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"Solar cells —Fﬁ cm by 2 cm (AlGa)As—GaAs cells — were fabrlcated and

trons, The contract obJective was to determine the infl of junc-

then subjected (at JPL) to irradiation at normal incidenc\\b§:elec~ : \\
ue

tion‘depth and n-type buffer layer doping level on the cell's reszs

tance to radiation damage. Three sets of cells were used: (1) jucc:iz
tion depth of 0.5 um, a buffer layer doping level of N =1 x‘lO17 cm_S;w
(2) 0.3 ym junction depth the same doping level; and (3) 0.3. yin

junction depth, a doping density of the buffer layer of onlyglfz; 16 cm_3,

The present Study shows that = (1) a 0. 3—um—deep Junction results in’
AN

lower damage- to the cells than does a 0.5-um Junctlon, dnd (2) lower-

ing the n buffer layer doping density from 1 x 1017 m—3 to 1 x 1016 —3 o ’

does ndﬁ ,improve the radiation resistance of the cell. Rather, lowering

o

the doping density decreases the solar cell's open~c1rcu1t voltage.

Some preliminary thermal annealing experiments in vacuum were

: pérformed on these (Al1Ga)As=GaAs solar cells" damaged by l—MeV electron

'1rrad1at10n. Results showed that cell performance can be, expected to

partially recover at 200°C with more rapld and complete recovery (in °

both ISC and,V ) occurrirg at higher temperature. For a 0.5-hr annedl
at 400°C, 90% of the initial power is recovered., This report describes

characteristics of the (AlGa)As-GaAs cells both before and after

. L0, . o 3
irradiation. o . \\\
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SECTION 1

INTRODUCTION AND SUMMARY 7

The purpose of this contract was to study the effect of high-energy
electron irradiation on the performance of (AlGaJAs—GaAs solar cells. ﬁ
This was part of a joint effort @ith Dr. Bruce Anspaugh of JPL to opti-
mize the resistance of theSe Leils to radiation damage and exploit them
for near sun missions of interest to JPL. Spec1flcally, the effects of
junction depth and doping level on the cells' resistance to radiation
damage were investigated under this contract, 1nclud1ng measurements on
cells whose junction depth wgs shallower than that of the cells studied
in earlier dinvestigations. Préliminary measurements on thermal anneal-
ing were also performed. Because of the limited level of effort avail-—
able, this contract's effort was limited to irradiation with 1-MeV
electrons,

The- 1=MeV electron irradiation was perfgtmed at JPL using the
dynamitron particle accelerator. The uniformity over the test plane =
was *47 with no area of discontinuity. Fluxes and fluences were mea- \\\
sured with a Faraday cup, the current of whlch was integrated to estab-
lgsh electron fluences and to automatic 551f4\“nv~the irradiation at

§\\§§:5/Z;e desired" fluence levels, \‘Wﬂ

Flgure 1 shows the (AlGa)As—GaAs\solar cell structure used for this

study. The n buffer layer was LPE grown on the n dCaAs substrate. The-
(AliGal_x)As window layer was also grown by LPE on the n buffer\dayer.
Our window layer had an aluminum content x > 0.90, making the bandgap and

hence the optical transmission as high as possible. . The dopant was

beryllium. During (AlGa)As windowilaye;/g?gﬁ?%, a p-n homojunction was

‘7fprmed by Be diffusion from the (AlGa)As layer into the n buffer layer.

The total diffused region, thé distance xj (Figure 1) sandwiched between

the heterojunction and homojunction, is known as the junction depth.,
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radiation damage testing., Table 1 gives the cell parameters. for the

‘ has to verify our theoretical prediction that the optimum junction depth

. ¥for minimum radiation damage is smaller than 0,5 um. (In previous pro-

~purposes further on, The plase 1-cells were LPE grown at 790°C for 2 min,

* . ’ ,
See Appendix ‘A, Figure A-7. _ 3
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" Figure 1. The basellne design of (AlGa)As-GaAs
o solar cell.

We made three sets of (AlGa)As~GaAs solar cells for 1-MeV electron

cells made for each phase of this contract. Table 10 gives the cell

parametefs for cells made prior to this contract and used” for comparison

T ey

and the measured junction depths (x ) were between O. 45 um and 0.5 um.

The phase 2 cells were LPE grown at 700°C for 4 min. This produced a

el

T Y T A

Junctlon‘depth xj of 0.3 pm. The objective of this phaee of the program

T e
¥

jects, we had already demonstrated a major improvement* by going from i
xj =2 1.0 ym to xJ 0. 5 Mm, while our theoretical calculations lead us to o ?;
expect the optimum to be in +the v1c1n1ty of xJ 2 0,2 Um.) The phase 3 =

celle Were also grown at 700°C for 4 min, and their cell structure is . . ;?*

1dentlcal to the phase 2 cells, except that the doping density in then .
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o buffer lnyef is 1 x 10%0 cn3 instead of 1 x 10Y7 en™3, Table 2 gives

the test matrix for the 1-MeV electron irraéd& it of these solar cells,
Our phabu 2 and 3 cells have th( Ql window 1&%3_ zmn"ﬂ dc the phase 1
cells because the LPE growth schedule was desigded to yield a juuction
. depth of 0.3 um. The® grg wth schedule had not’ yet baen fully optimized
to provide.accurate contﬁgl of all the structural paraneters of the cell, o :
The emphasis on the junction depth reflects our feeling that the junction
depth is the ‘most {mportant and sensitive parameter controlliug the cell's
., radiation resistance. This emphasis evolved from results that we had

obtained prilor to this contract with cells that had Junction depths of
1.0 pm and 0.5 um (see Section 2 and Table 1(Q). After electron irradig~-

tion, theﬂPhaae 2 and 3 cells with. the shallq\est Junction depths did din
fact have the greatest radiation resistance '

(jee Figure 2(b)).
. . - ’/)
Table 1. Three Phases of ¢A}Qa)As/ aAs Solar Cells Used

et i ek sasadd

@ a ST

S for l—lfey/ﬁdeg‘amﬁ’ﬁﬁ:)rud,lation Studies \ i
) ) 5y =~ wligey # = ’
N A :
! Phase 1 * =
L Window layer thickness (D) = 0.5 um
Junction depth - (xJ) = 0.5 pm 47
Buffer layer dopihg density (ND) = " x 1017 om™*
Phase 2 . A
7 : P,
Window layer thickness (D) = 1.l“pm
Junction deptly (x4) = 0.3 ym -3
Buffer layer doping demsity (Np) = 1 x 107 cm
~ Phase 3 - ‘% A : a ’ L
Window layer thiéknessu(D) = 1.1 um !
Junction depth (xj) = 0.3 pm? ;
) < Buffer layer doping density (ND) = 1 x 1016 3 v
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- 3 . ' “ - ) . g
P : 4 , = . {
? { Table 2, The Test Matrix for the (AlGa)As-~GaAs . o
' i Solar fell Under 1-MeV Electron Irradiation
} i S ) & o
MR s > K|
© 7 30 Eleetron Irradiation ’ . . !
- - - (AlGa)As-GaAs Solar | - ‘
@ . lels Temperature, Pme Flux, 1 Fluence, Cell Numbers A= ‘
°g ’ e em~2 sec™| e em™ .
) : L 10 15 A
Phase 1 |- 28 13 br 2 x 10 1 x 107 2401, 2405 . ;
' ., ¢ ;
126 | 13 he 2 x 10%C 12 10% 2373, 2403 . ’
§
Phase 2 | 28 | 1 x 10M% 1 1 x 20" | L 2747, 2770
\ 28, o 92 mip—|_1x10% | 1 x 100 2747, 2770
Phase 3 28 1x10% | 1x10% | 2793, 2796
28 92 min |.1x 10" | 1x 100 2793, 2796
6664
‘Figure 2(%% shows PI/Po a%va function of 1-MeV electron irradiationm -
fluence for O.3yumﬁ<0.5 Mm, and 1.0 ym junction depth cells. Po and P o ’

are the power output (P

) from the cell before and after ifradiation,
reSpectively. The 1.0 um and some of the 0.5 um junction depth cells had | y

been studied prior to this céntract, under a previous IR&D program.
(They had also been irradlated at JPL.) Data from these prior cells is
N used here to compare the effect of junction depth X.j on tradiation hard-
’ ness over)the extended range from 1.0 um down to 0.3 um. We feel that

. using the P /P ratio erables us to compare the degradatlon of the cell®

efficiency gs a function of junction depth. We realize that, for space

»

applicagion, t?e‘éysoluté powariggythe end of life is more significant h

ﬁ oo for calculating panel requiremerdts. However, we bélieve that the cell's

) structure for any particular junction depth can be optlmlzed to yleld the

i 'i@ax1mum absolute efficiency up to 18 to 20% AMO. This bellef is based ) A

: ;
on our past experlence 1n'incre331ng the cell efficiency at junction . ;

T

pl depths of 0.8 and 0.5 um.- The gains in radiation resistance from oy : ‘
! T , decreased junction depth should therefore, lead to the highest performance

_ cells‘zﬁ space flight, and we w1ll continuer to develop shallower JUﬂCtiOﬂ '
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cellg to maet this requlrement, Flgura 2(b) shows the absolute power 'i

ma\ fgg the Phase 1, 2, and 3 cells as well as ¢ar previous data on

deeper Junqtlcn)ecllﬁ.) The lnfluenca Y4 the irradiation on cell pexform-) 4
ance can, however, ‘b seen more easily £rom? éﬁn resultq in Figure 2(a) ’
than from those in bzgure 2(b), which indicates that the best resistance ;
to vadiation damage is iﬂéﬁed obtained with the shallowest junction cells S
((0.37um Junction depth). -Table 3 gives the critical fluence as’'a fune~ | 2
tion ofgjunétion depth. The critical fluence is defined as the fluence
levul at which the maximum output power of the solar cell is reduced by’ b,
25% und01 1-MeV electron irradiation (P /P = 0,75).

‘Some preliminaxy thermal aunealing- expelimcnts in vacuum on the

_radiation-damaged (AlGa)As~GaAs solar cells were performed at HRI (ﬁga
Section 4 for experimental details). The damage GaAs solar cells wére
found to recover most of their eﬁficienqy rather rapidly when annealed
at temperatuves above 200°C. Figure 3 summarizes these results by
showing the effecL of thermgl anuealiug as functions of annealing temper-
ature and time. The data in Figure 3(b) indicate ”Lhat at least partial

,,‘f"

recovery of cell performmnce can°be expected at 200 C: TFigure 3(a) shows \w,
that, above-200°C, the- annraling leads to recovery of both I and V

a more rapid rate with increasing temperature, eventually leading to

greater than 20Z recovery of the preirradiation power levels. In addi-

tion, the GaAs cells tested were not damaged by either repeated temper-

v e

ature cycling (Irom room temperature and up) or by annealing at 400°C
for 1/2 hr. o

Table 3.. Critieal Pluenccsﬁror the 1-MeV Electron
'~ Radiation Damage on the ( Ga)As~GaAs Solar
e Cell as a Function g, JuncLion Depth

A
i

(AlGa)As~GaAs Solar Cell | Critical Fluence,
“ Junction Depth, cmw’ e'cm"2
1.0 3 x 109 2 : © :
0.5 1 x 107 : : RS
- ({,‘7«3 ’
0.3 2% 107
, a 5 G664
{ 19 . N
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In summary, we confirmed the importance of decreasing the junction
depth to below 0.5 MUm to minimiée radiation damage. We also confirmed
that rapid thermal amnealing sufficient to eliminate most of the radia-

tion damage can occur at annealing temperatures as low as 200°C, The

balance of this report.
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detatiled data leading to these conclusions is given and discussed in the
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SECTION 2 -

RPN 2 ' PHOTOCURRENT-VOLTAGE CHARACTERISTICS
Both the HRL and JPL solsr simulators were usediin measuring the
photo I-V characterlstics of the solar cells.« The intensity of the
HRL solar simulator was stgndardized against our high-altitude fllght”
standard GaAs solar cells; these cells were also cross checked bffthe
Spectrolab Mark III solar simulator. The HRL test block temperatu?e,

on which the cells were held during the measurement, is’ controlled by

. cooling water and is kept at 22°C. The JPL test block temperature is

kept at:28°C. This temperature difference accounts for the slightly

‘higher open-circuit veoltage observed in the measurements madé at HRL.

(The effect of temperature on (AlGa)As solar cells is discussed in
Appendix-C.)
» Appendix B shows the I-V characteristics for thez(AlGa)As-GaAs

‘solar cells before and after the irradiation. Figures B-1 through B-6

show the I-V curves as measured by the HRL solar simulator. Figures B-7
through B~12 show comparable results obtained with the JPL solar simula-
tor. Tables 4 through 10 give the following individual cell character-
istics: short-circuit current (I ), open~circuit voltage (V ) fill
factor_ (FF), and maximum power conversion efficiency (n) Table 10 gives
the electrical cparacterlstics of cells 283, 1002, and 1047 before and
after the electron irradiation (théie cells had been made prior to the
present contract). Both the Junctlon depth and window 1ayer thickness
are specified 1ﬁ Table 10. Although cell 283 has the same window layer
thickness as does our phase 3 cells, its junction depth is much greater
(1.0 um) than that of the phase 3 cells (0.3 ym). - B

Results of measurements made at both HRL and at JPL are given in
Tables 4 through 9. The slightly higher values of® the cell's open-
circuit voltage in the HRL measurement are attributed.to the temperature
differences between the test blocks (as mentioned betore). Both the HRL
and JPL measurements of short—citcuit current were»in good agreemeot

D

before the ilrradiation. - However, after irradiation; values of

)

&)

W

23
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Table 4. HRL Measurements -on (AlGa)As-GaAs Solar Cells

(Phase 1 Cells) before and after 1-MeV Electron Irradiation e
‘Irradiation )
Cell Fluence, I, v, P, N, .
Number Tempefzture, e cm=2 gx ec FF mW y
2401 28 0 111,51 0.99 | 0.789] 87.1 | 16.1 t
. 1x 1083 [ 9p 0.90 | 0.815 66 | 12.2 |. |
2405 28 0 110 1.01 | 0.773| 85.9 | 15.9
- 1x 100 1 88,5 [ o0.90 | 0.80 | 64 | 118 :
2373 126 "0 V// 112 1.0 | 0.774| 86.7 | 16.0
e ,, 1x 105 | 88,5 | 0.90| 0.773 61.6 | 11.4
2403 126 0 111 1.0 | 0.774] 85.9 | 15.9
. ) 1x 1015 | 90 0.90 | 0.799| 64.7 | 12.0
6664
o |
Table 5, JPI, Measurements on (AlGa)As—GaAs Solar Cells T
(Phase 1 Cells) before and after 1-MeV Electron Irradiation )
 Irradiation ' ; © s jj '
Cell | Fluence, Ises | Voo P, n, a 3
Number Tempefztur§§ e cm—2 mA \ FF m% %z’ “’\ ’ f
2401 28 0 111.2°} 0,985 | 0.787 | 86.2 | 15.9 ‘ :
Lx 1015 | 97,1} 0,899 | 0.806 | 70.4 | 13.0 , >
2405 28 0 110.7 | 0.991 | 0.768 | 84.2 | 15.6 Bk
1 x 1015 95.6 | 0.897 | 0.80 68.4 | 12,6 g
2373 126 0 '109.7 | 0.965 | 0.747 | 79.1 | 14.6" ,? §J
1x 108 [ o5 0.891 | 0.784 | 66.4 | 12.3 U
2403 126 0 1109 | ¢.983 | 0.773 | 84.3 | 15.6 =
-, 1x 1013 | 96,2 [ 0,895 | 0799 | 68.8 | 12.7 s
4 " : i
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Table 6. HRL Measuremegts on (AlGa)As-GaAs Solar Cells
. (Phase 2 Cells) before and after 1-MeV Electron Irradiation
Irradiation , ’
Cell Fluence, Tens Vias Pus I~ M, -
Number Temps‘gat“re’ e cm~-2 ;X v FF mi 7 ° I
e - . : - . {F
2747 28 0 105 1 0.98 0.77 79.3 | 14.6 -
. o 1x 1016 | 74. 1 0,035 | 0.759 | 46.9. 8.7
2770 28 0 204.1 | 0,971 0.784 | 79.3| 14.7
: B . 1 x 1016 73 0.835°| 0.753 | 46 8.5 |, ¢
6664
Table 7. JPL Measurements on (AlGa)As;GaAs Solar Cells
(Phase 2 Cells) before and after 1-MeV Electron Irradiation
o Do : - - o & Q
Ce1y | Irradiation } ., o o I v Pt n
X 3 sSC? oc? 0 T 4
Number | TemPTAtuTe, | oton oy’ | e 1§ B Y
2747 | /N28 0 105.4 | 0.973 | 0.76 | 78 14.4 ‘
N | 1x 1012 | 92.2] 0.896 | 0.778 | 64.3| 11.9
\ 1x 106 | 77,5 0,820 | 0.766 |8.7| 9.0
2770 28 ¢ 4 0 104.1 0,971 | 0.785 | 79.3 | 14.7
C1x 2001 89,9 ( 0.894 ( 0.791 | 63.6 11.8
1x 106 | 77 | 0.820( 0.765 | 48.3| 8.9
> 1 %7 5
- 6664
2t iy
. & @§ ;
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Table 8. HRL Measuremenf:s on (AlGa)As~GaAs Solar Cells
(Phase 3 Cells) before and after 1-MeV Electron Irradiation
Trradiation \
Cell ' 1 Fluence, IS ’ Voc® Py )
Number Tempsgature, e cm-2 mﬁk Vdﬂ FF o o
2793 28 0 107.5 0.97 0.80 83.7 15.5
1 x 1016 | g1 0.815 | 0.757 | 50 9.2 A
o © &, R
" 0 © - F \,
2796 28 0 %03.5 0.974 0,81 81.2 ] 15.0
. 1x 1016 | “78 0.796 | 0.77 | 49.3| -9.1
f
00604
c\
%)
Table 9. °JPL Measurements on (AlGa)As-GaAs Solar Cell 4
(Phase 3 Cells) before and after 1-MeV Electron Irradiation °
1 Irradiation i
Cell Fluence I v, P n
Number Tempeg(a}ture, ¢ cm-2 ’ Isuci, g FF m%nv, %: )
2793 Y 28 0 106.5 [ 0.956 | 0.799 | 81.4 |’15.0
' : Lx 108 | 95,3 | 0.881 | 0.792 | 67.0 | 12.4
1x 1016 | 83,3 | 0.798 | 0.762 | 50.7 | 9.4
U1 2796 28 0 103.4 | 0.957 | 0.811 [ 80.3 | 14.8
CLx 101> | 92,2 | 0.880 [ 0.796°| 64.6 | 11.9
1x 1018 | 80,4 | 0.796 | 01772 | 49.4 | 9.1
. 666 ¢
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short~circuit current measured at HRL were consistently lower than those
measured at JPL. This discrepancy has been shown to result from the dif-

ference between the light Speptra of the two solar simulators. Fign:

-spectrum, Flgure 4 clearly shows that the HRL solar simulator is

than the AMO 1n'the long-wavelength spectrum and poorer }gﬁihe sho v_

[,

'l
b

wavelength - regiqﬁ% Thus, we would expect the GaAs sola? cell to yix

less current after irradiation when measured by the HRL solar simula

than when measured with the JPL simulator, the latter being more closely

matched to the AM0's spectrum, °

I (1) ) 0
; Table 10. ¢HRL Measurements on (AlGa)As-GaAs Solar Cells
! after 1-MeV Electron Irradiation -
Lo ®
o [ 1. o | sertetency ~ Junction (AlGa)As
Lo " Cell Fluence, sa? oc» TF m? Lf £ g ’ Depth (x.), Thickness, | = R
- Number | e cm~2 mA v m % 47 e A (]
K | 1 1.0 '
c 283 0 106.3 | 0.91 | 0.81 | 78.7 14.5 1.0 . 5
Co ; 4 x 1084 | 93 0.87 | 0.80 | 64.8 12.0 g
a 5 %1015 | 44 ] 0.74 | 0.78 | 25.2 4.7 f
i _ | ] “;
1047 0 Eagf) 0.99 | 0.74 | 82 15.2 0.5 0.5 "
1x 1087 |- 85 0.91 | 0.78 | 60.4 11.2
1002 0 108 1.0 | 0.76 | 82.2 15.2 0.5 1 0.5
1x 1010 | 56 0.84 | 0.77 | 36.0 6.6 5
6664
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Figure 5 shows typilcal measured photo I-V chgracteﬁistics before
and after electron lrradiation for our GaA;ﬁéala; cells with junction
, depths of 0,3 Mm (phase II and III cells) 0.5 um, (cell 1002), and J
1.0 pum (cell 283). The,results clearly demonst¥ate that the difference
. in windbwylayer thickness does not play an important role in radiation
resistance, the junction depth is a sensitive parameter in dggermining
radiatdion resistance, and the shallow junction solar cells sh;; more
irradiatign'%%gﬁ?tance than do the deep junction [cells, ‘even d;wn to a
junction depﬁYabﬁ 0:3 HUm.  Furthexr reduction in jantion depth to less
than 0.3 um“sgéﬁTﬁ=iéadgto even more radiation hardened GaAs solar cells,

o the optimum junction depth being estimated to be aboﬁt 0.2 um.

P . @
The dopﬁpg density ih the n base region does not play an important

role in Further increasing the radiation resistance of the cells.
Tables 6 through 9 .show theﬁgata on the phase 2 and 3 cells. On the 3

contrary, the open-circuit vbltage decreases as the doping density is

reduced o 1 x 10%6 cm_3. The results’W?ﬁTﬁ suggest that lower doping
density in the base n layer is not desiréﬁié since it may lead to a
lower beginning-of-life efficiéncy becuase the lower open-circuit volt-

- age is not ‘offset by an increase in radigtion resistance. Such an Improve-
a

ment might have been hoped for as a result of the incréased minority- N

carrier lifetime in the purer n-type material.
° To investigate the effect of electron irradiation flux rate and
irradiation temperature on the radiation fésistance qf GaAs solar cells,
wehirragi ted two phase 1 cells at 126°C and two other phase 1 cells
at roomﬁg@ﬁﬁerafhre (see Table 2). All these cells were subjected to
| _ a éelatively low radiation flux rate 2 x 1010 e c:m-2 sec“l (13.5 hx ‘of
) irradiation’ time to reach a fluence of 1 x 10ls e‘cm-z); These results
were cdmpared with our previous radiation damage data on GaAg cells with
§ o = 0.5 um junction depth; these cells had been irradiated at a flux rate
%g ' ) of 1 x 1012 e cm—2 éec“l. The phase 1 cells, which were irradiated at
room temperature, were also soaked in vacuum at 126°C for 13.5 hr to

| | compare them with the cells irradiated at 126°C,
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The results show that nefther the flux rate nor the irradiation

temperature affects the radiatdion resistance characteristics of the
cells. A temperature of 126°C is appdrently too lowcpo prevcnv\damage § :5 ‘;
produced by electron irradiation (see Section 5).

This result leads to several interesting conclusions.

DAY

) Junct n depth is-an important parameter in determining

the J diation resistance of GaAs solar cells. Also,
! the tudy further confirms our shallow junction model .
and /emphasizes the importance of keeping -the junction ‘ A
degth shallow (<0.3 um) to minimize radiation damage ! .
iyf GaAs solar cells. . , " e , S
¢ ¥ ¢ ° A p
- T
™ Pecreasing the flux rate to as low as 2 x lO 10 e cm 2 sec” * :
. oes not improve the radiation resistagce of the cells '
Y - B b P
' AnN\jrrdadiation temperature of 126°C is not high enough .
~ to decrease the radiation damage™o the GaAs solar - Lot ;
% cells. . ! ) {
' . * o . " A <16 _3 = s gf
) Lowering the buffer layer doping density to 1 x 107 L 5 2
does not seem to improve the cells' radiation resistance. 5 L i
It does, however, reduce the open-circuit voltage V. for ¢ o
: oc . £4
the cell. . . y 2
. " . 1
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. . SEQTION 3%~

SPECTRAL RESPONSE B

Spectral response is measured.at HRL using a Bausch and Lomb grating ;
monochromator aind a chopped tungsten light. The cell short-circuit ,
current is measured with a PAR 124, lock—in amplifier with the incident |
radiation cal;)rated by a UDT silicon photodiode. The responsivity of e
the cell at each wavelength is the ratio of the short—circuitucurrent to i

the incident power- density. The conversion of responsivity to quantum .1

g

efficiency is then-accomplished b normalizing responsivity. to the ) i

. . el s

* photon energy at each specific wave Ength. . . = g
Figures 6 to 11 show the spectral response of the (AlGa)As-GaAs

solar cells before and after 1-MeV electron irradlation.* (Cells 2373,

24011 2403, and 2405 were irradiated at 1 x 1015 e cm 2, and cells 2747
and 2796 were irradiated at 1 % lO'L6 e cm ) Figure 12 compares

the spectral response of cells with 0.3- and 0.5-pin.junction depths
after radiation damage. The Spegtral response data of Figures 6 through
12 shows that, for cells with junctions shallower than 0.5 um, the short-’

wavelength region is less sensitive to électron irradiation than the

ong-wavelength region. This is because, at short wavelengths, the
]

T absorptlon constants are large, the 'light is absorbed close to the sur-

face, and the generated minority carriers then have to travel to the

junction. If the electron diffusion length is longer than the junction W

7
depth, thenthe shallower the junction the less the loss due to recom- .

€7

binations.' However when the electron diffusion- length in the p region

-

becomes comparable to or less than the junction depth (deeper junction

cells), the spectral response is substantially affected because of 9
recombination losses. . W -

o

o

*It shotild 'be -noted that the difference in the data shown in Figures 6
through 9 on cells with identical design parameters results from the
limited accuracy of ‘our measurement and fabrication techniques., The fact_

o the no radiation damage is apparent in Figure . 9 for XA < 0.55 um: should
not be given additional significance. ‘
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As a result of these considerations, it is logical to correlate the 1]
o o 1
improvement in radiation resistance and the improvement in short-wavelength :
spectral response observed for the same solar cells with decreasing junc-
tion depth when these cells are subjected to 1-MeV electron bombardment, U/
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SECTION 4 .

i

2 . . ,.”/m“
Z o B J T

RADIATION ANNEALING EXPERIMENTS
The thermal annealing experiments on (AlGa)As-GaAs solaf.eel@s
damaged by 1-MeV electron irradiation were cénducted in vaenum atd 9o
1x 10"6 Torr. In this expeniment, the solar cells were placed in a
small oven that had a resistance heater embedded in the oven well A
Lhermocouple was inserted inside the gven. beneath the samplezand the
temperature was controlled within *5°C.  Figure "13 shows a typlcal

b 4
température cycle for the annealing experiment. Inltlally the tempera-

ture was raised from room temperature to the annealing temperature in

5 to 10 min. Then the temperature was kept stable at this annealing
temperature for the total annealing period The temperature in the
oven never, exceeded the desired annealing temperature.’ After the
annealing experiment, the solar cells were cooled down to room tempera-

ture within 1,5 hr simply by cutting off the supply current to the heater.

" Two sets of thermal annealing experiments (both isothermal and isochronal)

were performed. The first set of experiments consisted of four phase 1
solar cells which were annealed in vacuum (1 x 10_6 Torr) at 200°C for

1 hr, 4 hr, and 9,5 hrfﬂ’Table“ll gives their individual cell character-
istics at each annealing step. Figures 14 .through 17 compare the cells’
photo I-V and spectral response after thermal annealing w1th the photo.
I-V and spectral response:before and after electron irradiation. The
second set of experiments consists of phase 2 and 3 cells, which werem “
engééied in vacuum (1 x 10—6 Torr) at 200°C, 300°C, 350°C, and 400°C for
0.5 hr at eabh‘temperatune step. The result is summarized in Figure 3
and Table 12,°and Figures 18 and 19 show the photo T—Xaand spectral
response measurements after each anneal step as compared with the mea-
surements before and after electron irradiation. These preliminary

[t 9

g :
results show that: ' 5
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¢ Some recovery of the cell performance can be expected . ‘
at 200°C. This recovery is accelerated by annealing
dt temperatures above 200°C and occurs in both Ig, and
Voo (90% of the initilal power is recovered in 0,5 hr
after annealing at 400°C). 5% G

° There is a significant improvement in the long-wave- #
length region of the spectral response, which sug- ° ,
gests that the annealing leads to a significant
recovery in the minority-carrier diffusion length in
the bulk of the GaAs after radiation damage.

ot

e  The GaAs cells are not damaged either by repeated
temperature cycling or holding the cell at 400°C for
0.5 hr. h
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Figure 13. ‘
Typical temperature cycle for the thermal anneal-
ing experiment. '
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Table 11. Thekmal Annealing Charadteristics of 1-MeV Electron
Radiation Dapaged (AlGa)As-GaAs Solar Cells ’

r ) Angeal ing . ) ’m p
Coll |, AWSENE e b L Vaes op | NP n, A,
Number | Lempe Egu'“ e A th ¥l iﬂ\:’ % Py’ * |
n | 0 0 2 & 1.0 | 0.774 | 86.7 | 26.0%| 100.0 . |
~ 88.5% | 0.90 | 0.773 | 61.6 | 11.4 | 71.0 |
200 J 92 0.91 0,782 | 65.5 12,1 75.6 . o |
4 99 0,92 | 0.778 | 70.8 | 13,1 82,0 ]
o 9,8 | o2 0.925 | 0.775 [ 73.2 | 135 8h. 4 .
2401 0 . 0 s | 0099 | 00789 | 87.1 | 16.1 | 100,0
BoR 0,91 7| 0.80 | 64.8 | 12.0 74,5
N 200 1 92 - { 0,915 | 0.808 | 68 12.6 | 78.3
. . & by ooy | ocso [as | oaes | esiy
. ? 9.5 | 108 0.94 1 0.786 ) 77.6 °] 14.34)  89:0
2403 0. [Ta° N 1.0 ] 0.774 | 85,9 5,97} 100,0
’ 88.5% | 0.90 | 0.80 | 6391 |T11.8 74.2
200 1 93 0.81 | 0.798 | 67.55 | Yms |- 78.6
4 100 0.925 | 0.799 | 73.9 13.7 86.2"
9.5 | 102 0.93 °| 0.787 | 74.66 | 13.8 86.8
“agos | o 0 110 .00 | 0,773 | 85.9 | 15.9 | 100.0
° 88.5% | 0.90 | 0.80 | 64 11.82| 74,3 : .
200 1 89,5 | 0.915 | 0.797 | 65.3 | 12.1. | 76.1 |
4 ©97 0.93 | 0.791 | 71.4 13.2 83.0
=95 ] o2 0.935 | 0,788 | 75.2 | 13.9 87.4
SAfter L-HaV ell;em.“fi;n"'h*rndiuti(m at 1 x 108 e a2, J
- Pp/P = power ratis; where P, = maxtmun power after thrmal annealing, and Po=
maximum power bafore electroh frrvadiation. B
i i o " ) 6664 °
. ° °};
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SECTION 5

3 . CONCLUSION AND SUMMARY

@ [a}

This study confirmed our radiation damage model and®has given'us o
ed b

a more detailed understanding of the nature of the damage caus
1-MeV radiation to (AlGa)As-GaAs solar cells, As predicted by our
= model, the junction depth is a prime fector controlling the extent jof
damage. The optimum junction depth was found to be relatively shal
(v0.3 pm) ¢ The main factor that leads to this result is the larg
cal absorption constant in GaAs for the visible solar spectrum. The
active region of the cell is only a few micrometers below the cell sur-

face. Thus, in shallow junction cells, it is easy to see that the

. ° minoritylcarrier generated in the p region can reach the junction easily

. as long as the electron diffusion length is not reduced by the damage ‘to
: less tham the p layer thickness, Under these conditions, the damage is
reflected mostly'ln the 1ong~waleength replon.

We a%eo showed ‘that the cells with.0, 3-Pm-deep junctions were damaged
less than the older cells with 0.5-uUm-deep junctions had been. Further
improvements in cell“performance can be anticipated by lowering the ’
junction depth to about 0, 2/um and also by decreasing the thickness of
the (AlGa)As window layer. Bo%h these des1rable objectlves, however,
need careful stud since the electrical junction will be located - '\<
closer to the heterophase boundary and to the surface; the control of
the layer perfection and the minimization, of interface strain become
increasingly impoxtant as the junction becomes shallower. : ;y

Lowering the doplng dens1ty in the n region to 1 x lO16 3 does
not 1mprove the radlatlon resistance of the cell. Rather, it decreases

the open-circuit voltage.
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M%iutainlng the cells at 126°C during irradiatio//and lowering

the 1r&adlation Flux ratt to 2 x 1010 e ¢cm 2 S@‘-l

<€y not reduce the
radiatm@n damage, The 126°C Lemperature seems to be too low to show
any annqallng effect (at least not over only a few hours) on electron=-
daniaged baAs solar cells. However, the radiation-damaged solar cells

X S
do recovet their efficiency when annealed in vacuum (1 x 10_6

| Togf) at
temperatufes as low as 200°C. At temperatures above 200°C, the recovery
is acceleﬁated and at least 90% of the initial power can be recovered.
k;~these ﬁaAs salar cells were subjected to many thermal cycles and
kept at 40Q°C for 30 min. The cells did not show dny eign of degrada—
tion under these conditions. !
The prwsent study indicates thé dlrection for further improve-
ments in the} pelformance ‘of the GaAs cells in radiation environments.
A principal drea is a further reduction of the junction depth; how-

avér, this must be achieved without affecting the quality of the elec-

“triecal juncthn by proximity t6 the heterophase boundary and to the cell

surface, (:ﬁoth these are stringent requirements and-need careful
tailoring of the cell structure, especially since the cell area is rela-
tively large. ’Ehe second area requiring investigation is the annealing
behavion of radiation—dgmaged cells. The effect of thermal annealing

on the variousuéompo nts of the cell structure can be resolved by
detailed sLudles of the electrlcal and optical chareéterlstlcs of the
‘cells before and afté& adlatlon. Such studies are essential to achiev-
ing a systematid underst .nding of the cause and mlnlmlzatlon of the
damage caused byrboth electrons and particles such as protons-and
neutrons. A detailed understanding of these factors can enhance the

Gads cell performqnce for the near-sun solar missions’ contemplated by

JPL. oy |
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ELECTRON AND PROTON DEGRADATION IN (AlGa)As-GaAs SOLAR CELLS

e WS TR T -y il g 5 e o

¢

R. Loo, L. Goldhammer,* B, Anspaugh,** R,C. Knechtli and G.S, sgmath o

; N

Hughes Research Laboratories
o Malibu, California 90265

ABSTRACT '

Results on radiation damage in (A1Ga)Ae-GaAs
solar cells by 1 MeV electron fluences up to
1 x 1016 e/cm? and by 15, 20, 30 and 40 MeV proton
fluences up to 5 x 10 1p cm""é are presented. The
damage is compared with data on state-of-the-art
silicon cells which were irradiated along with the
gallium arsenide cells. We verified experiment-
ally our theoretical expectation that the junction
depth® has to be kept relatively shallow, to mini-
mize radiation damage., The damage to the GaAs
cells as a function of irradiation, is correlated
with the change in their spectral response and
dark I-V characteristics.  .The effect of thermal
arnealing on the (AlGa)As-GaAs solar cells was
also investigated. This data is used to predict
further avenues of optimization of the GaAs®
cells. '

INTRODUCTION

The behavior of solar cells under radiztion
ervironment is of great importance for space
application. Previousjptudies have shown that the
(AlGa)As-GaAs solar cells have achieved an
efficiency of 18.5% AMO (1) with a radiation -
resistance equal to or better than that observed
in violet silicon cells (2). In this paper, we
report the radiation effect on large-area
(2 cm x 2 cm) (AlGa)As~-GaAs solar cells fabricated
at Hughes Research Laboratories (HRL) using the
infinite melt 1iquid phase epitaxial (LPE) growth
system. Our best cell to date has an AMO effi- - .
ciency of 18%, and our improved shallow-junction
cells show more radiatlon resistance than silicon
cells. : :

GaAs has a large optical absorption constant
and a short diffusion length; essentially, all the
photovoltaic response is close to the Gads sur-
face.  The radlation damage beyond this active

regron has a negligible effect on cell performance.

Consequently, the reduction in the required )
minority carrier diffusion length and the relative
shallowness of the active region are the key '
factors that can beé exploited to make GaAs solar
cells more radiation resistant. Data consistent
with these observations is presented below.

*Hughes Alrceraft Company, 1l Scgundo, California

#%], P, L., Pasadena, Calllornla

o

- PRECEDING pah py

EXPERIMENTAL

Figure 1.shows the (AlGa)As-GaAs solar cell
structure, The n* concentration for the aubatrate
is fixed at > 5 ¥ 1017 cm=3 with Te as the dopant.
The n buffer layer concentration is 1 x 1017 cm-3.

(At this doping level, the open-circuit voltage is

1 V.) The thickness of this layer was:fixed at
10 ym or more because results incdicated that the
substrate visibility is minimized at a buffer
layer thickness of 10 ym, A thickness less than

¢ this 1s not always sufficileant to remove the effect

of the, substrate on cell performance.

%

* Al 7L S

AR COATING

p CONTACT

i LIGHT &

p Al Gaq_,As D (AlGs)As
. A
GaAs
y - J

\ N

p-n JUNCTION n CONTACT
o NUMBER OF FINGERS = 24

p CONTACT: Au-Zn-Ag

n CONTACT: Au-Ge-Ni-Ag

AR COATING: TayOg ,
p Alea1_xﬁ)\s: X 20.95

CELL SIZE = 2 x 2 CM2

Figure 1. The (AlGa)As-GaAs solar cell
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The window layer of (AlyGaj.x)As 1is grown by
LPE on GaAs. Our layer has x > 0.90, making the
bandgap and hence the optical transmission as high
as possible. The dopant is bgryllium (Be). The
concentration is 1 x 1018 During (AlGa)As
window layer growth, a p-n homojunccion is formed
by Be diffusion from the (AlGa)As layer into the
n buffer layer. The carrier concentration of the
p~diffused region is alse 1 x 101

The remaining parts of the baseline structure
are self-explanatory. The Au-Zn contacts are about
3000 to 4000 & with a silver overlay about 4 yim
thick, and the n contact is AuGeNi (v 5000 A) with

an Ag overlay. The AR coating is Tas05.

n +

The Dynamitron particle accelerator at JPL
was used as the electron source for high-energy
electron irradiation; the irradiations were
performed in vacuum at room temperature, The
uniformity over the test plane was % 4% with no
areas’ of discontinuity. Fluxes and fluences were
measured with a Faraday cup the current of which
was integrated to establish electron fluences
and to automaticqlly stop the drradiation at the
desired fluence levels.

High-energy proton irradiation was performad
at the Crocker Nuclear Laboratory at the University
of California at Davis. This cyclotron can pro-
duce ajprimary proton beam at energies between
approXimately 8 and 68 MeV. The solar cells were
mounted with small pleces of double-face masking
tape to aluminum plates. Each plate was irradiated
separately in air at specific proton energies and
fluences,* The fluence over the target plane '
was uniform within *5%. The cell temperature
during irradiation was kept at 30°C.

The full matrix of tests performed on the
(AlGa)As-GaAs solar 2ells and on sevéral repre-
sentative silicon solar cells are given in Tables 1
and 2. N

&Table 1. Electron Irradiation Experimenta

75454
TYPE AND NUMBER OF CELLS
ELECTRON ELLECérl:!é]EN S ” .
NERGY | FLUENCE . i
: MeV gom2 | (AlB3As- | CONVEN- weH | 7
s | GeAs TIONAL EFFICIENCY
10 - | 1x1013 3 3 3
4x 10" 3 3 3
1x10'8 3 3 3
5x 1018 3 3 3
1x10'6 3 3 3
07 1x 10'8 2 ’
1.9 1x 1019 2

. 1
> 4

By compariag the results from previous golar cells irradiated both in air and in vacuum, we

D

D -
Table 2. High-Energy Proton Irra&iation
Experiments
o 76455 '
: TYPE AND NUMBER OF CELLS
PROTON | PROTON
ENERGY | FLUENCE si S
MsV E/cm? | (ASHA- | g | coNVEN-
¥ | EFFICIENCY | TIONAL
154 5x 1010 I ‘
15.4 5x 10! 3 | 4 4
2 s 1010 3 2 3
2 5x 101 3 2 3 e
30 sx10'0 | 3 2 3
o .| sxwo" 3 2 3
40 5x1010 |« 3 2 3
0 5x 10! 3 2 3
e
7
RESULTS AND DISCUSSION
Electron Damage ’ o >

A group of cells were fabricated early in the
program for electron vadiation tests. These cells
were designed to have high efficiency with no
attempt at optimizing the design parameters to °
increase radiation hardness. Figure 2-shows the
maximum power obtained from the cells plotted
against 1 MeV electron radiation fluence. These
results were then compared with those for two
types of silicon cells as shown in Table 1. This
showed the need to improve these early cells for
better resistance to electron radiation damage at
fluences in excess of 4x1014/cm2. ,

“

Figure 3 shows the spectral response before
and after electron irrddiation. -The resiilts show
that in these cells the spectral response in the
short wavelength region shows greater damege
compared “to the longwavelength region. Since the
optical absorption coefficient is greater for
short wave lengths, most of the absorption in
this region will be close to the surface of the
cell. The photo generated carriers, therefore,
must travel farther to reach the junction than do
these genetated by longer wavelengths. We sus-
pected from the spectral responsa of tlie damaged
cells that their junctions had to be relativily
deep compared to the minority caxrier diffusion
length in the damaged layer., Our suspicion was
confirmed by the measured junction depth of > 1 um.
These observation led us to examine the influence
of the junction depth on radiation\damage more
carefully L P o

H
Yow

J \

W \
X |
it

]
©

3

found

that the ionized gases in air aurrounding the caell:during trradtatinn huvu no effect vo the celld,
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Figure 2. Maximum power as a function of
. 1 MeV electron fluence N\
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Figure 3. (AlGa)As~GaAs solar cell spectral response

before and after 1 MeV electron irradiation

To correlate.theory and experiments, Figure 4
shows the (A1Ga)As-GaAs solar cell short circuit
current density as a function of 1 MeV electron
radiation fluence. The continuous curve represents
the normalized experimental values. The dotted

3

59

A

» o .'
™
3 12032
% (| JS—— ) b e e = s
f 30 EXPERIMENTAL |
2 25 ]
w
Q
20 .
&
Wi
m 15 .
S
o 10 g -
=
: -4
& 5 ‘ \ a
B 0 \\ 1 I R 1 1
% 1012 1013 ot 10! 1016, o7
I
w

1 MeV ELECTRON RADIATION FLUENCE, ELECTRONS/CM?

bl
w

Figure, 4. Short circuit current density
» versus ]l MeV electron radiation
fluence, electrons/cm

a 4

line is the theoretical curve. Both curves cor-
respond to an (AlGa)As layer thickness of 1 um

> and a junction depth of 1 um. For calculating the
theoretical curve, the minority carrvder diffusionm

" length L was related to the fluence ¢ by the

usual relation:

1 1
B B N . (1)
‘;le 2 K¢

The initial diffusion lengths for holes (Lpo) and
-electrons (Lpo) were assumed to be 2 and 5 um,
respectively in these calculations. The damage con-
stant Kj, for the diffusion length used for both p-
and n-type GaAs was deduced by matching the theo-
retical curve to the experimiutal cuxve as shown

in Figure 42 It was found to by Ky, = 7 x 1078,
assuming the same value of Kp fiyr the n- and
p~doped GaAs.

Using this value for Ky, the short~circuit
dengity was~calculated for several junction depths
as a function of a 1 MeV electron fluence. The
results, shown in Figure 5, show that radiation
damage decreases as junction depth decreases.

~ Baged on this analysis, we proceeded to fabri-
cate a second-generation of (AlGa)As-GaAs solar
cells with the goal of decreased sensitivity to, the
radiation environment. The window layer thickness
was made at 0.5 um while the junction depth was
decreaged to v 0.5 um by readjusting the LPE
lzyer growth parameters.
«;f 8 P

Figure 6"shows the measured short-circuit

. current of these shallower junction cells versus

1 MeV electron fluenee:. The experimentally observed

. improved radiation resistance is. in good agreement
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ghort circuit current density versus 1 MeY
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il o

e with the predictions cof the theory. Figure 7 shows
the experimental results for both (AlGa)As-Gads
= solar cells and newly developed high-efficiency Si
solar cells as a function of 1 MeV electron irradi-
ation. Also shown for reference are the results
of our previous set of irradiated (AlGa)As~GaAs
deep-junction solar cells.

electron fluence

The spectral response of the deep~junction and
shallower junction cells, hoth-before and after
irradiation, are given in R }gure 8(a-and b). The
figure shows that the radiation-damage in the
deeper junction cells is concentrated in the short-
wavelength region, whereas the shallower junction
causes the damage to shift to the longer wavelength.

. This is consistent with our observation that the
collection of minority carriers in the p region is
not much affected up to the fluence at which the
clectron diffusion length i veduced to less than
the p layer thlckness.

Figuré 8(c) shows. the spectral response of the
shallower junction solar cells irradiated at
-fluences 1 x 101° e/em? with electron energies
varying from 0.7 MeV to 1.9 MeV. As expected at
higher energies, these cells show more degradation,
probably because Kj, increases with increasing
eléctron energy. Figure 9 shows typicdi~dark cur-
rent-voltage (I-V) characteristics before.and after
electron irradiation. Although solar cells become
more leaky after irradiation, the basic transport
. mechanism remains the same (as shown by the I-V
curves, which remain parallel to each other).

\\ is increased leakage current probably results

g ///4/ rom an increase in the number of recuhbination
c

enters at the junction.

High Energy Proton Damage

A

Twenty-four (AlGa)As~GaAs solar cells and
several representative gilicon cells were irradiated
with 15,4 MeV to 40_MeV protona at fluences of
5% 101 and 5 x 1011 p/cm (Table 2).

The basgline structure of the solar cell used
for proton irradiation was the same as that of the
shallow=junction solar callh used for eleatron
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the solar cell spectral response occurs only in the
long wavelength region.

. Figure 13 shows the dark I-V characteristic
before and after irradiation. Again, just as in, \
. the case of electron- irradiation, the solar cell N
.. junctich becomes slightly leaky due to’ the incéréas-
ing number of recombination centers produced by
proton irradiation although the basic ‘transport
mechanism. remains unchanged.
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Figure 10(a). Solar cell maximum. output power
versus 15.4 MeV proton irradiation fluence.
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irradiation, except that no cover glnas wag’ applied ! ! : 675618
to these cells. WO MM T T T T T

The results of these proton irradiation tests C 120 _‘F:'%i?:l ESEALB é%"lfAR CELLS )
are summarizéd in Figure 10 (a and b), which shows = ' .
the maximum solar cell output power versus proton E . (AlGa)As-GaAs CELLS
irradiation’ fluefice for the three types of cells o 100 -
specified in Taple 2, The (A1GA)As-GaAs solar’ cells 2z
ate more resistont to high-energy proton radiation 8
damage than the silicon cells. The dotted 1ynes \\\\\ - 80 -
platted in Figure 10 are extrapolations of
test results; these show the effect expectt@ from
proton {luence on an improved (AlGa)Aa—GaAs solar o . 60 —
cell with a beginning-of-life AMO power—con sion {5 /
efficiency of 18%. This extrapolation is pert‘tnent :k\/ . |
sliice the feasibility of an 18% efficiency has 2@40 HIGH EFFICIENCY
already been demonstrated for this type of cell\.- e ﬁ ﬁ 7 o  SIiCELLS

= -

Figures 11 and 12 show the average spectral 20 CONVENTIONAL ™
response of the (AlGa)As-GaAs solar cells before o Si BARE CELLS
and after proton irradiation with proton gnergies o Ll bl 141 lllll Lol L1y
of 15.4 MeV and 40 MeV, respectively. The spectral 410 11 12
response in the short wavelength region,of these . 10 10 10
shallow=junction golar cells is almost insensitive /
to the proton irradiation, A slight decréase in 40 MeV PROTON

IRRADIATION FLUEICE P/CM2

Figure 10(b). Solar ceill maximum output power
versus 40 MeV proton irradiation fluence
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Figure 11, (AlGa)As-GaAs solar cell spectral
response before and after 15.4 MeV proton
irradiation -
_Radiatinn Annealing Studies -

GaAs & r,lar cells damaged by radiatioa recover

their efficiency when annealed at low temperatures
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' Pigure 13.“ Dark I-V charactetiatics before and -

. after proton irradiation

- Figure 13, Dark I-V characteristics before and
after proton if:&dintion

on the order of 200°C to 300°C (3.4) Some pre~
liminaty thermal annesling experiments on the

' radlation-damaged (AlGa)Aa-GaAa solar cells were

® “,‘ v

performed in our laborntox{ The cells were irrvadi~
ated at fluences of 1 x 1015/cm? with clectron ener-
gles varying from 0.7/ MeV through 1,0 MeV to 1.9 MeV,
Subsequently, they were annealed “in vacuum at tem-
peratures of over 20Q°C., Figure 14 shows the effect
of annealing as a function of annaaling time and

cempgraturea.

Figure 15 compaves the spectral response of
these cells after the annealing step with the specd
tral response before and after electyon iryadiation,
The long wavelengtﬁ’region shows significant recov-
ery. This suggests that the annegling lends to a
gignificant recovery in the minor carrier diffu-
alon length in GaAs afrer,radiac1on damnge. N

Figure 16 shows the dark I~V characteristica of
these cells. These cells ghow leaky pwn junctions
after irradiation; however, they almost cﬁmplet%}

‘w recover to their pre-irradiation condition afte
, annealing at 210°C. These results indicate that®

(AlGa)As-GaAs solar cells can be annealed at prac-
tical temperatures to remove radiation.damage. °This
could ‘be exploited for longer space missions.
B
CONCLUSION AND SUMMARY ’

Several 2 cm x 2 cm (AlGa)As-GaAs cells were
subjected teo radiation damage studies waing both
electrons and protons., The resulta show chat'

° (AlGa)As-GaAg -sdlar cells can hn made
more resistant to radiation damage than
can silicon cells for both electron and
proton irradiation.

® The junction depth is a(gensitive param-
eter in determining radiation resistance.

e The (AlG&)As-GaAs solar cells suffer only
a moderate amount of degradation at
proton energies above 15.4 MeV,

) The efficiencies of electron-radiation-
damaged (AlGa)As-GaAs solar cells recover
when annecaled ‘st temperatures as low as ..
200°C to 300°C. R
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;- APPENDIX C, . '

TEMPERATURE MEASUREMENTS ON (AlGa)As-GaAs SOLAR CELLS

The photo I-V chafactefiétics of three (AlGa)As—GaAs solar cells
(numbers 2373, 2376, and 2405) were measured in the temperature range
between ~100 °C and +300°C under vacuum to evaluate their appllcabllity

to near-sun mlssions. Figure C-1l shows the phoLo IV characteristics as

- a function of temperature for cell number 2373.';The cell parameters

Isc’ Voc’ and N are plotted versus temperature in Figire C-2, The short-~
circuit current increases with temperature, and as temperature increases,

the open-circuit voltage (Voc)'decreases linearly at a rate of about
l.SCpV7°C. This value agrees r?asongbiy with the calculated value of

) :
av / LB

oc _ °
T - 1.7 mv/°C

]

which was based on the diode leakage current, Io(T)’ calculated for the

simple diffu%aon theory. The efficiency decreases with increasing tem-

perature, At above 100°C, n decreases almost linearly at a rate of

_A_]l — o | O
AT 0.035%/°C.

For reference, our presenthaAs cells have an efficiency above 16%
(AMO)" at 25°C and 9% (AMO) at 300°C., By contrast, silicon cells have
a very low efficiency V74 (AMO) at 120°C and (by extrapolating the data
recorded in the JPL solar cell handbook) are virtually unusable at 300°C.

o

]
>

" l5olar Gell Design Handbook JPL SP 43-38, Vol 2 pag. 3.4-3 through

3.4~15, October 1976,
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