch, it was estimated that the trapped radiation fluence
of electrons and p rotons in NTS—2’s twelve—hour bS degree orbit would be
equ iva l en t  to 2 x 11)14 l—MeV electrons/cm 2—vear. rhe effect of the
natural trapped radiation environment was calculated from data available
from the National Space Science Data Ce n ter , NASA .lD ,~~ Compute r i zed
calculations were made of solar cell 1—\’ curves as a function of temperature
and eovers l lp  th ickness , using a p rog ram developed for NASA foddard Space
F l i g h t  Cent e r . 1’ In t h i s  env i ronmen t  the  solar cells in th e  power paddles ,
con s i s t i n g  of  Spec t rolab  Helios ce l l s  covered w i t h  0 .0 2 5  cm ceria m i c r o —
sheet , would lose 26 percent in maximum power ove r the satellite—design
l ife of three years .

The solar  cell e xper imen t s  have been in o r b i t  i sufficientl y long
t ime cc experience enough rad ia t ion  damage to al low one to make p r e d i c t i o n s
of  f u t u r e  damage ra tes . The f l u e n ce  of e q u i v a l e n t  l— M eV e l e c tr o n s/ c m 2
experienced by fou r  ( 4 )  se lected groups of  solar  cells  by day 200 is
tabulated in Table VI. The corrected space data for these experiments
are shown in Figs . 12—15. The expe r imen ta l  r e s u l t s  f r o m  these e x p e r i m e n t s

-
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Ta ble VI — NTS-2 Equivalent Fluence U - MeV e c m ~~ Predictions *

OCLI Conventional 2 ~ ‘cm , 10 mit ccli , 12 mit F’S Covership

BOL Fluence Fluence Fluence
at 200 days at 1 yr at 3 yr

136.0 mA 1.5 \ 10”) 2.7 \ 1014 8,2 \ 1014

548 mV 3 \ io’~ 5 5  \ j1)13 1,6 \
56.5 mW 4 cm ’

~ 1,3 1014 2,4 \ 10”) 7 1  \ 1014

Spectrolab 1-lehios, 10 ~2 -cm, 9 mu cell. 10 mu Ceria Coverslip

BOL Fluence Fluence Fluence
at 200 days at 1 yr at 3 yr

154 mA 1,3 \ i0~ ’ 2.4 \ 1014 7.1 \ i0’~
V,,~, 545 mV 1 \ 1013 1.8 \ 1O~~ 5,5 \ 1013

V I’m 
- 

60.5mW 4 cm~ 9 \ 1O’~ 1.6 \ 10”) 4.9 \ 10”)

Spectrolab Textured H ybri d . S mu cell. 6 m d  FS Coverslip

BOL Fluence Fluence Fluence
at 200 days at 1 yr  at 3 yr

156 mA 5.0 \ 1014 9.1 \ i0’~ 2.7 ‘~ 10~~
522 mV 5.0 \ 10”) 9.1 \ 2.7 \ 1015

Pm 53.8 mW 4 cm~ 3,3 \ 10”) 6.0 \ 1014 1,8 \ iO’ ”

OCLI Violet

BOL Fluence Fluence Fluence
at 200 days at 1 yr at 3 yr

166 mA 1 \ 10~~ 1.8 \ 1014 55 \ lou
552 mV 2 \ iO’~ 3.7 \ iO~~ 1.1 \ 1014

I’m 67 .5 mW 4 cm~ 7.5 \ iO~~ 1,4 \ 1014 4.1  \ 10” )

CeII data at 5 0 C
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m i  ~‘.,te a more seve re rad t at  ion env i ronmen t t h an  p r edl  c t ed  fl dat  a
were  used to p red I s.’t the est tmared anniia I f 1 ui.’ flee . m d  the t I ut’ni’t’ ove r
3 years . Vr!le prt~d1~’t ions we I t ’  made .icco rding to . i’ 11 tvpi’ of ‘.is’li g r oup
Intl iv [dual  lv  u s i n g  5’urves pub I [st ied by t he  J e t  l’ro~~ul  s tun  Labor.itorv 1 8
.ind up da ted  c o m p u t e r  m ode Is sieve loped by N A S A .  19 ,_  The OCLI 2 ohm s.’m
c e ll  is used as .1 reft’rc,ice because the t

, t fe i ’t s  of t ’ lec t  run radiation on
these c e l ls  have been St udted ex t e n s i v e  l v .  The Spec t ro 1 ~ih He I ics c e l l  is
being considered io r the powe r system l o t  NT S— I V I~h . 5N’ c t ro lab  hvb  r id
c~ ’ II and the  OCLI v b i t ’ t cell are .ilso being st tidi ed is p o s s i b l e  cho Ices

rhe r e l a t i v e  degradat ions  of the c e l l s  men t ioned  .ibove , .is ~‘al~’u1ated
f o r  ~lav 200 , and p r e d i c t e d  f o r  1 yea r  and I \‘ e.I rs , are shown in Tab le  Vi i . ,
I t  is w o r t h  n o t i n g  t h a t  ~e 1dhamme r in the p re sen t  expe r imen t  on ATS— b 21
observed .z g r e a t e r  cell damage in a sy n ch r o n ou s orbit t h an  had been pre-
d i c t e d  by p r ev ious  ex p e r i en c e .

A l t h ou g h  the reason for t h e  gr e . u t e r  s.legr~ida t ion is n ot  vi ’ t ( i i i  lv
exp la ined  in Our  case It  may he .usso~’ i . i t ed  w i t h  the  ina dequa cy  of
e x i s t  ing c om p u t e r  codes to mode l the  sp ace envi ronment as it .ictujl l v
e xis t s.

So L ar  5Lu t . u .1 r5” s e lug re co rded weekly mud u~ uit Ii l v  upd at e s  ot  proc essed
~t . i  t i  i re  ‘ l’~’pa red . lime ex p e r i m e n t  .il I’ m no I t em pe  i - m m  m i r e  has St mb iii ~ed
ai ’ .m r  l00 ” C .

V 

~on~’l usions

The N T S— 2 so lar  cel l  f l i g h t  expe r imen t s  .mr e op e r at i n g  q u i t e  success—
t u l  L v .  tood q u al i ty  dat.i in the f o r m  5~f I — V  curves  .ur e be in g r eceived .
rhe r e su l t s  indicate are as  whe re f u r t h e r  study is needed. The fact that
.i more severe  radt~tticn env i ronment  than  was p r e d i c t e d  is being  exper i en ced
emph.is i~ es the need f o r  imp rovemen ts  in the  compu ter  s-odes that are used
to make such pr edi ct tons . lime NTS— 2 expe r izn ents  .mr e  e x t  reme 1~’ Import ant
to uture sa tell te programs he& ’ause they  provide the opportunit y to
5’ont  inue the  eval. uat  ion 01 seve r u  types  01 1) igh 01 I ts ’ i e n & ’~’ sol  .m r cells
In ,i h ard  r ;idia t  ion e n v i r o n m e n t ,  and to .m .Iso make a direct compar ison  t o

‘u f I i g h t — q t u a l  ity  s.~otiv~ flt t ona l so Lar ci’ II and to  the lie I ios cell which w as
l i g h t  q u a l i f i e d  on N T S — I .
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V .  ‘~~

L’.utiit ’ V I t  — I’t’iretm t oC I~. . V~ . aini P 1~ 4~ H eii main i im ~ alter 200 1 ) mmvs in t “rhi t
and L’reulm~’t tons Cur l’t~n’t ’nt H u ’nunntn g mt t 1 vi’ ~tud 3 V rmm

~ “CLI ( ‘s.mve’ntlt ’snal , 2 ~ em , I U intl colt , 12 mit t”S (‘tmverstip

Re’lative’ H elmi t . u v t ’ H elui t ive’
13& ) L L)egmdat ion I ~e’grnelat ion I )u’~iritdat tonV 

at 20() tta~’s mit I yr at 3 rs

i,~. 136 .0 mA .91 87 81
V ., 54$ mV .98 97 . 94
L’~~ J ~~~ tuWI 4 ciu~ .87 82 .75

Speu’t rolab 1 lt ’ liei ~. 10 ~i -eni , 1) i ntl  i’otl , 10 intl t’eria (‘tiverslip

Ri’lat
~
v t ’ H e’lativt’ H e ’ht t iVe ’

~ L I )e ’gradmttion 1 )e’gradzmt ion 1)m ’gradat icm
at 200 days at I ~‘r at 3 vr~

l~. 154 i i) :~ 95 91 87

F ~4 in V V 98 V 96
~ L 60.~ m W  .1 c~~~ 88 84 .76

Speetrohib Vrt ,% ttu r e(i Uybrtd . S mu cell . 6 intl F’S l’uv e’rsltp

Relative Relat ive Rt ’lative’
III.) L I)e’gradation I)e’gradat tern l)e’gratlat ton

mit 200 days u t .  1 vi ’ at 3 yrs

t~. 156 m:~ .93 .90 82
522 tn\ ’ .96 .94 91)

1 1i) ~m3.8 mW 4 eni~ .90 87 .71

t)t ’Ll Violet , it) mi t cell . 12 mit  FS Cove’rshp

Relat ive Relat iv e H elmi t ive
L3OL DegTaduttion Degyadation Degradat ton

itt 201) days at 1 yr at 3 yrs

1~ 166 mA .91) .84 80
V5~ 552 mV .98 .97 .95
t In 675  mW 4 i’mn .87 .83 75

(~i~il t t *t4 41 ~O I .’

“.7

-V.--.- 
~~~~~~~~~~~~~~~~~~~~ 

~ _V V V V



-- ,

R e f e  rences

1. W , L u f t ,  “E f f e c t s  of E lec t ron  Ir r a d i a t i o n  on N—on—P S i l i con  Solar
Cells , ” Advanced E n e r g y  Conve rsion. Vol. 5 , pp .  2 1— 4 1  (1965) .

2 .  J. A. Martin et al., “Radiation Damage to Thin Silicon Solar Cells .”
V LECEC Advances in Energy  Conversion Eng inee r ing  ( In t e r s o c i e ty  Energy

Conversion Engineer ing  C o n f . ) ,  pp .  289 —296 ( 1967) .

3. R. L. S t a t l e r , “One 11eV E lec t ron  Damage in Si l icon Solar Cells , ”
Proc.  1968 IECEC , pp .  122 —1 27.

~~. L. J. Goldhammer and A. E. Anspaugh . “Electron Spectrum Irradiat ions
of Sil icon Solar Cells .” Proc .  Eighth IEEE Photovoltais’ Specialists
C o n f . ,  pp .  201—208 (1970) .

3. D. J. Cur t in  and A. Meulenberg,  “S t a t i s t i c a l  Analys i s  of One MeV
Elec t ron  I r r ad ia t ion  of Sil icon Solar  Cells , ” Proc .  E i g h t h  IEEE
Photovol taic  Specia l i s t s  C on f . .  pp .  193—200 ( 1 9 7 0 ) .

6. R. L . Crabb , “Photon Induced Degradat ion of E l e c t r o n  and Pro ton
I r r a d iat e d  Si l icon Solar Cells , ” Tenth  IEEE P h o t o v o l t a i c  Spec i a l i s t s
C o n f .  R e c . ,  pp .  396—403 , 197 4.

7.  W . L u f t , “Radia t ion E f f e c t s  on Hig h E f f i c i e n c y  S i l i con  Solar Ce l l s , ”
Evalua t ion  De L ’ Ac t ion De L ’Environnement Spa tial Sur Les M at er i a u x ,
Colloque Intern ational , Toulouse , June 1974 , p .  6 2 7 .

8. D. J. Cur t in  and R. L. Statler , “Review of Radiation Damage to Silicon
Solar Cells,” IEEE Transactions on Aerospace and Electronic Systems ,
Vol. AES—il , No. 4 , July 1975 , p p .  4 9 9 — 5 1 3 .

9. L. J. Goldhanmmer, “P a r t i c u l a t e  Ir r a d i at io n s  of an Advanced S i l icon
Solar Cell , ” Confe rence  Record of the E l e v e n t h  IEEE Phot ovo l t a ic
Specialists Conference , Scottsdale, AZ , 6—8 MaY 197S .

10. l~. L u f t ,  “ Radiat ion E f f e c t s  on High E f f i c i e n c y  S i l i con  Solar  Ce l l s , ”
IEE E Transac t ions  on Nuclear  Science , Vol .  N S— 2 ,3 ,  No.  h , December

1976 , pp .  1795—1802.

11. R. L . S t a t l e r  and F. C. Treble , “Solar Cell  Exper iments  on the
TIMATION III Sa te l l i t e, ” Proceedings of the In t e r n a t i o n a l  Confe rence

V on Ph ot ovolt a ic  Powe r Generat ion , H a m b u r g ,  Ge rmany ,  2 5 — 2 7  Sep t ember  1974 ,
pp .  369—377.

28 

VVV ~~~~~~~~~



V 

~~~~ V V~~~~~ VV ~_~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ .

12 . R.  L . S t a t l e r  and D. H.  W a l k e r , “S ol ar  C e l l  Experiments on the NTS—i.
S a t e l l i te , ” Conference  Record  of the lV ie v en th IEEE Photov eltaic
Specialis ts Conference, Sco ttsdale, AZ, o— 8 May 1975 , pp. L9O—l~)3.

13 . R. L. Statler , U. H . Walker and R. J. Lambert , “The NTS—L Solar Cell
E x p e r i m e n t  .~f t e r  Two Y e ar s  in Orbit , “ Conference Record of the Twelfth
I EEE Phetovo Itaic Specialists Conference . Baton Rouge . L o u i s i a na .

l~~— l 8  November L°76 .

1-. . ..J , P .  Rah i l ly , Air Force Ae ro P r o p u l s i o n  L a b o r a t o ry , p r i va t e
communi cat ion.

I ‘ . ~i . J. Tea~ ue and .J . S t e i n , ‘‘The V S C  o t the turn er ~~~ E lec t  ron Model
.\E—3 and Associated Computer Programs ,” NASA NSSDC 72—11 . Nov. 1972 .

1 , . J .  P.  Lavine and J .  I .  Vette . “Models of t he  Trapped R ad ia t i o n  Envi r -
onmen t ,  V o l .  V :  Inne r B e l t  P ro tons ,” NASA SP — 3 0 2 4 , l9t m ° .

17 .  R. Ohen scha in . P.  P i e r c e , P.  H v l an d , and S. Rassmussen . “ Time Revised
So l a r  A r r ay  Sy n t h e s i s  Com p u t e r  P r o g r am ,” R~A F i na l  Report , N A S— 5 — 1 l b o~
f or  NA SA Goddard Space Flight Center , 1 February  1970 .

‘
~‘ . H .  \‘. tada and J .  R. C a r t e r , J r .  , “Solar  Cell Radiation Handbook ,”

Pasade na. CA; Jet Propulsion Laboratory , .JPL Publicati on 77—~ 6,
November 1q77.

t~ . W . Singlev and J. I. \‘ette . “The AE—4 Mode l of the Ou t e r  R a d i a t i o n
1on e Electron Environment .“ NAS A,  N a t i on a l  Space Sc ience  Data  C e n t e r ,
N SSDC V. 2—O r ’ , .\ugus t 10 72 .

C . . S inglL ’v .und .1 . 1. Vet t e  , “ .\ Mode I E n v i r o n m e n t  f o r  O u t e r  V 0m10
E l e c t  r on s , ” NA SA , National Space Science Center , NSSDC 72— 1 3 , 19 7 2 .  V

2 1 .  L. J .  Go Ldham m e r .mnd L.  W . S l i f e r , “ ATS—6 So l a r  Cel l  F l i g h t E x p e r i m e n t
Th rough Two Years in Or b i t ,” Conference Record of  the T w e l f t h  I EE E
Ph o t ev o lt z i ic  Spec ia l  ists Conference , Baton Roug h , Louis iana ,
i S — I S  November  197n .

‘0


