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The average value of L. measured in space on the first day of exposure
agreed with solar simulator values to within L.41y+ 0.99 percent. The apree-
ment between Voo in space with solar simulatorgvalues was 1.24 + 1.08 percent.
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percent with the exception of the Solarex "low-cost space cell" which became
open-circuited on the 69th day. Results are given ot the changes in the

photovoltaic parameters ot each of the experiments.
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Results of the Solar Cell Experiments on
the NIS-2 Satellite After 223 Davs in Orbit*

Background

The Navigacion Technology Satellite-Two (NTS-.2) is the second in a
series of developmental satellites that are torerunners of the NAVSTAR
Global Positioning System (GPS).  NAVSTAR GPS is being developed as a
qroup ot satellites that will use passive ranging techniques combined
with highlv accurate clocks to provide extremely accurate navigation
capability to ships, aircraft, ground forces and other users !4 hours a
dav, worldwide in any kind ot weather. The GPS satellites will occupy
various positions in orbit aftording three-dimensional navigational
intormation, i.e., longitude, latitude, and altitude. NTS-2 was launched
23 June 1977 into a twelve-hour circular orbit 20,192 km high at an

O

inclination of 63".

The GPS satellites are powered bv solar cells. The radiation which
solar cells encounter in space produces defects in the semiconductor
materials that cause a reduction in the solar cell power output. There-
tore, in order to predict the expected liferime of g satellite mission,
it is necessarv to know quantitatively the effects ot radiation on solar
cells in space. Although numerous measurements ot solar cells have been
made in the laboratory, =10 it {s more significant to observe solar cell
degradation in the actual space environment.

There are tifteen (15) solar cell experiments aboard NTS-!. These
experiments arve designed to compare initial space performance with pre-
launch ground data, to measure degradation rates throughout the tlight,
and to determine the radiation resistance of several tvpes ot experimental
and advanced design solar cells. These experiments will also answer
questions that have arisen trom the NTS-111-13 golar cell experiments,
such as: the need tor ultraviolet rejection filters in space solar cell
svstems, space qualitication of electrostatic bonding techniques tor solar
cell coverslips and the improved etticiency to be realized trom the use
of textured cell surtfaces. In addition, a gallium arsenide (GaAlas) Gaads)
solar cell module is being tlight tested. Each of the titteen separate
experiments consists of an array of five 2 ¢m x ! cm state-ot-the-art solar
cells with all experiments linked to an electronics package which measures
the entire photovoltaic I-V curve of each experiment in sequence.

*This work is partially supported bv the Space Applications Branch ot the
Naval Research Laboratorv, by the Air Force Aero Propulsion Laborvatory,
and by the Space and Missile Svstems Organization.
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This report covers the analvsis of data from the NTS-=2 solar cell
tlight experiments through its tirst 223 davs in orbit. This period began
7 July 1977 when the solar paddles were deploved, exposing the solar cells
to the total space environment. Figure [(a) shows the solar cell paddles
as thev were folded during launch and Fig. (b)) shows the sun-oriented
paddles after thev were deploved. The placement ot the solar cell experi-
ments on the bodvy ot the satellite i{s shown {n Fig. 2(a). A close-up
view of the modules as mounted on the two one-quarter inch aluminum honev-
comb panels is shown {n Fig. 2(b). A list of these experiments {s given
in Table 1.

The current~voltage characteristics ot the solar cell arravs are
telemetered in real time as the satellite passes over the tracking station
at Blossom Point, Marvliand. A tvpical -V curve atter corrections tor
solar aspect angle, solar intensity (dav-ot-the-vear) and corrected to 507C
is shown in Fi{g. 3. The average value of the short-circutt current (lg)
medasured {n space on the tirst day ot exposure agreed with the solar simu-
Lation values to 1.41 + 0.99 percent. The agreement between the open-
circuit voltage (V,.) on i{nitial space exposure and the solar simulator v
values was 1.4 + 1,02 percent. These results are shown in Table 11 and
Fable LII, respectively.

During the first 223 davs i{n orbit, Experiment #8, the Solarvex "low-
cost space cell" has ceased tunctioning. Fortunately this failure occurred
during a time while data were being recorded, allowing the abrupt manner
in which it tailed to be observed. The data indicate an open-circuited
condition. The suddenness of the taflure which occurred on day o9 {s
shown (n Fig. «.

Following a large and rapid drop in the maximum power (Pp,g) output
of the Solarex vertical junction cell around dav 185, as shown in Fig. 5,
the power output of the cells seems to have stabilized. The vertical
junction cell started out as an eftficient solar cell with a begfnning-ot-
lite (BOL) maximum power of o3 mW at 50°C. The vertical junction cell is
not vet a production tvpe cell; the data indicate the need tor turther
development. When the vertical junction solar cell reaches its tull
potential, {t will be a radiation hardened cell with high etticiency. The
performance of this cell will continue to be studied with great (nterest.
The decrease {n Pgpax output of the vertical junction cell bv day 223 was
40.5 percent. Results of thermal testing presently under {nvestigatfon
at the Alr Force Aero Propulsion Laboratory indicate that the large drop
in Ppax we have observed {s probably due to thermal degradation ot the
contact.




F{w. la - The NUS-2 satellite with solar paddles
tolded during launch

(‘-\
|

SOLAR ARRAY

SOLAR CELL
EXPERIMENT

#{a. Ib - The NUS-2 satellite with solar arravs deploved
and showing the location ot the two solar cell experiment

panels
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Fig. 2a - The NTS-2 solar cell experiments
in place on the body of the satellite

Fig. 2b - The NTS-2 14 five-cell module
solar cell experiments as mounted on the
flight panels
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Fig. 3 - A tvpical current-voltage data curve as received 4

from the NTS-2 satellite, corrected for solar intensity,
sun angle and to a temperature of 50°C
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After 223 days in orbit, the other solar cell experiments continue
to generally function well. Among the experiments of primary interest
is the Spectrolab '"Helios' cell. This cell was space qualified as one
- of the experiments aboard the NTS-1 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 GaAlAs
window. An array made up of Hughes Research Laboratory's gallium arsenide
(GaAlAs/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 other types
of cells. Although 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 Comsat textured cell in both configurations.
Although the two arrays start with approximately the same beginning-of-
life short-circuit current, the I . of the cells with the uv filter
(Experiment #6) degraded only 9.1 percent. However, the Ig. 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 unexplained.
Laboratory experiments indicate that solar cell degradation from ultra-
violet light is ot the order of 2 to 4 percent. The damage occurs during

ek




[A

V

WO 4 03 pIZJ[BWIOU [[2D SOF[3H qe[01392dS 3yl 3o uojlepelZap iamod wnmixeW - g “Z1J

11940 NI SAvd

(0.2 ovv 00v 09€ oce 08z ove 00C 091 1741 08 oy 0
! | I f § I T ¥ T | | J
— 0ot
— 0Z
— 0€
—10ov
3 — 08
° ® 9 ° i
Cecec g

o
ZW9/2 ABW-1 01 X Z :3DNINT3 IVNNNV G3LVIILSI
750G IUNLYYIdWIL 113D — 08
W GZ0'0 4INSYIA0D 13IHSOHIIW VIHID
06

(w2 v/ mw) g




4

(W0 /AW *Wy

x'

"Z@3 4 01 pazpiEmiou s} .

*1122 apjuasie uny(ie? sayZny

ay3 jo uolilepealap afeijoa 3yndajo-uado pue idMod wnumixel - [ “314

11840 NI SAvd

08y ovy 00 09€ (674 08z (1,24 00Z 09l ozL 08 oy

T T T T % ) T T T | T
ov - A
05 .

[ ) ]
ee %
[ ]

o ® - i ) Y LN ]

09+ x
_tl
oL b —
v
08 | =
oV
v
v

vvvy v v v v

06 "
A
8—[ —
FU9/3 ADW-L 0L~ Z 3DON3NTS TYNNNY GILVYWILSI
T 2,56-2,06 IHNLYHIJWIL 113D &
wd G0EN 0 dINSHIADD YIS AISN4 O¥6L ONINHOD

00L

06

(AW) P°A

0001

13




(OWV) 033z SSRW Jle pUR UNS-3UO 1B ) ()G 01 PA1IILIOD U3 IARY RIRD 393U,

9% 98¢ £ 19 00L SVentv THH eI
¢cl 6°ec 8°€9 £'€9 ASAH qr0110adg a1
661 £0v 8°9¥ 0Ly gSH “AUO) I'TD0 £1
Z2 91 £ce I'%¥ (WA poIp/M JSVH gejoiinadg Al
apoIp
8cl 0Ly 8'¢e A3 o/M dSVH qrlod1dadg 11
¢el 9'LG 999 c’L9 'S “WIOA T'ID0 01
10193(J2Y4
9°¢l ¢ 09 00L 099 sofaH “1%3], qe[onaadg 6
001 — 1'€9 909 [170) 27edg xarejog 8
¢9f £ee 2’29 1’89 ounp "U3A X2IR[OS L
A 2'€9 0L oL 'S "IX3], 1BSWO) 9
mmy
9'gg 96¥ L¥L CEA) o/M "G’ ] "IXA], 1BSWO)) g
MYy o/m s yg dad
R'8 g 0g v'gg 9'vg “1q4H "1%3 ], qr[o1103dg 2
'S d
011 9Ly g eg (A “1qAH "1xX3 ], qe[o10adg €
L'Z1 62¢ 909 6 LS (Z-SLN) SOl3H fejoaoadg A
R G '8¥ £9¢ 1'es wo-wyo g "Auo) ['1D0 I
4 "ON
£22 Arq 01 | NqIQ Wt nq10) 10jR[nuIIg 5d& 1, 170 0w
[ Ae(1sso1 % | €82 Aeq | ut 1 &eq ®[og -uadxy

o ZWD p/ gur) Inding 19mo g wInuIxR
syuawuadxq [[?)) [0S 10] 1ndin() 1Mo WNWIXR Z-SIN — Al 2192],

14




‘l

311910 ujp s£ep ggz 3ISAFI 2yl 12a0 siaued [[22 Ie[0S 3yl Jo 2inljeiadma] 3Zerasr YL - g
11840 NI SAvA

ove

174!

0oL

09

(174

T

0z 00z 8L 091 ovi
T f J I |

Z 13NVd 40 34NLVHIJW3L 3OVHIAY O

1 13NVd 40 34NLVHIdNIL 3OVHIAY

v

1

T

08
1

-

oy
T

I

@

QP

*214

0ol

174}

ovlL

091

(Do) IHNLVYHIdWIL

15




*ZU0 4 03 pazyjewiou aie ele(d

*1931}1J uor3oafax 32[0JABIITN UB INOYITM
PUB YIFA yloq [0 PaIN3ixXa3l 3IBSWO) 9yl JO UOTIBPBISSpP JUIIIND JFNOIFO-310YS - 6 314

11840 NI SAVA
o8 o OOF 0O€E O -082 Oz OOC O09L O0ZL 08 O

[ T T T | | T | I | | 1 Ar
— o8
— oot
— ozt

© goo ¢
® —~on
e
mm¢¢
<)
o 1MW
R e
XXXXX X
X

908l

o

H3LN4 O/M @ i
W3 /M X 00Z

ZW9/8 ABW-L , 0L X Z ‘3ONINTH QILVWILSI
200G IHNLYHIdWIL 113D — 02
dINSHIA0D VOIS G3SN4 0¥6L ONINHOD

ovZ

(W p/yw)

16




".....-------IIIIIIIIIIlIlIIll.lll.lllIllllllllllllll!!!!!!--'

the first tew days or weeks due to darkening of the adhesive. Perhaps
the laboratory experiments were not extended long enough or perhaps

there is some defect in the adhesive used in this case. [f the
degradation seen in the Ig. of these cells were caused by particle
radiation in the cell, the Voc¢ would be severely degraded. Figure 10
shows that the Vge of the cells with and without uv filter is essentially
the same, and the fill factor of Experiment #5 is also unaffected. The
knee of the I-V curve would be noticably "softened" if the cells had
suffered radiation damage.

Experiments #3 and #4 compare the effects of removing the ultraviolet
rejection filter from the Spectrolab textured hybrid cell. The coverslide
in Experiment #4, the one without the uv filter, is bonded with FEP Teflon.
Since there is no adhesive to darken, the absence of a uv filter should
have no effect. The data presented in Fig. 11 indicate that there is little
difference. The experiments began with a BOL maximum power of 53.5 mW
and 55.4 mW, respectively. At present, the Pj,¢ of #3 with a uv filter
is down to 47.5 mW (l1.0 percent) and #4 without a uv filter is down to
50.5 mW or 8.8 percent.

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 protons in NTS-2's twelve~-hour 63 degree orbit would be
equivalent to 2 x 1014 1-MeV electrons/cmi~yvear. The effect of the
natural trapped radiation environment was calculated from data available
from the National Space Science Data Center, NASA.15,16 Computerized
calculations were made of solar cell I~V curves as a function of temperature
and coverslip thickness, using a program developed for NASA Goddard Space
Flight Center.l7 1In this environment the solar cells in the power paddles,
consisting of Spectrolab Helios cells covered with 0.025 c¢m ceria micro-
sheet, would lose 26 percent in maximum power over the satellite-design
life of three vears.

The solar cell experiments have been in orbit a sufficiently long
time to experience enough radiation damage to allow one to make predictions
of future damage rates. The fluence of equivalent l-MeV electrons/cm®
experienced bv four (4) selected groups of solar cells bv day 200 is
tabulated in Table VI. The corrected space data for these experiments
are shown in Figs. 12-15. The experimental results from these experiments
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Table VI — NTS-2 Equivalent Fluence (1 - MeV e/cm?) Predictions*

OCLI Conventional

2 Q-cm, 10 mil cell, 12 mil FS Covership

Fluence Fluence Fluence
WL at 200 days at 1 yr at 3 yr

!,

b 1 136.0 mA 1.5 x 1014 8.7 X 10%¢ 8.2x 10
Voo | 548mV 3 x1o0!8 5.5% 1014 1.6 X 1014
P, | 56.5mW/4cm? 1.3 x 1014 2.4 X104 T % 104

i
Spectrolab Helios, 10 2 -cm, 9 mil cell, 10 mil Ceria Coverslip
Fluence Fluence Fluence

ROk at 200 days at 1l yr at 3 yr
I I 154 mA 1.3 X 1014 2.4 x 104 7.1 x 1014
Voo 545 mV 1 X 1013 1.8 x 1013 5.5 X 1013
P { 60.5 mW/4 ¢cm* 9 x1013 1.6 X 1014 4.9 X 1014

| Spectrolab Textured Hybrid. 8 mil cell, 6 mil FS Coverslip

L

! Fluence Fluence Fluence

3 BOL at 200 days at 1yr at 3 vr
lee 156 mA 5.0x 104 9.1 X 104 2.7 x 1015
Vo 522 mV 5.0 x 1014 9.1x 104 2.7 x 1016
P 53.8 mW/4 cm? 3.3 x 104 6.0 X 1014 1.8 X 1015

OCLI Violet

B Fl Fl Fl

| uence uence uence

t RS at 200 days at 1yr at 3 vr

( 166 mA 1 X103 1.8 % 104 5.5\ 1014
Voo 552 mV 2 x1013 3.7x 1013 1.1 x 1014
M 67.5mW/4 cm? 7.5 X 1013 1.4 x 1014 4.1 x 1014

*Cell data at 50°C
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indicate a more severe radiation environment than predicted. These data

were used to predict the estimated annual fluence and the fluence over

3 vears. The predictions were made according to cell type of each group

individually using curves published by the Jet Prunlsion Laboratoryl8
52

and updated computer models developed by NASA. LY The OCLI 2 ohm-cm
cell is used as a reference because the etffects of electron radiation on
these cells have been studied extensively. The Spectrolab Helios cell is
being considered tor the power syvstem tor NTS-3. The Spectrolab hybrid
cell and the OCLI violet cell are also being studied as possible choices.

lhe relative degradations of the cells mentioned above, as calculated
tor day 200, and predicted tor 1l year and 3 vears, are shown in Table VII.
It is worth noting that Goldhammer in the present experiment on ATS-621
observed a greater cell damage in a svnchronous orbit than had been pre-
dicted by previous experience.

Although the reason for the greater degradation is not vet fully
explained in our case it may be associated with the inadequacy of
existing computer codes to model the space environment as it actually
exists.

Solar data are being recorded weekly, and monthly updates ot processed v
data are prepared. The experimental panel temperature has stabilized
near 100°C.

conclusions

The NTS=2 solar cell flight experiments are operating quite success-
fullyv. Good quality data in the form of [-V curves are being received.
The results indicate areas where turther study is needed. The fact that
a more severe radiation environment than was predicted is being experienced
emphasizes the need for improvements in the computer codes that are used
to make such predictions. The NTS-2 experiments are extremely important
to tuture satellite programs because they provide the opportunity to
continue the evaluation of several tvpes of high etficiency solar cells
in a hard radiation environment, and to also make a direct comparison to
a flight-quality conventional solar cell and to the Helios cell which was
flight qualified on NTS=1.

Acknowledgements

The author expresses her appreciation to the tollowing people for their
contributions to this work: R.L. Easton, Head of the Space Applications
Branch; J.A. Wise of the Alr Force Aero Propulsion Laboratory: J.F. Allison
of COMSAT Laboratories: R.J. Lambert, Code 6623, for his help in data reduction;
and B.J. Faradav, Head, Radiation Etfects Branch. The suggestions and en-
couragement from Mr. Richard L. Statler, Section Head, are especially
apprecifated.

26




Iable VII ~ Percent of 1., Voo and Py Remaming after 200 Days i Orbat
and Predictions for Percent Remaining at 1 yrand 3 yrs*

OCLI Conventional, 2 §2-cm, 10 mul cell, 12 mil 'S Coverslip

Relative Relative Relative
BOL Degradation Degradation Degradation
at 200 days at 1 yr at 3 yrs
} P 136.0 mA 91 87 81
V- S48 mV 08 07 R
P 56.5 mW 4 cm? 87 82 75
:._ ST
‘ Spectrolab Helios, 10 £2-¢m, 9 mil cell, 10 mil Certa Coverslip
fe
Relative Relative Relative
BOL Degradation Degradation Degradation
at 200 days at 1 yr at 3 yrs
S v
| 154 mA 95 91 87
Vo 545 mV 48 D6 93
Po 60.5 mW /4 cm* 88 84 76
Spectrolab Textured Hybrid, 8 mil cell, 6 mil FS Coverslip
Relative Relative Relative
BOL Degradation Degradation Degradation
at 200 days at 1 yr at 3 yrs
lee 156 mA 93 90 82
Voo 522 mV .96 D4 D0
P 53.8 mW/4 cm? 90 87 T4
OCLI Violet, 10 mil cell, 12 mil FS Coverslip
Relative Relative Relative
BOL Degradation Degradation Degradation
at 200 days at 1 yr at 3 yrs
. 166 mA 90 .84 .80
Voo 552 mV 98 07 KK
P 67.5 mW/4 cm? 87 83 78
*Cell data at 50°C
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