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Summary: We have developed high-efficiency homojunction 1 cm X 2 cm InP space solar cells by
diffusing In,S; into p type InP substrates and investigated their fundamental characteristics such as
electrical and mechnical characteristics and thermal properties. On the radiation resistant mechanism
of InP cells, we have studied InP cells fabricated at NTT Laboratories and found superior properties
such as room temperture annealing and minority carrier in jection enhanced annealing phenomena for
radiation-induced defects in InP crystals with 1 MeV electron irradiation. We have also found that InP
cells are superior to Si and GaAs cells in radiation resistance owing to the energy band structure and
lower defect introduction rates of InP cells. Various tests were conducted to evaluate the developed
InP cells in simulated space environments and to give them the qualification for space applications. In
irradiation tests, proton energy was varied from 0.015 to 15 MeV with a fluence ranging from 10'! to
10" protons/cm? and electron energy was varied from 0.5 to 3 MeV with a fluence ranging from 104
to 10'° electrons/cm?®. As a result, we have confirmed that series resistance in the InP cells increases
owing to a decrease in the majority carrier concentration at higher fluences even for proton
irradiation. The developed InP cells were mounted on the twelfth scientific satellite “EXOS-D” as a
radiation degradation characteristic instrument. The cells were also mounted on a lunar orbiter on
board the thirteenth scientific satellite “MUSES-A” as a power source for the orbiter. We succeeded
in working those InP cells in orbit. Large decreases in the short circuit current and in the open circuit
voltage for the InP cells without coverglass on board the twelfth satellite turned out to be due to lower
energy proton irradiation with our new analytical model. However, it has been confirmed that no
degradation of the InP cells occurs by using thin coverglass of 50 um in thickness. In the lunar orbiter,
output power of its solar array was constant as predicted till the separation from the thirteenth
satellite to place the orbiter in orbit around the moon. We have concluded that the InP solar cells are
applicable to space solar cells under severe radiation environments in orbit.
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1. INTRODUCTION

So far, Si solar cells have been used as a primary power source for space
applications. However, recently power consumed by bus subsystems and scientific
instruments for scientific satellites has been increasing remarkably because they have
become larger and required more power for sophisticated and fine attitude and orbit
control and scientific observations. In order to satisfy the requirement of the increase
in consumed power, large structured solar cell arrays must be installed in the
satellites. This tendency is disadvantageous to the satellite system weight since the
payload capability of launch vehicles is limited. Under these circumstances light-
weight, high-efficiency solar cells, i.e., cells with a large power to mass ratio are
required. Thus, we, first of all, have developed high efficiency InP space solar cells.

Yamaguchi et al. [I] have recently fabricated InP solar cells at their laboratory,
demonstrating 18 % conversion efficiency under the Air Mass 0 (AMO) condition.
Solar cells for space applications, however, must also be resistant to space radiation
such as charged particles (electrons and protons) in the Van Allen belt. They [2, 3]
have reported that InP solar cells are superior to Si and GaAs cells in radiation
resistance. They have also observed room temperaturc recovery phenomena of
radiation damages in InP cells [4] and annealing phenomena for radiation-induced
defects in InP cells due to minority carrier injection under light illumination and
forward bias application [5]. Such superior radiation resistance of InP cells suggests
that they are promising for space applications.

In order to realize InP space solar cells, it is necessary to conduct and evaluate
proton and electron irradiation tests of the developed InP solar cells in wide energy
range on the ground [6, 7]. The cells were irradiated with 0.015-15 MeV protons with
a fluence ranging from 10" to 10'* protons/cm?, and with 0.5-3 MeV electrons with a
fluence ranging from 10'* to 10'° electrons/cm®. As a result, we have confirmed that
series resistance in the InP cells increases owing to a decrease in the majority carrier
concentration at higher fluences even with proton irradiation. We have also carried
out their various environmental tests.

On the basis of these results we succeeded in launching two scientific satellites with
the InP cells equipped with an instrument for monitoring their radiation degradation
characteristics and with a lunar orbiter using the cells as a power source.

From flight data obtained with the instrument on board the twelfth scientific
satellite, large decreases in the short circuit current and in the open circuit voltage for
the cells without coverglass were observed. An analysis with our new model showed
that the degradation is due to lower energy proton irradiation. However, we have
confirmed that the use of thin coverglass of 50 um in thickness prevents the
degradation of the InP cells

In the lunar orbiter, output power of its solar array was constant as predicted till the
separation from the thirteenth scientific satellite to place the orbiter in orbit around
the moon.

Payload savings resulting from the radiation resistance of InP solar cells are
especially favorable for large spacecraft. Weinberg et al. [8] have recently proposed
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the adoption of an InP solar array with power generation capability of 12.2 kW at 5
years for a polar-orbiting platform, EOS (Earth Observing System) to be launched in
late 1997 to study the Earth’s environment and to advance the knowledge of both
natural and human-induced global change. As can be seen with such an example, it
seems that InP cells will be used more frequently for large spacecraft power systems in
the future.

In this paper, we will mainly describe fabrication, fundamental characteristics,
proton and electron irradiation tests, various environmental tests, and flight
experiments of the developed InP solar cells.

2. CELL FABRICATION

We have developed high-efficiency homojunction indium phosphide solar cells by
closed-ampoule diffusion of In,S; into p type substrates. Since InP solar cells have
lower surface recombination velocity than that of GaAs solar cells, high efficiency can
be expected with simple structure without a window layer. A large-scale, commercial
process to produce InP solar cells has been developed.

Figure 1 shows the processing steps of our InP solar cell fabrication. The cell
structure is shown in Fig. 2. More than one thousand three hundred 1 cm X 2 cm cells

—
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2. Diffusion <+—/—p-type InP
”’//#///////////l/d‘é\ﬂﬁ . .
pn junction

3. Etching of the rear surface sn*-layer

/‘ p-type InP
4. Ag-Zn evaporation — Ag-Zn

& annealing
5. Ag electroplating Pd

on the rear surface 7
| /

6. Pd evaporation
& lift-off

7. Ag electroplating
on the front surface

8. Mesa-etching
9. AR sputtering & lift-off

10. Scribing

11. Characterization

Fig. 1. Processing steps to fabricate n*—p homojunction
InP solar cells.
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Fig. 2. Cell structure.

for the lunar orbiter were produced with the same process. The summary of the cell
fabrication is described below.

2.1 Diffusion

The n*-p homojunction of the InP solar cells was formed by diffusing sulphur into p
type substrates which were grown in-house by liquid encapsulated Czochralski (LEC)
method and supplied as two-inch polished wafers. The wafers were 400 pm thick,
(100)-oriented, and doped with Zn to a carrier concentration of 2-5 x 10" cm ™
as-grown; it should be noted that the carrier concentration measured after diffusion
was 5-8 X 10'© cm™3 [9]. The diffusion was carried out in a sealed quartz ampoule
(~1.2 liter in volume) as shown in Fig. 3 at 675 °C for 3 hours. In,S; (4.5 g) was used
as a diffusion source, and red phosphorus (0.4 g) was added to prevent thermal
decomposition at the diffusion temperature. The surface carrier concentration was
approximately 7-8 X 10'* cm™* and the formed junction depth, x; was about 0.3 um.
In one diffusion cycle, three hundred 1 cm X 2 cm cells were fabricated from 50
two-inch wafers.

A series of experiments were carried out to investigate the dependence of solar cell
parameters on diffusion temperature, Td. The diffusion was conducted for 3 hours at

cap red In,S; InP wafers (50 pieces)
‘ phosphorous l spacer /
!

T 7

66 mm ¢

l H DN
BODD

44— 350 mm
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Fig. 3. An apparatus for diffusion process.

This document is provided by JAXA.



InP Solar Cells and their Flight Experiments 5

a temperature from 600 to 720 °C. The substrate carrier concentration before diffusion
was 1-2 x 10'® cm ™. Figure 4 shows the SIMS (Secondary Ion Mass Spectrometer)
profiles of sulphur in the cells diffused at different Td. Although x; is not correctly
known for the cells diffused at 600 and 630 °C owing to the shallow junction or the
high background level, X; can be estimated to be 0.22, 0.34, and 0.46 um for the cells
diffused at 660, 690, and 720 °C, respectively. Figure 5 shows the dependence of solar
cell parameters on Td. The open circuit voltage, Voc is almost constant and
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independent of Td. The short circuit current, Isc has a peak around 660 °C. Since x;
drastically changes with Td as shown in Fig. 4, this insensitivity of Isc for x; is rather

surprising [10]. Figure 6 shows the spectral response of these cells.

We have intensively investigated the influence of the substrate carrier concentation,
p on n™-p junction characteristics and solar cell parameters. Diffusion was performed
at 675 °C for 3 hours. Figure 7 shows the depth profiles of the carrier concentration of
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the cells with different p, whose profiles were measured by an electrochemical
method. The junction depth x; drastically decreases with increasing p.

Figure 8 shows the dependence of solar cell parameters on p. The open circuit
voltage Voc increases up to 10" cm™ reflecting the built-in potential of the n*-p
Junction, and then decreases owing to the large decrease in Isc and degradation of the
n"-p junction. The degradation is due to the shallow junction and double doping into
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the p type substrate with a high carrier concentration, which increases the
recombination in the space charge region and so degrades junction quality.

The fill factor, FF is constant and remains as high as 0.84 up to 6 X 107 em™*. It
abruptly decreases at 3 X 10'® cm ™ of p owing to both a large sheet resistance of the
n* layer (x;=0.04 um) and the degradation of junction quality.

The decrease in Isc is caused by that of the spectral response, SR in the longer
wavelength region as shown in Fig. 9. The decrease in the minority carrier diffusion
length in the p type substrate with increasing Zn impurities degrades SR in the longer
wavelength region. The decrease in x; with increasing p also degrades SR in the longer
wavelength region. As a result of the dependence of Isc, Voc, and FF on p, the
conversion efficiency, 1 slowly decreases with increasing p up to 10'7 em™? and then
abruptly decreases. Since radiation resistance of InP solar cells increases with
increasing p [3], we infer that the optimum p range is 5-10 x 10" em .

2.2 Electrode Fabrication

After removal of the diffused layer on the rear surface, full-area, back ohmic
contacts were formed with vacuum evaporation (0.1 um in thickness) of Ag-Zn alloy
(5 wt.%) followed by annealing at 420 °C for 2 min in flowing H, gas. Then, Ag (1 um
in thickness) was electroplated onto the annealed Ag-Zn layer to reduce the series
resistance. Front ohmic contacts consist of evaporated Pd (500 A in thickness) and
electroplated Ag (3-5 um in thickness) which were patterned with conventional
lithographic technique. The contact grid lines are 25 um wide and the spacings
between the grid lines are 975 um. The size of the contact pad is 6 mm X 1.8 mm; the
sum of the electrode area amounts to the shadow loss of about 9 %. No annealing was
made for the front contacts. Adhesion of the negative contacts to the n™ layer has
been improved by using Ag/Pd instead of conventional Ag/Pd/Ti. We have confirmed
for the first time that this new metal structure of Ag/Pd has excellent reliability for the
InP solar cells.

2.3 Mesa-etching

After electrode fabrication, the InP cells were made into mesa-type devices by
etching the top edges (20 um in width) of the cells using photoresist as etching mask. It
was found that mesa etching increased cell output despite an active area loss of 0.6
percent.

Figure 10 shows typical Log(I)-V characteristics in the dark for the cells with and
without mesa etching. The average solar cell parameters of six cells with and without
mesa etching, which were fabricated from one wafer, are summarized in Table 1 with
their standard deviation, SD. The large improvement in the ideality factor, n and the
reverse saturation, J, by mesa etching enables the high values of the voltage Voc and
the fill factor FF. Figure 11 shows the spectral response of the cells with and without
mesa etching. The spectral response in the shorter wavelength region less than 700 nm
is slightly improved by mesa etching.
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Fig. 10. Typical forward I-V characteristics in the dark for
cells with and without mesa etching.

Table 1. Average cell parameters of six cells with and without mesa-etching.
Mesa- cell Voc Isc FF n n Jo
Etching | no. (mV) (mA) (%) (%) (A/cm?)
with 6 Ave. | 832 62.2 84.3 16.2 1.12 2.80x107'4
(SD)| (0.00) (0.27) (0.25) (0.09) | (0.02) (1.8x10~'%)
without | 6 Ave. | 830 61.1 82.4 15.6 1.35 4.93x107'2
(SD)| (0.47) (0.31) (0.33) (0.10) | (0.05) (5.8x107"3)
* Conditions:
-AMO
-20°C
-1x2 cm?

-AR Si;N,/ZnS

2.4 AR Coating Fabrication

Si3N4/ZnS were sputtered as antireflection (AR) coating. The AR structure of
Si;N,/ZnS was selected as it provided maximum efficiency for the cells with
coverglass. The AR coating film on the mesa-etched region and the contact pad was
removed with lift-off process for the following scribing and welding process.

Figure 12 shows the calculated reflectance as a function of wavelength for Si;N,/ZnS
coated cells with and without coverglass. The average reflectance between 400 and 900
nm is about 10 % for the cells without coverglass, reducing to about 3 % for the cells
with coverglass.
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2.5 Scribing

After the completion of the above process on wafer, six 1 cm X 2 cm cells were
produced from each wafer by scribing along the center of the mesa-etched trenches.
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2.6 Welding and Coverglass Installation

Fifty micron thick coverglass made of borosilicate [11] was attached on the cells
with 3040 um thick silicone rubber after welding was performd with the parallel gap
welding equipment. The coverglass installation was performed by vacuum adhesion
process.

3. CHARACTERISTICS

In this chapter we describe fundamental electrical and mechanical characteristics
and thermal properties of the developed InP solar cells and charged particle radiation
effects of InP cells fabricated at NTT Laboratories. Of electrical characteristics, the
dependence on the light incident angle and the light intensity is excluded here.

3.1 Electrical Characteristics

The average parameters of 1,080 InP solar cells produced for the lunar orbiter (LO)
including the conversion efficiency 7, the open circuit voltage Voc, the short circuit
current Isc, and the fill factor FF are summarized in Table 2. The distribution of n of
1,000 cells with or without coverglass is shown in Fig. 13. The solar cell parameters
were measured under conditions of AMO, 20 °C with a Spectrolab solar simulator
(MK-II). Data of our cell characteristics measured at NASA Lewis Research Center
were used for calibrating the light source intensity. Figure 14 shows the typical I-V
characteristic of a cell for the lunar orbiter.

The temperature dependence of the solar cell parameters was also obtained. The
dependence of the maximum output power, Pmax, Voc, and Isc was shown in Fig.

Table 2. Average cell parameters of 1,080 cells with cover-
glass.

Cell No. | Voc(V) |Isc(mA)| FF(%) | n(%)

AVE. 1,080 0.828 62.5 83.7 16.0
(S.D.) 0003 | (12) | 07 | (03
800

" I ~ O without CG
T w0 with CG __|
B

o

3 400

g !

(=}

Z 200 T .

Tl

14.0 146 152 158 164 17.0 17.6
Efficiency (%)

Fig. 13. Conversion efficiency distribution of 1,000 InP
cells.
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Fig. 14. Typical I-V characteristic of an InP cell with
coverglass under illumination.

15(a), (b), and (c). The temperature coefficients of those parameters were —0.10
mW/cm? °C, —1.84 mV/°C, and 0.09 mA/cm? °C, respectively.

3.2 Thermal Properties

Operating temperature of solar cells in space is important for power generated
during projected lifetime of satellites because the cell maximum power depends
strongly on their temperature. The operating temperature is mainly determined by
two thermal parameters: solar absorptance and total hemispherical emittance of cells.
It is well known that these parameters tend to vary with elapsed time in orbit. From
this point of view, thermal properties of the InP solar cells must be investigated
quantitatively. Thus, the solar absorptance, as and the total hemispherical emittance,
€y, of the InP cells have been obtained with our simultaneous measurement [12, 13].
Principle for the measurement is shown in Fig. 16. The solar radiation of the intensity,
S illuminates a test sample vertically, and the sample temperature in equilibrium, Ts,
is measured. In the next step, sample temperatures, Ts; and Ts, corresponding to two
input levels of heater power, P; and P, are measured under the above solar radiation.
In this case, three sets of thermal balance equations on ag and € are given as follows:

SACYSZAE}{UTS()4+ K(TS()_TB()) s
SA(X3+P1 ZAGHO'TS|4+K(TSI _TBI)’
SAas+P,=Ae€,0Ts,* +K(Ts,—Tgy),

- where A is the sample area, K the heat conductance of thermal insulation, o Stefan
Boltzmann constant, and Tgg, T, and Ty, each equilibrium temperature of a base
plate under solar radiation and heat power inputs, respectively. Solving these
simultaneous equations, we can obtain the parameters as, €y, and K by the following
equations.

This document is provided by JAXA.



InP Solar Cells and their Flight Experiments 13

48 T T T T T T T T T T ’
—0.101 mW/°C
47 - -
- . -
46 - 'Y -
B 4k _
E s ° )
X a4t .
L . -
43F 1 cmX2 cm -
3 AMO ° “
421 Measured at NTT "1
41 1 1 1 1 1 L 1 1 1 1 1 T
10 20 30 40 50 60
Temperature (°C)
(a) Pmax
0.88* L3 l Ll l T ' L] I L) l ¥
0.86 - —1.84 mV/°C
= . -
0.84 |- =
L ™ -
S 0.82 [ o ]
(&)
§ 0.80 [ o 1
0.78 F 1 cmX2 cm -
L AMO . ;
0.76 |* Measured at NTT ?
0.74 1 1 1 1 1 1 1 | 1 1 1
0 10 20 30 40 50 60
Temperature (°C)
(b) Voc
67 L L N L B e a— T
+0.09 mA/°C +
— 66 " ~
<
\E, ®
K i b ° ° 1
[ ]
65 1 cmX2 cm 7
? AMO ]
Measured at NTT
64 1 N | ST D | .
0 10 20 30 40 50 60
Temperature (°C)
(c) Isc

Fig. 15. Temperature dependence of maximum output pow-
er, open circuit voltage, and short circuit current.

This document is provided by JAXA.



14

ISAS Report No. 644

Solar Illumination

P
1 i 1 ‘ €y 0 -
L P,
g a g S Pl i
Sample A SEL l
Heater a, Ts Time
T,
]
Thermal K 3
Insulation o ‘5 T Te
[~ B 2 s
Tn % 5 Too l
« = Time

Fig. 16. Principle for measurement.

_ P1(T524“TSU4)_Pz(T514‘TS()4)
T A(Tsy* =Tsy)=Ay(Ts,*=TS")
_ Tsy*Pi—K(AT,Ts,'— AT, Ts,")
B SA(Ts,*—Ts*) ’
o P,—K( AT,— AT,)

H Ao(Ts*=Tsy')

ATy=Tsy—Tgy.

K

AT, =Ts;—Tgy,
AT,=Ts,—Tga,
A =AT,— AT,
A>,=AT,— AT,

The following assumptions are adopted here: i) the temperature dependence of €;; can
be neglected within the sample temperature change, ATs (=Ts, —Ts,) and ii) the heat
loss through the side surface of the thermal insulation block is negligible.

The thermal properties of the InP solar cells without coverglass are shown in Table

3 along with those of Si cells with ITO coated coverglass of 50 um in thickness. As was
expected that from the ratio, a,/€ obtained in Table 3, the InP cells show higher
temperature in orbit than the Si cells do, the InP cell temperature on flight data
obtained from an absorptance/emittance measurement on board the twelfth satellite
was actually higher by 15°C and showed 100°C during the sunlit period in orbit.

Table 3. Thermal property data of solar cells.

Sample a; &4 | Abbreviation
ITO/Coverglass (50 um)/Si Solar Cell 0.73 | 0.79 Si
Antireflection/InP Solar Cell 0.83 | 0.57 InP
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InP Solar Cells and their Flight Experiments 15
We can apply the above method to the measurement of thermal properties of other
surface materials even in space.
3.3 Mechanical Characteristics

As mechanical failure states of the solar cell itself, the following are considered.

1) Crack
2) Chip
3) Nick

4) Electrode delamination

5) Antireflection coating film delamination
The above defects can result in part of the factors of cell electrical performance
degradation. Especially under environments such as shock and vibration during
launch period and ultraviolet ray and charged particle irradiation and thermal cycling
in orbit, solar cells for scientific satellites are required not to cause the above
mechanical defects.

In general, it seems that InP solar cells are brittler than Si cells in mechanical
intensity. Because of this confirmation, mechanical intensity of an InP cell was
measured in two ways: compression and three point bending methods. The
configuration for the measurement is shown in Fig. 17(a) and (b). The measured result
is shown in Table 4 including that of a Si cell of 280 pum in thickness. From this table, it
is found that the InP cell is able to withstand about 60 % smaller load than the Si

Direction of load applied
InP |

solar cell \ R4.8

( ]

I
\¢6cm
(a) Configuration for compression test

z

InP Direction of load applied
solar cell ﬂ
: R4.8 l l
L J [ ]

N

10cm

(b) Configuration for three point bending test

Fig. 17. Configuration for mechanical intensity measure-
ment.
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Table 4. Measured results of mechanical intensity.

InP Cell (400 um thick) Si Cell (280 um thick)
No — — — —
Compression | Three Point | Compression Three Point
Test Bending Test Test Bending Test
1 2.80 kg 1.16 kg 5 kg over 4.77 kg
2 2.24 1.74 " 2.16
3 3.08 1.48 ! 3.55

cell. Besides, as destroyed circumstances the Si cell was broken radially and the InP
cell was cracked linearly. Generally the brittleness of solar cells depends considerably
on the plane orientation of their substrates. We can expect more improvement in the
mechanical intensity of the InP cells by using the substrates with off-cut plane instead
of such low index plane.

From the viewpoint of the above mechanical intensity, the protection against chip,
nick and so on, and the ease of surface cleaning on InP cells, it is thought it is essential
for the LO cells to install coverglass on them. Thus, 50 um thick coverglass was
adopted. As a result, the weight allocation for an LO cell is shown in Table 5.

Table 5. Weight allocation of an InP solar cell.

r Constituent T
elements Weight (g)
Cell (1x2 cm?®) 0.380
Coverglass 0.026
Adhesive 0.022
Interconnector 0.011
Total 0.439

3.4 Charged Particle Irradiation Effects

In this section, the mechanism of radiation resistance of InP solar cells mainly with 1
MeV electron irradiation already studied in DLTS (Deep Level Transient Spectros-
copy) method, etc. is reviewed by comparing irradiation effects on InP cells with those
of GaAs and Si cells [14].

3.4.1 Radiation Resistant Characteristics of InP Solar Cells

As a result of the evaluation of the effects of Co® gamma ray and 1 MeV electron
irradiation on n* —p junction InP solar cells [2, 3], Yamaguchi et al. have found that
InP solar cells are superior to Si or GaAs cells in radiation resistance. Figure 18 shows
changes in relative conversion efficiency of InP solar cells with various kinds of
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Fig. 18. Changes in air mass 1.5 relative conversion efficien-
cy for InP solar cells with various structures, Si, and
GaAs solar cells as a function of 1 MeV electron
fluence.

structures under 1 MeV electron irradiation in comparison with those of Si and GaAs
cells. In the cells with the structures studied, it is found that their conversion efficiency
is maintained high even at higher irradiation fluences and that the InP cells are much
more resistant to radiation than Si or GaAs cells. The radiation resistance precedence
for the cell structures is as follows:

p*—n=n"—p—p">n*—p>p*—i-n.

Figure 19 shows that the radiation degradation of the InP solar cells is due mainly to
the decrease in the short circuit current resulting from the degradation of the minority
carrier diffusion length based on lattice defects (i.e., recombination centers)
introduced by irradiation. At higher irradiation fluences, it is found that a rapid
decrease in FF is caused by the increase in the series resistance due to the decrease in
the majority carrier concentration by means of trap centers. As shown in Figs. 20 and
21, changes in the minority carrier diffusion length and the majority carrier

0.5

01014 ' 10]5 1016 1017

1 MeV electron fluence ¢ (cm™2)

Normalized value of n, Isc, Voc, FF

e
02

—_
©

Changes in relative cell parameters for a n*-p
junction InP soar cell as a function of 1 MeV
electron fluence.
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concentration with 1 MeV electron irradiation cause the decrease in the short circuit
current density J., Voc, FF, etc. These can be seen from the following equations.

J=qgL,

1) e~ Weoo? < 1/Lg" = 1/L*=0Nrv/D,

(1)
(2)
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Voc=(nkT/q)In(J,/Jy+1), 3)
Jop—=Joo=qn;WD(1/L,*—1/Lo?)=qn;WoNTrv, @)
FF=f(Rs), (5)
Rs,—Rsp=(1/qu)(1/Ny—1/Ny)

=(1/qu)Nmaj/No(No—Nmayj), (6)

where the suffixes, 0 and ¢ mean before and after irradiation. q, g and o are
electronic charge, the generation rate of hole-electron pairs due to incident light, and
the capture cross section for a minority carrier, respectively. Nr is the number of
recombination centers introduced by irradiation, v is the thermal velocity of the
minority carrier, D is the diffusion coefficient of the minority carrier, n is the diode
factor, k is Boltzmann’s constant, T is the absolute temperature, Jo is the dark current
density, n; is the intrinsic carrier density, W is the width of the depletion region, Rs is
the series resistance for a solar cell, u is the carrier mobility, and Nmaj is the number
of majority carrier trap centers introduced by irradiation.

The p*-n type cells can suppress the increase in the series resistance caused by
irradiation in the case of using n type substrates and are superior in radiation
resistance. The n*-p-p™ type cells have the same property as the p™-n type cells by
introducing p™ layers. On the one hand, the carrier generation recombination current
due to recombination centers generated in i layers by irradiation increases in the
p*-i-n type cells. The decrease in Voc is also caused as shown in Fig. 22. From the
viewpoint of efficiency and radiation resistance for the p*-i-n cells, the optimum
thickness of the i layers ranges from 0.5 to 1 pm as shown in Fig. 23.

1 L‘ﬁ?—'&:

0 (JSC)/(JSC)()

Relative value

05 A (Voc)/(Voc),
O n/no
0 ! 1 1 |
10" 2 5 106

1 MeV Electron fluence ¢ (cm™2)

Fig. 22. Changes in cell parameters of InP solar cells with
p*-i-n structure under electron irradiation.

Recently, Weinberg et al. [15] have also studied the effect of 10 MeV proton
irradiation on InP solar cells and confirmed their superior radiation resistance. Figure
24 compares the 10 MeV proton irradiation effect of InP cells with n™-p junctions
(made in NTT) with that of GaAs cells with n*-p junctions (made in MIT) and Si cells
with n™-p junctions and back surface reflectors (made in Spectrolab). It is found that
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Fig. 23. Numerical analysis results of dependence of nor-
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trations with 1 MeV electron irradiation.
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InP cells are resistant to proton irradiation as well as gamma ray and electron

irradiation.

Figure 25 shows the dependence of electron irradiation characteristics of the InP
cells with n™-p junction on the carrier concentration in p type substrates [3]. One of
the features of these irradiation characteristics is to be more resistant to the above
electron irradiation, as the carrier concentration in the InP substrates becomes higher.
This is because the decrease in the minority carrier diffusion length and the majority
carrier concentration under irradiation is suppressed with increasing impurity
concentration in the substrates as shown in Figs. 26 and 27.
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Fig. 26. Changes in damage coefficients for diffusion length

K. in InP, GaAs, and Si determined with 1 MeV
electron irradiation as a function of material carrier

concentration.

e 10

g

Q

=

=

>

2 \ -InP

§ 1l TP °

5 Y

= RN

8 \‘o\\ n-InP

\\\\\\1‘
0.1 ] l d
10l5 1016 1017 10!8

Carrier concentration p, n (cm™3)

Fig. 27. Dependence of carrier removal rate on InP single
crystal carrier concentration under 1 MeV electron

irradiation.
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Besides, Yamaguchi et al. have found the following interesting phenomena on
radiation damage behaviors of the InP cells.
1) Radiation-induced defects in the InP cells are readily mobile at room temperature
and annihilate according to the following equation; the InP cells recover from
radiation damage even under room temperature exposure as shown in Fig. 28 [4].

Nd=Ndyexp(—At,), (7)

where Nd is the defect concentration, Nd, is the initial defect concentration, A is
the annealing rate, and t, is the annealing time. It has been found that such
annealing effect of radiation-induced defects is observed in both n type InP and p
type InP materials and that annealing rate increases with increasing carrier
concentration. The room-temperature recovery phenomena of radiation-induced
defects in the InP cells are not observed in GaAs cells [16].

2) InP cell characteristics degraded by irradiation readily recover with minority
carrier injection by means of light illumination and forward bias application as
shown in Fig. 29. The reason is as follows: the annealing rate under minority
carrier injection, A" is increased by 6-7 orders of magnitude compared with the
thermal annealing rate in Eq. (7) and radiation-induced defects rapidly
annihilate, so that the minority carrier diffusion length mainly recovers.
However, this annealing phenomenon with minority carrier injection is more
remarkable in the n™-p cells than in the p*-n cells. Moreover, this phenomenon
at room temperature is not observed in GaAs cells.

3) In relation to the phenomenon 2), the radiation degradation of the InP cells by
irradiation under solar cell operation was decreased compared with that under no
operation as shown in Fig. 30 [17]. The reason is considered as follows: rapid
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Fig. 30. Changes in air mass 1.5 conversion efficiency for
n”-p junction InP solar cells under light illumina-
tion or dark condition as a function of 1 MeV
electron fluence in comparison with radiation
effects for Si or GaAs solar cells.
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radiation-induced defect annihilation due to the annealing rate enhanced with
minority carrier injection (A*) is caused together with defect generation by
irradiation and the degradation of the minority carrier diffusion length is mainly
prevented as shown in the following equation.

A(1/LY)=1/Ly*—1/Ly
=(KLI/A*){1=exp(-A't)}, (8)

where K, f, and t are the damage coefficient, the irradiation flux, and the
irradiation time, respectively. As a result, the decrease in the short circuit current
is alleviated. This phenomenon is also considered peculiar to InP cells.

3.4.2. Difference Between Radiation Resistance Characteristics of Si Solar Cells and
Compound Semiconductor Cells

The reason why Si solar cells are less resistant to radiation than compound
semiconductors like GaAs and InP cells is not because the introduction rate of
radiation-induced defects in Si semiconductors is larger than that of compound
semiconductors. We discuss the difference between both introduction rates.
Generally, one of the factors of solar cell characteristic degradation is the decrease in
the minority carrier diffusion length. The change in inverse square of the diffusion
length, A(1/L?) and the irradiation fluence ¢ are related with the following equation.

A(1/L?)=1/L,*—1/Ly
=2A(Eg)iocivg/D=K_ 9, 9)

where A(Ep); is the probability that an incident particle produces the i-th
recombination center (radiation-induced defect), oc; is the capture cross section for
the minority carrier.

Then, We can compare K; of Si in Eq. (9) with that of compound semiconductors
and investigate the difference between the radiation-induced defect introduction rates
for both semiconductors.

Figure 31 shows changes in the damage coefficient K, with 1 MeV electron
irradiation in p type InP crystals together with Si and compound semiconductor
crystals [18-20]. The damage coefficient Ky_ in the p type InP crystals becomes smaller
with increasing carrier concentration, which is regarded as a proof of the dependence
of radiation damage chracteristics on the carrier concentration in the InP solar cell
substrates in Fig. 25. As mentioned later, this reflects the dependence of the room
temperature annealing rate for radiation-induced defects on the impurity concentra-
tion in the InP crystals. A higher impurity concentration in the crystals results in a
larger annealing effect and a smaller damage coefficient at room temperature. In
contrast with this, the Si and the GaAs crystals show a counter tendency since the
latter damage coefficient becomes larger with increasing carrier concentration. As
already known, radiation-induced point defects such as interstitial atoms I and
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Fig. 31. Changes in damage coefficient for diffusion length
in InP, Si, and GaAs crystals with 1 MeV electron
irradiation as a function of carrier concentration.

vacancies V in Si crystals annihilate at a low temperature less than 150 K and defects
observed at room temperature have vacancy-impurity complex structure like V-O,
V-P, and V-B. Therefore, the room temperature damage coefficient tends to increase
with increasing carrier (impurity) concentration in Si crystals. In addition, as to the
dependence of the damage coefficient on the carrier concentration in GaAs crystals,
their radiation-induced defects do not mean the same complex defects combined with
impurities as those of Si crystals. As shown in the following equations, the
dependence reflects that the position of Fermi level, Ex moves as the carrier
concentration varies and that a probability at which the recombination centers with
the energy level, Er; capture a minority carrier changes.

A(1/L*)=3(Eg);0:f(Er;)v/D, (10)
f(Er;)=exp[(Er—Er;)/kT|, Eg<Er; (11)
f(Er)=1, Ep=Er. (12)

From Fig. 31, it is shown that the radiation-induced defect introduction rate for InP
crystals is lower than that of GaAs crystals and that InP crystals have superior
radiation resistance. However, the introduction rate for compound semiconductors is
not always lower than that of Si crystals.

The fact that compound semiconductor solar cells are superior to Si cells in
radiation resistance is due to the difference of the energy band structure for these
materials as shown in Fig. 32. In this figure, we assume that a distribution for the
light-induced carrier density collected at the surface junction in Si and III-V
compound semiconductors is expressed by « - exp(—ax) - exp(—x/L). It can be seen
that those compound semiconductors seldom suffer a decrease in the spectral
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Fig. 33. Absorption coefficients of typical semiconductors.

response by irradiation. Such semiconductors as InP and GaAs crystals have the direct
band-gap structure and the absorption coefficient, a of 10* to 10° cm™! as shown in
Fig. 33 [2I]. The active region for those solar cells is shallow, namely in the range
between 1 and 3 um from their surface. Moreover, their minority carrier diffusion
lengths are short and range from 3 to 10 um.

On the one hand, the spectral response of Si crystals with the indirect band-gap
structure decreases very remarkably by irradiation; Si crystals have the absorption
coefficient of 10? to 10° cm~! and the longer minority carrier diffusion length of about
100 um, requiring the active region from 100 to 300 pm.

Figure 34 shows a calculation example on the effect of the number of radiation-
induced defects on the short circuit current in Si and compound semiconductors. As
shown in Fig. 32 as a model illustration, it is impossible for compound semiconductor
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solar cells to suffer the degradation of their characteristics due to irradiation although
they have more defects than Si cells by two orders of magnitude. Si solar cells are
worse than GaAs cells in radiation resistance in spite of the fact that the
radiation-induced defect introduction rate for Si crystals is lower than that of GaAs
crystals as shown in Fig. 31. InP cells have radiation resistance superior to that of
GaAs cells since the defect introduction rate for InP crystals is lower than that of
GaAs crystals.

From the above discussion, it is found that the difference between radiation resistance
characteristics on Si and compound semiconductor solar cells is not due to the
difference between the introduction rates of radiation-induced defects but due to the
difference between both semiconductors in the energy band structure.

4. ENVIRONMENTAL TESTS

Space solar cells mounted on the scientific satellites must maintain their reliable
performance in severe space environments during a long-term period of time. In order
to evaluate the developed InP solar cells under such requirements, we conducted
ground tests that simulated a vibration environment during the launch period and
thermal cycling, ultraviolet ray, and proton and electron irradiation environments in
orbit. We carried out not only the above tests but also other tests of the cells, but
exclude detailed description of the latter tests except an electrode pull strength one.

4.1 Electrode Pull Strength Test

After welding of their interconnectors, pull strength of the front and back
electrodes of the InP solar cells was measured with a pulling equipment. A 45 degree
pulling test of the interconnectors was performed at a pull speed of 4 mm/min. The
test was evaluated with different welding parameters that included applied voltage,
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Table 6. Welding parameters of cell electrodes.

No.
WELDING 1 2 3 4 5 6 7 8
PARAMETER
APPLIED VOLTAGE (V) 1251125 1.0 1.0 1.25]1.25] 125|125
APPLIED TIME (cycle) 4 4 6 7 5 6 4 3
CURRENT CONTROL (%) 70 50 | 70 | S0 | 50 50 60 50
NUMBER OF CONTACT POINTS 4 4 4 | 4 4 4 4' 4 h
Table 7. Pull strength test results of electrodes.
B ELECTRODE |FRONT CONTACT| BACK CONTACT
WELDING Ag/Ti/Pd | Ag/Pd Ag/Zn N
PARAMETER
1 203(1)
2 168(4) 933(13) 404(1)
3 189(4) 808(13)
4 88(1)
5 140(2) 740(4) 603(2)
6 505(2) N
7 810(2)
8 918(2)
SOLDERING 273(2) 1460(1)

applied time, current control rate, and the number of contact points shown in Table 6.
Pull strength difference between new Ag/Pd structure and conventional Ag/Ti/Pd
structure for front contacts was also investigated. The test results are shown in Table
7. With the Ag/Pd structure, sufficient pull strength was obtained. The applied voltage
and the time for welding were determined at the lowest value enough to protect the
degradation of junction quality in case of an excess applied voltage or time because
such degradation decreased FF. Therefore, the welding parameters of No. 3 for front
contacts and No. 8 for back contacts were adopted for the production of the cells for
the lunar orbiter.

A temperature cycling test was also conducted up to 21 cycles. In one cycle, the cell
temperature ranged from —70 °C to 70 °C in 140 minutes. No change in pull strength
was observed before and after the test.
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4.2 Vibration and Thermal Cycling Tests

In order to confirm resistance of the InP solar cells to the severe environments of
vibration during launch period and thermal cycling in orbit, these environmental tests
were carried out by mounting the InP cells on a honeycomb substrate for the lunar
orbiter.

4.2.1 Thermal Cycling Test

A samlpe shown in Fig. 35 was fabricated and subjected to a thermal cycling test up
to 100 cycles. As seen from a temperature profile in Fig. 36, the sample was held for
10 minutes at each temperature of —120 and 100 °C. A visual inspection and an
electrical performance test were conducted before and after this cycling test. There
was no change in the inspection and performance test results.

z
Honeycomb substrate\ o) 0)
InP solar cell\
O O

Fig. 35. Sample of thermal cycling and vibration tests.
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Fig. 36. Temperature profile of thermal cycling test.

4.2.2 Vibration Test

A vibration test was conducted with the same sample as the thermal cycling test.
The test was divided into three steps: (i) random vibration at acceptance level for the
thirteenth scientific satellite, (ii) sinusoidal vibration up to destruction, and (iii)
sinusoidal resonance up to destruction.

Random vibration test level is shown in Table 8. During vibration, the short circuit
current of the sample was monitored with a simple light source.

As shown in Fig. 37, a sinusoidal vibration test at a constant acceleration of 50 or 60
G was carried out by sweeping the frequency range from 5 to 2,000 Hz in 5 minutes.
The short circuit current was also monitored during the test.

A sinusoidal resonance test was conducted with the sample fixed at both ends.
During the test at a specified resonance frequency, acceleration level was increased by
10 G up to 60 G at a rate of 1 min. per 10 G. The short circuit current was monitored
in the same way as the above two tests. The visual inspection and the electrical

Table 8. Random vibration test level.

Freq. range PSD Overall levels | Duration
(Hz) (G*Hz) (Grms) (Min)
20~ 150 0.2
Z 150~ 189 -9 dB/OCT 14.6 1
189~2000 0.1
20 0.15
20~ 35 9 dB/OCT
X 35~ 50 0.8
50~ 126 | =12 dB/OCT 13.9 1
Y | 126~ 347 0.02
347~ 520 12 dB/OCT
520~2000 0.1

This document is provided by JAXA.



InP Solar Cells and their Flight Experiments 31

o

One way sweep time: 5 min.

—
(=)

(&)

Vibration level

510 50 100 500 1000 2000
Frequency (Hz)
Fig. 37. Vibration level of sinusoidal vibration test.

performance tests were conducted before and after all the vibration tests, so that there
was no change in the inspection and the performance test results. Besides. it was
confirmed that although each intensity limit by the destruction tests was not obtained,
the InP solar cells had no problem for space applications.

4.3 Ultraviolet Irradiation Test

An ultraviolet (UV) irradiation test was conducted with an irradiation facility at
NEC Corporation. The test condition is shown in Table 9. Bare cells without AR
coating and coverglass, cells coated with AR film without coverglass, cells coated with
AR film with welding interconnector, and cells with coverglass were prepared for the
test. During the test, the cell surfaces were accidentally contaminated by the oil which
leaked from the diffusion pump between 528 and 1,380 ESH (Equivalent Solar Hour)
fluences. So the surface reflectivity was changed and n and Isc became unusual values.
The remaining factors of Voc and FF during the irradiation are shown in Fig. 38(a)
and (b). The Voc was almost constant and independent of fluences, but FF was

Table 9. UV irradiation test condition.

Light source | Light intensity |Atmosphere Temperature |Remark

Xe-Hg 6-6.5 sun <10~ 5torr 70-80°C NEC

Xe 6-8 sun N, flow <30°C NMC
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Fig. 38. Relative cell characteristics under UV irradiation.

degraded. It should be noted that FF of the bare cells was hardly degraded. The
damage of welding interconnectors was not observed. The dark I-V characteristics of
the cells coated with AR film without coverglass were shown in Fig. 39.
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Fig. 39. Dark I-V characteristics of AR coated InP cells
without coverglass.

4.4 Electron and Proton Irradiation Tests

Radiation resistance of InP solar cells to 1 MeV electrons has been studied [3] and
their superior characteristics over Si and GaAs solar cells have been found as
explained in section 3.4. However, the dependence of the developed cell performance
On proton energy has not yet been made clear. Using those cells which were sampled
in the lunar orbiter cells, we have investigated their radiation resistance to protons
and electrons in wide energy range and evaluated their qualification for space
applications.

4.4.1 Proton Irradiation

Proton irradiation was conducted at room temperature in the energy range from
0.015 to 15 MeV at a fluence ranging from 10'! to 10'3 p/cm®. Low energy proton
(0.015 to 0.2 MeV) irradiation was performed by an ion implantation system,
medium-energy proton (0.5 to 2.4 MeV) irradiation by a MV tandem accelerator, and
high energy proton (3.2 to 15 MeV) irradiation by a cyclotron accelerator.

Proton damage of the cells sampled is dependent on the proton penetrating depth.
Figure 40 shows the depth from the front surface where the incident protons with
different energies were stopped. The Roman numerals, (i), (i), (iii), (iv), and (v)
denote n™ layer, space charge region, deeper active region than space charge region,
deeper substrate than active region, and the outside of the cell, respectively. The
dependence of relative 5 on proton energy and fluence is shown in Fig. 41(a). The
Roman numerals correspond to those of Fig. 40. At each proton fluence, there was a
particular energy range at which the degradation of 7 was maximum. At the fluence of
10" p/ecm?, the maximum degradation occurred at the proton energy of 0.1 MeV

This document is provided by JAXA.



34 ISAS Report No. 644

Depth (um) Proton cnergy (MeV)

0.1

IIHIHI I T

IHHH [

llIIHI P

100

— 10
— 15

IHHII T

1000
Fig. 40. Proton penetration depth in InP solar cells.

which could stop protons in the space charge region. As the fluence increased up to
10" p/em?, the proton encrgy range causing the maximum degradation widened.
Figurc 41(b), (¢), and (d) show the energy and fluence dependence of relative Voc.
Isc, and FF. For fluences up to 10" p/em”, the degradation of Voc was maximum
against the protons stopped in the space charge region, whereas the degradation of Isc
was very large against the protons stopped in the active region. At the fluence of 10'?
p/em”, FF was mimimum for the protons stopped in the p type substrates.

The spectral response as a function of proton energy at the fluence of 10" p/cm” is
shown in Fig. 42. For lower energy protons, the blue spectral response was principally
reduced, while the red response was reduced for higher energy protons. The large
degradation of the spectral response was caused by the protons stopped in the active
region, which corresponded with the result of Fig. 41(c). The dark I-V characteristics
as a function of proton energy at 10'2 p/em?® and 10'3 p/cm- arc shown in Figs. 43 and
44. respectively. The junction leak reaches the maximum after irradiation of the 0.1
McV protons stopped in the space charge region, which corresponds with the result of
Fig. 41(b). At the fluence of 10" p/em?. the series resistance in the cells increases after
irradiation of 1 and 5 McV protons stopped in the p type substrates, which
corresponds with the result of Fig. 41(c). We suggest that high fluence protons
produce a local high resistive layer at the end of proton tracks. From the above
observation, the degradation mechanism dependent on the proton penctration depth
can be analyzed as follows:

1) The 0.015 McV protons were stopped in the n layer. The blue spectral reaponse
was reduced as shown in Fig. 45.

2)  The 0.015-0.1 MeV protons were stopped in the space charge region. The
degradation of n was large. The red spectral response was reduced for low fluence
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Fig. 41. Dependence of parameters of proton irradiated InP

solar cells on proton energy and fluence.
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Fig. 42. Spectral response of InP solar cells considering

proton energy a parameter.
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Fig. 45. Spectral response of InP solar cells considering
proton fluence a parameter after 0.015 MeV proton
irradiation.
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Fig. 46. Spectral response of InP solar cells considering
proton fluence a parameter after 0.1 MeV proton
irradiation.

protons, whereas the blue spectral response was reduced for high fluence protons
as shown in Fig. 46. The high red response at high fluence levels might be
explained as a result of a high resistive layer produced by protons expanding the
space charge region.

3) The 0.2-0.5 MeV protons were stopped in the deeper active region than in the
space charge region. The degradation of 1 was large. The red response was
reduced as the fluence increased as shown in Fig. 47. The spectral response in
entire wavelength range decreased at 10!3 p/em?.
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Fig. 47. Spectral response of InP solar cells considering
proton fluence a parameter after 0.5 MeV proton
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The 1-5 MeV protons were stopped in the deeper substrate than in the active
region. The addition of the series resistance in the p type substrate reduced 7.
The degradation of the spectral response was small.

The 10-15 MeV protons penetrated through the cell. The degradation of n was

small.

We have also conducted an experiment on shielding effects of coverglass and AR

coating with proton irradiation. Figure 48 shows the proton energy and fluence
dependence of the remaining factor of 7 for the InP solar cells with and without
coverglass compared with bare cells, which have no AR coating and no coverglass.
The cells with coverglass were irradiated with the protons up to 2.4 MeV, but no
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degradation of 1 was observed. The damage of the cells with AR film was smaller than
that of the bare cells with irradiation of the protons below 0.1 MeV. Thus the
shielding effects of only 0.075 um thick AR film were observed.

4.4.2 Electron Irradiation

Electron irradiation was performed in the energy range from 0.5 to 3 MeV and at a
fluence ranging from 10" to 10'® e/cm? with water cooling below 40 °C by
Cockcroft-Walton’s apparatus.

The electron energy and fluence dependence of the remaining factor of 7 for the InP
solar cells with and without coverglass is shown in Fig. 49. The efficiency n was

Fluence

Lo (e/cm?)
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—— 1X10]4
== 1x10"
J4—— 1x10'°

08

0.6

04 With CG

1=o 1x10"
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Fig. 49. Electron energy and fluence dependence of normal-
ized efficiency for InP solar cells.
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Fig. 50. Spectral response of InP solar cells considering
electron energy a parameter.
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decreased with increasing electron energy and fluence but the degradation was very
small at fluences up to 10" e/cm?. Against electron irradiation, the shielding effects of
50 pwm thick coverglass were not observed.

Figure 50 shows the spectral response considering electron energy a parameter at

the fluence of 10'¢ e/cm?. The red response was reduced with increasing fluence.
Figure 51(a) and (b) show the dark I-V characteristics at 10'S and 10'® e/cm?. From
these results, it was found that the increase in the degradation of against high energy
clectrons at the fluence of 10'® e/cm? was due mainly to a sudden increase in the series
resistance in the p type substrates, as shown in Fig. 51(b).
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5. FLIGHT EXPERIMENTS

In order to investigate the space radiation degradation performance, two InP solar
cells without coverglass as well as two Si solar cells were mounted on the top surface of
the twelfth scientific satellite “EXOS-D”, which was launched in February 22, 1989
(JST) into a high altitude polar orbit for clarifying the acceleration mechanism of
auroral particles.

In order to place the orbiter in orbit around the moon, the lunar orbiter that had
1,000 InP solar cells as the power source was on board the thirteenth scientific satellite
“MUSES-A”, which was launched on January 24, 1990 into a multiple lunar swingby
orbit for demonstrating Japanese ability to place the satellite at varying distances from
the earth on successive orbits [22].

5.1 SCM on board “EXO0OS-D”

The solar cell output degradation in orbit is considered to be due to charged particle
radiation, ultraviolet radiation, thermal cycling, etc. Over the past decade, we have
investigated solar cell characteristics in orbit by means of instruments on board seveal
scientific satellites. As “EXOS-D” was supposed to be launched in the high altitude
polar orbit according to the above objective, an instrument, SCM (Solar cell
Characteristics Measurement) measuring the radiation characteristics of four solar
cells was also installed on the top surface of the satellite as shown in Fig. 52.

The details of four solar cells are shown in Table 10. Two InP solar cells which were
2cm X 2 cm in size and 400 um in thickness and had no coverglass were mounted on a
dedicated panel on the above surface to confirm the qualification for the power source
on board the lunar orbiter. One Si solar cell of 50 um in thickness was on board to
evaluate the capability of the power source for the satellite “MUSES-A”. The other
was a 200 um thick wraparound cell which had the possibility of large area structure
due to superior weldability for future solar array applications. Fifty micron thick
coverglass made of borosilicate was mounted on both Si cells. For their temperature
measurement, a Pt temperature sensor was mounted on each back side of the cells.

With the instrument, the open circuit voltage and the short circuit current through
the load resistor of 0.5 €2 as well as the temperature were measured. Figure 53 shows a
block diagram of the SCM. Each cell output is changed into the short circuit or the
open circuit condition in a current/voltage switch circuit (I/V SW). The outputs
through I/V SW along with the Pt sensor outputs are sent to a telemetry subsystem via
an analog switch (ANALOG SW) and a 12 bit A/D converter (ADC). The timing
signal for the ANALOG SW is generated every 4 seconds. The change from the short
circuit to the open circuit condition and vice versa are conducted every 576 seconds
because the ANALOG SW receives 12 signal outputs from an absorptance/emittance
measurement (AEM) in addition to 6 outputs from the SCM and such signal output
transmission from the ADC to the telemetry subsystem is repeated 8 times on each
circuit condition. The main characteristics of the SCM are shown in Table 10.
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Table 10. Onboard solar cell description and

]Solar cell description

20X20x0.4 mm in size
Without coverglass

InP -20x20x0.4 mm in size
-Without coverglass

]lnP ‘With AR coating
Si -BSFR CIC
20%20x0.05 mm in size
# -With coverglass
Si ‘BSF WAC
20X20%0.2 mm in size
‘With coverglass

{- -

i Pt sensor

Pt sensor

f
|

|
|

Measured item

Isc

Voc

Temperature
for InP cells

Temperature
for Si cells

EXOS-D

SCM performance.

Sensitivity

0.45

0.26

0.20

0.05

mA

mV

mA

mV

mA

mV

mA

mV

°oC

0.05°C

Sampling period

-72 sec/channel
-576 sce (change
period from short
circuit to open
circuit condition)

72 sec/channel

1

!
|
|
|
|
|
|
|
|
|
|
|
|
|
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Fig. 53. Block diagram of the SCM.

5.1.1 Particle Irradiation Fluence Analysis in the Orbit for EXOS-D

According to a predicted orbit analysis of EXOS-D, Si solar cells were found to
suffer from a severe output degradation due to large particle irradiation fluences since
we planned to make the satellite pass the heart of the Van Allen belt. Table 11 and
Figs. 54 and 55 show the proton and the electron irradiation fluences in the orbit for
EXOS-D calculated from the NASA RADIATION MAP, AE8 MAX. and APS
MAX. In order to evaluate solar cell output degradation characteristics due to these
fluences, it is necessary to convert the fluences into equivalent 1 MeV electron
fluences [23]. The result is shown in Table 12. This is based on conversion factors
obtained from experimental values on Si solar cells, but cannot be applied to our InP
cells as it is. As mentioned later, a new analytical model can be applied to evaluate the
output degradation characteristics of the InP cells.
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Table 11. Proton and electron irradiation fluences in the orbit for EXOS-D.

Fluence (e/cm”-day)

ENERGY | ELECTRON FLUENCE | ENERGY | PROTON FLUENCE
(MeV) (e/cm*-DAY) (MeV) (p/cm?*-DAY)
0.01 6.040x 10" 0.10 5.210x 10"
0.50 1.140x 10" 1.00 5.310x 10"
1.00 1.490x 10" 2.00 1.040x 10"
1.50 6.260%10° 4.00 1.180x 10"
2.00 2.670% 10° 6.00 2.590% 10°
2.50 1.170x10° 8.00 8.420x 10%
3.00 4.370x 10° 10.00 3.900x 10®
3.50 1.660x 10% 50.00 1.830% 10°
4.00 5.780% 107 100.00 7.690% 10°
4.50 1.820x107 150.00 4.140x10°
5.00 5.540x 10° 200.00 2.370x10°
5.50 1.460% 10° 250.00 1.410x 10°
6.00 3.340% 10° 300.00 8.410x 10*

350.00 5.060% 10*
400.00 3.060x 10*
10'% 1

=
-’.S 1010 4
NS
\9; 108-

L
2 10°4
9
10* 4
1 L 1
0 100 200 300 400

Proton Energy (MeV)
Fig. 54. Proton irradiation fluence in the orbit for EXOS-D.
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Fig. 55. Electron irradiation fluence in the orbit for EXOS-D.
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Table 12. Equivalent 1 MeV electron fluences [electrons/

(cm?-day)] in the orbit for EXOS-D.

Without coverglass

With coverglass of BDX

Isc

Voc

Isc

Voc

1.743%x10%

1.445x10'6

7.534x1013 2.055x10

5.1.2 Flight Result of SCM

45

The satellite “EXOS-D” was launched into an orbit of the inclination of 75°, the
apogee height of 10,500 km, and the perigee height of 274 km. The SCM started the
measurement of all the cells and their temperature on the 2nd day after the launch and
its function was confirmed to be normal. Analytical results obtained from flight data
since the 2nd day are shown in Figs. 56 through 59. These results are normalized on
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Fig. 56. Normalized flight data of Isc for InP solar cells.
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Fig. 57. Normalized flight data of Voc for InP solar cells.
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Fig. 59. Normalized flight data of Voc for Si solar cells.

the condition of one solar constant of 135.3 mW/cm?, the cell temperature of 28 °C,
and normal incidence. The output degradation of the InP cells without coverglass in
Figs. 56 and 57 seems to be much larger than that of the electron irradiation test on the
ground. This suggests that a new analytical model is required to explain the output
degradation characteristics of the InP cells. In contrast with this, the output
degradation of the Si cells with coverglass in Figs. 58 and 59 is as almost predicted.

5.2 LO on board “MUSES-A”

In “MUSES-A", the LO was on board to place it in orbit around the moon as the
first trial for lunar exploration in Japan when “MUSES-A” closed to the moon about
one month after the launch. One thousand InP solar cells of 1 cm X 2 cm in size with
coverglass made of borosilicate glass, BDX of thickness of 50 um were mounted on
the polyhedral structure surface of the LO as shown in Fig. 60. This solar array can
supply about 10 W to onboard electronics such as a data processing unit (DPU), an S
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Lunar Orbiter
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Fig. 60. The 13th scientific satellite, MUSES-A.
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band transponder (TRP), an electronic

XZ ‘‘‘‘ PSU
i DC/DC = 10V
- S - p
z CNV ! +sy | PPU
—1 1G-PS ;
; EST/INS-L
| — I
— [-MONIT 5o
§ | COM
Fig. 61. Block diagram of LO.

scquential timer/environmental instrument

(EST/INS-L), and so on through a DC/DC converter (DC/DC CNV). as shown in a
block diagram in Fig. 61. By transmitting commands from the ground, the power
subsystem for the satellite can supply power required to the orbiter or stop supplying

power.
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The solar array for the LO consists of cell assemblies, blocking diodes, substrates,
and wire harnesses. The cell assemblies comprise 25 series and 40 parallel connected
InP cells, being mounted on the 16 faces of a 24 polyhedral body. The substrates use 2
plies of Kevlar fiber/epoxy prepreg (0.2 mm thick) as a face sheet and the 4 mm thick
honeycomb sandwich structure with Al 1/8-5052—-.001p as their core.

5.2.1 Flight Result of LO

The satellite “MUSES-A” was launched into an orbit of the inclination of 30.6°, the
apogee height of 286,390.9 km, and the perigee height of 216.85 km. During the
swingby orbit phase before the separation of the LO, the LO performance was
sometimes checked by the commands which could connect or disconnect the solar
array with the DC/DC CNV. In the meantime, the TRP transmitted the performance
data to the ground station, UDSC (Usuda Deep Space Center). Check results of the
solar array are shown in Table 13. The array output power is found to be almost
constant as predicted as shown in Fig. 62 which gives an analytical result of solar array
generation power, although it practically varies a little bit with the rotation angle
because of the rotation around the satellite spin axis at the spin rate of 20 rpm. Thus,
no decrease in output power is concluded to be caused by charged particle radiation.

Unfortunately, late in February the TRP on board the LO failed. Afterward we
could not communicate with the LO directly. However, On March 19, 1990 with a
schmidt camera, Kiso Observatory (University of Tokyo) confirmed that the orbiter
separated from “MUSES-A” as planned. From a prototype model simulation, we
probably infer that the failure is due to a turn-on transient output of the DC/DC CNV
in the case of the above check operation by the commands.

Table 13. Flight data of solar array on LO. In the meantime, the 65
ranged from 87° to 93°.

TIME (UT) | SC-V SC-1 TEMP-1 EEMPQ
1990/ 1/24 22:23 11978 V0394 A -2.6 °C | 92 °C
T s o w7 oms 26 92 |
2/ 3 01:22 |19.98 0.394 -4.1 7.7
2/20 22:37—71;5484"[’0.353 -7.0 | 6.2
T mas lwss l03m |-70 62
BRI
3/15 00:48 E.78 7)2591 “: 1.8 472?4"
3/18 17:36 | 19.98 0.347 -2.6 9.2
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Fig. 62. Predicted I-V characteristics of solar array for LO.
The 6s is an angle between the sun and the spin axis
of LO.

6. DIScUsSION

According to the proton and electron irradiation effects on our InP solar cells
described in section 4.4, the flight data of the onboard InP cells in the “EXOS-D”
orbit have been analyzed [24, 25]. However, consequently proton irradiation effects
on the InP cells have only been considered since no degradation of the InP cells due to
electrons in the orbit has been observed.

6.1 Analytical Model

In general, radiation-induced defects in the solar cell active region cause the
decrease in the minority carrier diffusion length L and thus the short circuit current
density J,. and the open circuit voltage V. for the solar cells are expected to be
decreased with the proton or electron fluence ¢ as follows:

AT )= 1T gop> = 1T > A(/LY) =K ¢, (13)
A(U[exp(Voo) [2)=1/[exp(Voee) I~ 1/[exp(Voco)
< A(1/1,2), (14)

where suffixes 0 and ¢ show before and after irradiation, and K, is the damage
coefficient for the diffusion length. In the following paragraphs, the proton and
electron irradiation effects on the InP solar cells have been examined experimentally
based on the above equations.
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6.1.1 Analytical Model for Proton Irradiation

Figure 63 shows changes in inverse square of the short circuit current density of InP
cells, A(1/J>) as a function of proton fluence and energy. The proton fluence
dependence of J is found to be expressed by

A1, D)=A¢""+B¢, (15)

where A and B are coefficients. The first term of Eq. (15) indicates the degradation
due to minority carrier diffusion length decrease caused by recombination center
generation with proton irradiation and the 0.7 power dependence is thougth to be due
to nonuniform defect distribution with proton irradiation. The second term is
associated with series resistance increase due to base layer carrier concentration
reduction caused by majority carrier trapping center generation with proton
irradiation.

Figure 64 shows the proton energy dependences of the coefficients A and B, which
have been determined based on the proton irradiation results for the InP solar cells.
Changes in the coefficients A and B as a function of proton energy, Ep MeV are
approximated by

10°

10°

10*

10°

10?

10

Change in inverse square of Jsc Jsco*Iscg™—1

107!

102 &
10" 10 10

Proton fluence @ (cm™?)

Fig. 63. Changes in inverse square of short circuit current
density of InP solar cells as a function of proton
fluence and energy.
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Fig. 64. Proton energy dependence of coefficients A and B,
determined based on proton irradiation results for

InP solar cells.

A=2.8x10"°Ep"*,
A=5X% 10~ l()Ep—().fﬂ’
B=2.14x10">Ep’ !,
B=2.58x10"%Ep~*°,

Ep=0.2MeV,
Ep>0.2MeV,
Ep=0.5MeV,
Ep>0.5MeV.
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(16)
(17)
(18)
(19)

Moreover, as shown in Fig. 65, the open circuit voltage degradation due to proton
irradiation is found to be given by

A(1/[exp(Voe)?)=Ce*,

(20)

where Cis a coefficient. The 0.6 power dependence in Eq. (20) is thought to be due to
nonuniform defect distribution with proton irradiation.

Figure 66 shows the proton energy dependences of the coefficient C, which has been
determined based on the proton irradiation effects of the InP solar cells. Changes in
the coefficient C as a function of proton energy Ep MeV are approximated by

4.9x107"Ep?> %S,

2x107°Ep"#?,
C=1x10"",
4.7x10"YEp~1,

4.4x 10~ I(JEp—()_4’

Ep=0.05MeV,
0.05<Ep=0.2MeV,
0.2<Ep=0.5MeV,
0.5<Ep=1MeV,
Ep>1MeV.

1)
(22)
(23)
(24)
(25)
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Fig. 65. Changes in open circuit voltage of InP solar cells as
a function of proton fluence and energy.
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Fig. 66. Proton energy dependence of coefficient C, deter-
mined based on proton irradiation results for InP
solar cells.

6.1.2 Analytical Model for Electron Irradiation

Figure 67 shows the electron and proton energy dependences of damage coefficients

calibrated by the 1 MeV electron irradiation damage for InP solar cells.

the electron fluence dependence of InP
experimental results. The electron fluence dependence of J is fo

by

Although experimental results are not shown in figures, the following equations for
solar cell properties are derived from the
und to be expressed
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Fig. 67. Electron and proton energy dependences of dam-
age coefficients, calibrated by 1 MeV electron
irradiation damage, for InP solar cells.

A1 )=A¢p+B¢’, (26)

where A and B are coefficients and ¢ is the electron fluence. As described above, the
first term of Eq. (26) indicates the degradation due to minority carrier diffusion length
decrease caused by recombination center generation with electron irradiation. The
mechanism is confirmed by the linear relationship between A(1/J,.?) and electron
fluence, which shows uniform defect distribution due to electron irradiation. The
second term is associated with series resistance reduction caused by majority carrier
trapping center generation with electron irradiation. Changes in the coefficients A and
B as a function of electron energy, Ee MeV are approximated by

A=3.8x10"1"Ee!?, (27)
B=2.2x10"%'Ee’. (28)

The open circuit voltage degradation due to electron irradiation is found to be given
by

A(U/[exp(Voo)]?)=Co, (29)
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where C shows a coefficient. As described above, Eq. (29) indicates the degradation
due to minority carrier diffusion length decrease caused by recombination center
generation with electron irradiation. This is confirmed by the linear relationship
between electron fluence and A(1/[exp(Voe)]?), which shows uniform defect distribu-
tion due to electron irradiation. Changes in the coefficient C as a function of electron
energy Ee MeV is approximated by

C=4.4x10"""Ee! > (30)

6.2 Analysis for Flight Data of InP Solar Cells on board EXOS-D

The flight data of the InP solar cells in the EXOS-D orbit have been analyzed based
on the analytical model described above and the proton fluence data in the orbit in
Fig. 54. Actually, the energy dependence of proton fluences has been expressed by
dividing the range of 0 to 10 MeV into 20 parts as shown in Fig. 68. Proton irradiation
damages to the InP solar cells have also been expressed by Egs. (15) to (25).

Figure 69 shows comparison between analytical results and the flight data for InP
cell properties. Good agreement between them shows the validity of the analytical
model. Although the InP cells without coverglass show severe short circuit current
reduction after about 1 week when the total irradiation flux corresponds to the
equivalent 1 MeV electron fluence of 2 X 10'° cm ™2, radiation resistance of the InP

10l3

1012 -

](]ll -

10[() -

Fluence [protons/cm?-day]

10° -

108 1 1
0.1 1 10

Proton energy Ep (MeV)

Fig. 68. Proton irradiation fluences divided into 20 parts in
the range of 0-10 MeV in the orbit for EXOS-D.
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cells is found to be improved with 50 ym thick coverglass as shown in this figure and to
be much better than that of Si and GaAs cells. Moreover, this resistance is also found
to be improved with high carrier concentration substrates because the short circuit
current reduction due to proton irradiation is mainly caused by the reduction in the
carrier concentration in InP substrates.

Our InP solar cells are concluded to be applicable to space solar cells in severe
radiation environments such as EXOS-D orbit environments by using thin coverglass.

1 Voc
Cr—ryeye o
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e
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"_S 0.5 Voc
~QN: \\\\
= .
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Z
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0.1 1 10 100

Elasped days from BOL (days)

Fig. 69. Comparison between analytical results and flight
data.

7. CONCLUSIONS

We have developed high-efficiency homojunction 1 ¢cm X 2 cm InP space solar cells
by diffusing In,S; into p type InP substrates and investigated their fundamental
characteristics such as electrical characteristics, thermal properties, and mechanical
characteristics.

Since it is important for space solar cells to be resistant to space radiation, we have
studied the radiation resistant mechanism of InP cells fabricated at NTT Opto-
electronics Laboratories over the last several years and found superior properties such
as room temperature annealing and minority carrier injection enhanced annealing
phenomena for radiation-induced defects in InP crystals with 1 MeV electron
irradiation. We have also found that InP cells are superior to Si and GaAs cells in
radiation resistance. Superior rediation resistance of InP cells is due to the energy
band structure in comparison with Si cells and due to the lower defect introduction
rate in comparison with GaAs cells.

In order to evaluate the developed InP cells in the simulated space environment and
to give them the qualification for space applications, various tests such as vibration,
thermal cycling, ultraviolet ray, and proton and electron irradiation tests were
conducted on the ground. The proton irradiation test energy and fluences ranged from
0.015 to 15 MeV and from 10" to 10'* p/cm?, respectively. The electron irradiation
test energy and fluences ranged from 0.5 to 3 MeV and from 10 to 10'6 e/cm?,
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respectively. As a result, we have confirmed that the series resistance in the cells
increases owing to the decrease in the majority carrier concentration at higher
fluences even with proton irradiation.

The developed InP solar cells were mounted on the scientific satellite “EXOS-D”
encountering severe radiation environments as the radiation degradation characteris-
tic instrument and on the lunar orbiter on board the scientific satellite “MUSES-A” as
the power source for the lunar orbiter. We succeeded in working those solar cells in
orbit. The large decreases in the short circuit current and in the open circuit voltage
for the InP cells without coverglass on board “EXOS-D” turned out to be due to lower
energy proton irradiation with our new analytical model. However, it has been
confirmed that no degradation of the InP cells occurs by using thin coverglass of 50 um
in thickness.

Output power of the solar array for the lunar orbiter was constant as predicted till
the separation from “MUSES-A” to place the orbiter in orbit around the moon.

From the above description, we conclude that the InP solar cells are applicable to
space solar cells under severe radiation environments in orbit.

We are considering more long-term evaluation of the InP cells with UV irradiation
as soon as possible, although the reliable cell characteristics have been obtained up to
528 ESH fluences. For further improvement in efficiency, weight, and cost in our InP
solar cells, it is essential to develop thin film InP cells fabricated on Si substrates
together with more positive introduction of the back surface field structure.
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