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ABSTRACT

The radiation response of In0.5Ga0.5P, GaAs, In0.2Ga0.8As, and In0.3Ga0.7As single-junction solar cells, whose materials are
also used as component subcells of inverted metamorphic triple-junction (IMM3J) solar cells, was investigated. All four
types of cells were prepared using a simple device layout and irradiated with high-energy electrons and protons. The essen-
tial solar cell characteristics, namely, light-illuminated current–voltage (LIV), dark current–voltage (DIV), external quan-
tum efficiency (EQE), and two-dimensional photoluminescence (2D-PL) imaging were obtained before and after
irradiation, and the corresponding changes due to the irradiations were compared and analyzed. The degradation of the cell
output parameters by electrons and protons were plotted as a function of the displacement damage dose. It was found that
the radiation resistance of the two InGaAs cells is approximately equivalent to that of the InGaP and GaAs cells from the
materials standpoint, which is a result of different initial material qualities. However, the InGaAs cells show relatively low
radiation resistance to electrons especially for the short-circuit current (Isc). By comparing the degradation of Isc and EQE,
data, It was confirmed that the greater decrease of minority-carrier diffusion length in InGaAs compared with InGaP and
GaAs causes severe degradation in the photo-generation current of the InGaAs bottom subcells in IMM3J structures. Ad-
ditionally, it was found that the InGaP and two InGaAs cells exhibited equivalent radiation resistance of Voc, but radiation
response mechanisms of Voc are thought to be different. Further analytical studies are necessary to interpret the observed
radiation response of the cells. © 2016 The Authors. Progress in Photovoltaics: Research and Applications published by
John Wiley & Sons Ltd.
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1. INTRODUCTION

At present, the inverted metamorphic (IMM) multi-
junction (MJ) solar cells formed of In0.5Ga0.5P/GaAs/
InxGa1-xAs material system have received considerable at-
tention and are being developed as next-generation space
solar cells [1–5] owing to their higher conversion effi-
ciency compared with the currently used conventional

In0.5Ga0.5P /GaAs/Ge triple-junction space solar cells
[6,7]. In addition, the IMM-MJ cells are essentially light-
weight thin film cells, because the semiconductor layers
constituting the solar cell structure are inversely grown
on the substrates, which are subsequently removed during
the device fabrication process. This enables great weight
reduction of the solar cells and consequently the increase
in the specific power on spacecraft power panels.
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Furthermore, the thin structure of these cells offer the ad-
vantage of flexibility, facilitating the development of thin
and flexible solar array sheets [8–10] that could potentially
be mounted on non-flat surfaces of spacecraft. Thus, the
high-efficiency, lightweight, and flexible properties of
IMM-MJ cells provide great advantages for space
applications.

To design an MJ solar cell for space applications, one
has to understand the radiation degradation characteristics
of each subcell in a designated MJ structure. In the design
consideration of In0.5Ga0.5P/GaAs/InxGa1-xAs IMM triple-
junction (IMM3J) space cells, the degradation characteris-
tics of the top InGaP and middle GaAs subcells are already
well understood because they are adopted in the current
In0.5Ga0.5P/GaAs/Ge triple-junction (3J) design for space
cells [11]. On the other hand, for the bottom InxGa1-xAs
subcells with indium concentration (x) higher than 10%,
the radiation degradation behavior has not yet been suffi-
ciently clarified because the material is relatively new for
space solar cell application [12,13]. In addition, the
InGaAs subcells in the IMM3J cells are lattice-mismatched
to the InGaP/GaAs system. Although lattice-mismatch
relaxing buffer layers are inserted between the GaAs
middle cell layer and the InGaAs bottom cell layer
[14,15], the InGaAs cells should incorporate a certain
density of defects including misfit dislocations and internal
strain. Therefore, it is highly important to investigate the
radiation resistance of InGaAs cells grown on lattice-
mismatched GaAs or Ge substrates. The same structures
of the top InGaP and middle GaAs subcells in the current
space 3J can be fundamentally applied to the space IMM3J
cells. Practically, several types of IMM-MJ space solar cells
have been developed on the basis of the knowledge from
the present space 3J cells [1–5]. However, additional mod-
ification and improvement of the structure becomes possible
once further knowledge on radiation degradation character-
istics of such lattice-mismatched InGaAs cells is gained.

In this study, we compare the effects of radiation on the
output characteristics of two types of InxGa1-xAs single-
junction (1J) solar cells with those of In0.5Ga0.5P and GaAs
1J solar cells. For each solar cell structure we prepared a
number of samples in order to analyze the degradation
behavior and relative radiation resistance for irradiation
with either high-energy protons or electrons. We note that
we adopt a very simple device structure for the sample
cells in this study. This is because the purpose of this study
is not to optimize the subcell structure for the InGaP/GaAs/
InGaAs IMM3J cells but to reveal the radiation degrada-
tion characteristics of the three cells and compare the
radiation resistance of the 1J cells from the view point of
material properties.

2. EXPERIMENTAL

Four types of 1J solar cells, namely, In0.5Ga0.5P, GaAs,
and two InxGa1-xAs cells with indium content x of 0.2
and 0.3, whose materials are typically used for component

subcells in IMM3J cells, were prepared for this study. The
cell layers were grown onto GaAs (100) substrates by
metal–organic vapor phase epitaxy. Figure 1 illustrates
the layer structure of the sample solar cells. The base-layer
thickness of the InGaP cell is 1.0 μm, which is thicker than
the InGaP top-cell in current space 3J cells, whereas that of

Figure 1. Layered structure of the four types of solar cells ana-
lyzed in this study. (a) InGaPcell, (b)GaAscell, and (c) InGaAscells.
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the GaAs and the InGaAs cells is 1.5 μm, which is equiva-
lent to or thinner than that of the GaAs middle and InGaAs
bottom subcells in typical space 3J cells. The reason for
selecting such thicknesses of the base layers is to easily ob-
serve and compare the effect of the decrease in minority-
carrier diffusion length because of radiation on the cell
performance. The two InGaAs cells were grown on the
GaAs substrate after growing step-graded InGaP buffer
layers, which are commonly used for growth of IMM3J
cells. Therefore, the crystal quality of the metamorphic

InGaAs layers is considered to be equivalent to that in
IMM3J cells. The size of the cells is 10 × 10mm. An
anti-reflection coating was not applied in order to avoid
the influence of inhomogeneity of reflectance between the
samples. The current–voltage (I-V) characteristics under
simulated solar light (LIV), I-V characteristics in dark
(DIV), and the external quantum efficiency (EQE) mea-
surements were performed at JAXA Tsukuba Space Center
before and after the irradiation tests to be described later.
The LIV measurements were performed under the standard
condition (AM0, 1sun = 136.7mW/cm2, 25 °C) [16] using
a dual-light-source solar simulator (WACOM WXS-
130S-L2HV), from which the solar cell output parameters,
that is, the short-circuit current (Isc), the open-circuit
voltage (Voc), and the maximum power (Pmax) were
determined. The average values of the three output param-
eters for the four types of cells are summarized in Table I.

The two-dimensional photoluminescence (2D-PL) im-
age [17] was recorded at the Institute of Space and Astro-
nautical Science at JAXA. The plan-view PL image of
the entire cell was recorded with a precise x–y stage using
focused excitation lasers (488 nm for the InGaP cells and
532 nm for the GaAs and InGaAs cells). The data collec-
tion pitch, which is equivalent to the image resolution,
was 20 μm. The PL intensity of the images before and after
the irradiations was calibrated using reference cells, which
were not irradiated.

Table I. Average Isc, Voc, and Pmax values of the
representative In0.5Ga0.5P, GaAs, In0.2Ga0.8As, and In0.3Ga0.7As

1 J solar cells (without antireflective coating).

Parameter
In0.5Ga0.5
P cell

GaAs
cell

In0.2Ga0.8
As cell

In0.3Ga0.7
As cell

# of cells 101 102 99 103
Isc (mA/cm2) 13.35 22.26 28.45 30.48

(0.143) (0.122) (0.238) (0.417)
Voc (V) 1.426 1.057 0.695 0.548

(0.005) (0.005) (0.010) (0.005)
Woc (V)*1 0.42 0.36 0.43 0.44
Pmax (mW/cm2) 15.56 18.82 14.94 12.24

(0.364) (0.363) (0.525) (0.443)

The values in parentheses are the standard deviations.

*1Bandgaps are estimated from external quantum efficiency absorption

edges.

Figure 2. Degradation characteristics of Isc, Voc, and Pmax as a result of electron irradiations. (a) InGaP cell, (b) GaAs cell, (c)
In0.2Ga0.8As cell, and (d) In0.3Ga0.7As cell.
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The four types of 1J cells considered in this study were
subjected to irradiation tests using electrons and protons of
various energies. Two cells from each type of cell were
irradiated for each irradiation condition (particle, energy,
and fluence) to confirm reproducibility. Electrons of
energy 1 and 2MeV and protons of energy 3MeV pass
through the cell structures with minimal slow down, and
thus, the radiation defects are created uniformly throughout
the cell. According to SRIM transport simulations [18],
protons of energy 200 and 380 keV also pass through the
cell, but the lower energy protons create a greater number
of defects than the 3MeV protons, especially in the rear
of the cells. All irradiation tests were carried out at the
Japan Atomic Energy Agency in Takasaki, Japan [19].
The LIV, DIV, EQE, and 2D-PL images were recorded
before and after the irradiation tests.

3. RESULTS

The results of the electron and proton irradiations are
shown in Figures 2 and 3, respectively. Each figure reveals
the degradation of Isc, Voc, and Pmax of the (a) InGaP, (b)
GaAs, (c) In0.2Ga0.8As, and (d) In0.3Ga0.7As 1J cells de-
rived from their LIV characteristics before and after the
electron and proton irradiations. The degradations of the
aforementioned three output parameters are expressed as

remaining factor (the ratio of degraded value to initial
value) as a function of the particle fluence. The degradation
characteristic curves, indicated with solid lines in the
figures, were obtained by fitting the data using the follow-
ing equation [20]:

X
X 0

¼ 1� Alog 1þ ϕ
ϕ0

� �
(1)

where X and X0 are the output parameter values before and
after irradiation, φ is the fluence, and A and φ0 are the
fitting parameters.

In the case of electron irradiation, higher energy elec-
trons induce greater radiation damage, whereas in the case
of proton irradiation, the opposite is observed. The degra-
dation tendencies of all three output parameters of all four
types of cells indicated in Figures 2 and 3 follow a similar
trend. It should be mentioned that the fill factor of all four
cells in both cases of electron and proton irradiations
follows the same degradation trend as observed for Isc.

Figures 4 and 5 depict the changes in LIV and EQE of
(a) InGaP, (b) GaAs, (c) In0.2Ga0.8As, and (d) In0.3Ga0.7As
1J cells as a result of the irradiation of 1MeV electrons and
3MeV protons irradiations, respectively. In all cases, the
EQE in the longer wavelength region, which represents
light absorption in the deep inside the cells, showed signif-
icant degradations. On the other hand, the EQE in the
shorter wavelength region, corresponding to light

Figure 3. Degradation characteristics of Isc, Voc, and Pmax as a result of proton irradiations. (a) InGaP cell, (b) GaAs cell, (c)
In0.2Ga0.8As cell, and (d) In0.3Ga0.7As cell.
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Figure 4. Change in light current–voltage curves (LIV) and external quantum efficiency (EQE) as a result of 1MeV electron irradiations.
The number in legend is fluence. (For instance, 1E15 means 1 × 1015 cm�2.) (a) InGaP cell, (b) GaAs cell, (c) In0.2Ga0.8As cell, and (d)

In0.3Ga0.7As cell.
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Figure 5. Change in light current–voltage curves (LIV) and external quantum efficiency (EQE) as a result of 3MeV proton irradiations.
The number in the legend is the fluence. (For instance, 3E11 means 3 × 1011 cm�2.) (a) InGaP cell, (b) GaAs cell, (c) In0.2Ga0.8As cell,

and (d) In0.3Ga0.7As cell.
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absorption in shallower regions, does not show apparent
degradation. A similar trend was also confirmed in the re-
sults of 200/380 keV proton and 2MeV electron
irradiations. This fact indicates that the degradation in
EQE observed in all four types of cells was principally
caused by the decrease in minority-carrier diffusion
length. In addition, the EQE degradation implies that
the irradiations did not induce substantial increase of the
front-surface carrier recombination velocity [21].

Figures 6 and 7 depict the DIV curves of (a) InGaP, (b)
GaAs, (c) In0.2Ga0.8As, and (d) In0.3Ga0.7As 1J cells before
and after 1MeV electron and 3MeV proton irradiations.
Only the curves of one of the two cells under each irradia-
tion condition are shown in the figures. The black lines
correspond to the “initial” results obtained before the
irradiation of the cells. As can be seen, some cells (for
example, (b) in Figure 6 and (d) in Figure 7) show consid-
erable dispersion. However, after irradiation, the dark
current increases with fluence for most of the cells.
Accordingly, it is considered that the dispersion in the ini-
tial DIV characteristics is unlikely to influence the results.

The diode factor (n) and the reverse saturation current
(I0) were determined by fitting the DIV characteristics
using the simple one-diode model without series/parallel
resistance. Some cells showed high current in the low-
voltage region, which cannot be fitted using this model.

This may be attributed to extrinsic effects, such as cell
edge leakage current, and hence, this was ignored in the
fitting process for these samples. In other samples, the
simple model fitted well.

Figure 8(a) and (b) shows the representative 2D-PL
images of the four kinds of 1J cells before and after
1MeV electron irradiation with fluence of 3 × 1015 cm�2

and 3MeV proton irradiation with fluence of
3 × 1012 cm�2, respectively. The intensity contrast was ad-
justed by comparing the corresponding images of the non-
irradiated reference cells of each type taken at the same
time. This normalization procedure is required because
the absolute values of the PL intensity were not always re-
producible because exactly the same setting of the optical
devices between the excitation laser and the samples was
not possible. The images of the two InGaAs cells clearly
display the grid electrode. This is attributed to the scatter-
ing of the excitation laser light because the band-pass filter
used for the 2D-PL observation of the InGaAs cells passes
the wavelength of 2 × 532 nm (second-order harmonic).

The PL is considered to be emitted from the surface n+-
type emitter layers and space charge regions, that is, the top
part of the p-base layers because the excitation light is
absorbed mostly within a micron from the cell surface. In
addition, the PL from the n+-type emitter layer should be
dominant because the carrier concentration of the emitter

Figure 6. Change in dark current–voltage (DIV) characteristics as a result of 1MeV electron irradiations. The number in the legend is
the fluence. (For instance, 1E15 means 1 × 1015 cm�2.) (a) InGaP cell, (b) GaAs cell, (c) In0.2Ga0.8As cell, and (d) In0.3Ga0.7As cell.
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layer is more than two orders of magnitude higher than that
of the subjacent base layer. Accordingly, the change in
intensity is an indication of the damage in the cell surface
region. Before irradiation, the observed PL intensity tends
to be stronger in the location between the finger electrodes
for the InGaP and the GaAs cells, whereas it is quite
uniform for the two InGaAs cells. After irradiation, there
is a significant reduction in the PL intensity of the InGaP
and GaAs cells, whereas negligible change is observed in
those of the two InGaAs cells.

4. DISCUSSION

4.1. Degradation characteristics

Table II compares the fluence of 1MeV electrons with that
of 3MeV protons, both of which inflict equivalent degra-
dation on the output cell parameters (90% Isc, 90% Voc,
and 80% Pmax). These fluences were derived from fitting
the degradation curves shown in Figures 2 and 3. The ratio
indicates the value for 1MeV electron fluence divided by
the value of the 3MeV proton fluence and gives the rela-
tive resistance of 1MeV electrons to 3MeV protons. As
can be inferred from the ratios, the InGaAs cells are less
resistant to electrons compared with the InGaP and GaAs
cells, especially for Isc.

To confirm the relative radiation resistance between the
four types of 1J cells, the non-ionizing energy loss values
of In0.5Ga0.5P, GaAs, In0.2Ga0.8As, and In0.3Ga0.7As for
both electrons and protons were calculated and the degra-
dation data shown in Figures 2 and 3 were plotted in
Figure 9 as a function of the displacement damage dose
(DDD), which represents the capability of an energized
charged particle to create defects in a material [22]. The
threshold energy of recoil used in the non-ionizing energy
loss calculation were 7 eV for indium, 10 eV for gallium
and arsenic, and 9 eV for phosphorous. The DDD plot en-
ables us to compare the radiation resistance with electrons
and protons regardless of their energies. In Figure 9 (a)
and (b), we assume that the “n” parameter for electron
degradation [23] is unity because the degradation due to 1
and 2MeV electrons seems to collapse into a single curve
for all four types of cells.

In the case of Isc degradation, the InGaAs cells obvi-
ously show less radiation resistance than the InGaP and
GaAs cells, which agrees with the trend indicated by
Table II. The difference in the remaining factor for both
electrons and protons is approximately 0.1; this tells us that
a greater margin of current output is necessary for InGaAs
bottom cells when designing IMM3J structures. On the
other hand, the Voc degradation of the GaAs cell exhibits
is more drastic than that for the InGaP and the two InGaAs
cells. However, this is not attributed to a poor GaAs cell

Figure 7. Change in current–voltage characteristics in dark (DIV) as a result of 3MeV proton irradiations. The number in the legend is
the fluence. (For instance, 3E11 means 3 × 1011 cm�2.) (a) InGaP cell, (b) GaAs cell, (c) In0.2Ga0.8As cell, and (d) In0.3Ga0.7As cell.
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property. In fact, the quality of the GaAs cell is considered
to be the highest of the four cell materials before irradiation,
because its difference between bandgap and Voc, which is
often called Woc, is the smallest (Table I). In general, high
initial performance cells show less radiation resistance in
terms of the remaining factor. On the contrary, low initial cell
performance means that such cells are already “degraded”
with respect to their intrinsic counterparts with high
performance because of, for example, low-quality material.
Therefore, the additional damage upon radiation will not be
so effective and thus the degradation appears to be smaller.

4.2. Short-circuit current degradation

To analyze the decrease in Isc as a result of electron and
proton irradiations, we calculated the remaining factors of
two types of integrated EQE: one for full absorption
response and another for partial absorption as occurs for

subcells in an InGaP/GaAs/InGaAs IMM3J cell (from
650/870 nm for the GaAs/InGaAs cells to their absorption
edges). For this analysis, we selected 1MeV electrons with
a fluence of 3 × 1015 cm�2 and 3MeV protons with a
fluence of 3 × 1012 cm�2 (cf. Figures 4 and 5) because their
damage levels, expressed as DDD values, are approxi-
mately the same (Table III). The average remaining factors
obtained from integrating the corresponding EQE of the
samples for electron and proton irradiations are indicated
by the bar graphs in Figure 10(a) and (b) and compared
with the remaining factor of Isc.

From the EQE shown in Figures 4 and 5, no change in
the short wavelength region can be recognized for any of
the four types of cells. As previously noted, the degrada-
tion in Isc is principally caused by the decrease in the
minority-carrier diffusion length, which is supported by
the good agreement between the remaining factors of Isc
(red bars) and the integrated EQE indicated as “EQE-Full”

Figure 8. Two-dimensional photoluminescence images before and after 1MeV electron and 3MeV proton irradiations. (a) 1MeV elec-
tron, fluence of 3 × 1015 cm�2 and (b) 3MeV proton, fluence of 3 × 1012 cm�2.
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(blue bars) in Figure 10. We also calculated the generation
currents using EQE and AM0 spectral irradiance [24] and
compared them with the Isc values. However, the results
show significant discrepancies (a few per cent for the
InGaP cells and ~15% for the InGaAs cells), presumably
because of the mismatch of spectral irradiance between
the AM0 and our solar simulator. Therefore, we adopted
the simple EQE integral for comparison.

According to the results shown in Figure 10, the InGaAs
cells have less radiation resistance for the photogeneration
currents. The difference in the Isc resistance implies diffi-
culties in radiation-hard designing when InGaAs cells are
employed as bottom subcells in InGaP/GaAs/InGaAs
IMM3J cells. The prospective remaining factors of the
InGaAs subcell Isc (green bars) are remarkably lower than
that of the InGaP and GaAs subcells, implying a greater
decrease in the minority-carrier diffusion length, which
can be ascribed to the nature of the material. This phenom-
enon has been practically observed during the development
of our IMM3J space solar cells. These results suggest that
the radiation-hard cell designs of InGaAs bottom cells are
extremely important for IMM3J space solar cells. Quantitative
analysis of the degradation of the subcell Isc in accordance
with the particle fluence based on the EQE data is underway
to obtain further information for IMM3J cell designing.

4.3. Open-circuit voltage degradation

Voc is expressed by the following equation:

VOC ¼ nkT
q

ln
ISC
I0

þ 1

� �
(2)

where q is the elementary charge, T is the temperature, and
k is the Boltzmann constant. The Isc, n, and I0 values can
be obtained from LIV and DIV. Therefore, the expected

remaining factors of Voc can be calculated using the three
experimental values before and after irradiation. In this
study, we selected the same cells that were used for the
Isc analysis in the previous clause and compared the re-
maining factors of the experimental and calculated Voc
values. The results are represented as bar graphs in
Figure 11, and the values of n and I0 used in the Voc calcu-
lation are presented in Table IV and were obtained from
the fitting of the DIV characteristics.

The calculated Voc remaining factors of the InGaAs
cells shown in Figure 11 are lower than the experimentally
obtained ones, which is in contrast to the tendency ob-
served for the InGaP and GaAs cells. The disagreement
suggests that the influence of the radiation damage on the
Voc in InGaAs cells is different from that in the InGaP
and GaAs cells. The parameters used in the Voc calculation
(Isc, I0, and n) are obtained for a strong electric field in the
p/n junction. However, the field is fairly negligible at the
operating condition for Voc. While this fact seems to have
negligible impact on the InGaP and GaAs cells, Equation 2
may not be suited for the strongly degraded InGaAs cell. If
radiation defects in InGaAs result in a less increase of the
recombination rate at Voc when compared with InGaP
and GaAs, degradation of Voc should be less than the
theoretically predicted value.

The radiation resistance of Voc for the InGaAs cells is
comparable with that of the InGaP cells for both cases of
electron and proton irradiations, which is clearly different
from the radiation resistance of Isc. The GaAs cells show
rather low resistance, lower than any of the other three
types of cells. As described in the “Degradation character-
istics” clause, this fact most likely reflects the cell’s mate-
rial quality; higher-quality cells generally indicate lower
remaining factors. Because the two InGaAs cells were
grown on lattice-mismatched GaAs substrates, the InGaAs
layers contain a certain number of misfit dislocations. The
existence of these misfit dislocations may positively affects
the remaining factor of Voc. However, this does not mean
that the InGaAs cells used in this study have insufficient
quality, because the initial Woc of the InGaAs cells are
equivalent to that of the InGaP cells (Table I).

Meanwhile, the 2D-PL images shown in Figure 8,
where the observed PL is considered to originate from
the surface region of the cells, indicate that after irradiation
the InGaP and GaAs cells have suffered a significant
decrease in PL intensity, whereas the two InGaAs cells
show negligible changes. Possible causes for a decrease
in PL intensity are increase of recombination at the
window/emitter interface (surface recombination) and that
in the emitter and top of the base layers (bulk recombina-
tion) of the cells. We consider that under laser excitation,
a considerable number of photo-carriers are generated.
Thus, the electric field in the space charge region should
be as small as in the Voc condition, and the recombination
in the top of the base layers must be significant because
the majority of the photo-generated carriers recombine in
the p/n junction region. On the other hand, the EQE in the
short-wavelength region of all four types of cells does not

Table II. Fluences of 1MeV electrons and 3MeV protons that
inflict equivalent degradation on the InGaP, GaAs, In0.2Ga0.8As,

and In0.3Ga0.7As 1 J solar cells.

Parameter Cell

1MeV
electron

fluence Φe

(cm�2)

3MeV proton
fluence Φp

(cm�2)
Ratio
Φe/Φp

90% Isc InGaP 3.8 × 1015 1.6 × 1012 2380
GaAs 3.5 × 1015 2.3 × 1012 1560
In0.2Ga0.8As 5.0 × 1014 5.6 × 1011 890
In0.3Ga0.7As 6.4 × 1014 8.0 × 1011 800

90% Voc InGaP 1.9 × 1015 8.0 × 1011 2380
GaAs 1.1 × 1014 6.7 × 1010 1640
In0.2Ga0.8As 8.2 × 1014 6.4 × 1011 1280
In0.3Ga0.7As 1.3 × 1015 1.1 × 1012 1180

80% Pmax InGaP 1.7 × 1015 5.2 × 1011 3340
GaAs 1.1 × 1015 2.9 × 1011 3930
In0.2Ga0.8As 5.2 × 1014 2.6 × 1011 2000
In0.3Ga0.7As 8.5 × 1014 4.3 × 1011 1980
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change with irradiation (Figures 4 and 5). This fact
indicates that the surface recombination does not increase
effectively because of irradiation, and the main reason
for the change in PL intensity has to be the bulk
recombination.

The InGaP and the two InGaAs cells show a relatively
high remaining factor for Voc. We presume this is

primarily because of their larger Woc compared with the
GaAs cells. However, we consider that the reason for this
tendency is not the same for these two types of devices.
Our experiments outlined above provided much informa-
tion on the details of degradation. Many complex trends
have been observed for the different cells. In the following,
we report considerations for each solar cell type.

In the case of the InGaAs cells after irradiation, PL
intensity was maintained but the EQE in the long-
wavelength region dropped dramatically. Because the PL
intensity does not decrease considerably by irradiation, an
increase of the bulk recombination does not seem to be sig-
nificant. This may be the reason of the higher remaining
factor for the InGaAs cells. In addition, the stronger degra-
dation of the effective minority-carrier diffusion length in
the InGaAs cells shown in the EQE can be attributed to
the increase in the back-surface recombination, which
primarily causes the degradation of Voc.

Figure 9. Degradation characteristics of Isc, Voc, and Pmax as a function of the displacement damage dose (DDD). (a) Electrons and
(b) protons.

Table III. Displacement damage dose values (MeV/g in unit) of
1MeV electrons and 3MeV protons with the fluences of

3 × 1015 and 3 × 1012 cm�2, respectively.

Cell
1MeV electron,
3 × 1015 cm�2

3MeV proton,
3 × 1012 cm�2

InGaP 9.9 × 1010 6.2 × 1010

GaAs 8.0 × 1010 6.0 × 1010

In0.2Ga0.8As 8.1 × 1010 5.9 × 1010

In0.3Ga0.7As 8.4 × 1010 5.9 × 1010
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In the case of the InGaP cells, PL intensity decreased
noticeably but the reduction of EQE was relatively small.
Therefore, a drastic increase of the bulk recombination by
irradiation especially in the emitter layer is likely. How-
ever, the effective minority-carrier diffusion length of the
InGaP cells is not affected by irradiation presumably be-
cause of less increase in back-surface recombination. This
should be the reason of the higher Voc remaining factor of
the InGaP cells.

It is notable that in the case of the GaAs cells both the
PL intensity and EQE significantly decreased because of
irradiation. This is explained with the high initial material
quality, leading to evident degradation in Voc and also
PL intensity.

The difference of the radiation effects might provide a
clue to explain the different tendencies of the InGaAs cells
observed in Figure 11, but we were not able to find a con-
sistent explanation yet. To confirm the validity of the inter-
pretation mentioned earlier, quantitative analysis of the
Voc and also Isc degradation is necessary to gain deeper in-
sights into the degradation characteristics of the four types
of the cells. The analysis has to be carried out by extracting
the surface and back-surface recombination velocities and
the minority-carrier diffusion length from EQE. In

addition, we need to obtain the n1/n2 and I01/I02 values
by applying a two-diode model fitting of the DIV data.
Moreover, we require a thorough understanding of what
the PL intensity represents by considering the cell struc-
tures. We have proposed advanced analysis of solar cell
operation using electroluminescence and time-resolved

Figure 10. Average remaining factor values of Isc and two inte-
grated external quantum efficiency (EQE), full and subcell re-
sponse wavelength region. (a) 1MeV electron, fluences of
3 × 1015 cm�2 and (b) 3MeV proton, fluences of 3 × 1012 cm�2.

Figure 11. Average remaining factor values of experimental and
calculated Voc. (a) 1MeV electron, fluences of 3 × 1015 cm�2

and (b) 3MeV proton, fluences of 3 × 1012 cm�2.

Table IV. The best fit values of the diode factor n and the
reverse saturation current I0 values used in the calculation for

Figure 11.

Irradiation

1MeV electron,
3 × 1015 cm�2

3MeV proton,
3 × 1012 cm�2

Parameter n I0 n I0

InGaP Initial 2.0 5.0 × 10�15 2.1 2.0 × 10�14

Irradiated 2.0 3.0 × 10�14 2.1 5.0 × 10�13

GaAs Initial 2.5 2.0 × 10�10 2.2 1.0 × 10�10

Irradiated 2.6 3.0 × 10�9 2.0 2.0 × 10�9

In0.2Ga0.8As Initial 2.2 2.5 × 10�8 2.2 2.5 × 10�8

Irradiated 2.1 1.8 × 10�7 2.1 6.0 × 10�7

In0.3Ga0.7As Initial 1.8 6.0 × 10�8 2.1 3.0 × 10�7

Irradiated 1.9 6.5 × 10�7 2.0 2.5 × 10�6

They are obtained from the DIV fitting.
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PL characteristics [25,26], and our preliminary results have
indicated that the luminescence efficiency of the InGaP cell
under AM0, 1 sun illumination is not as high as we have
expected from the relatively good cell performance [25].
The reason for this is under investigation, but might
explain the similarity with the InGaAs cells. A similar
analysis on the four types of 1J cells are underway and
results will be published elsewhere together with the re-
sults of the analysis on Isc. Further, analysis on radiation
defect characteristics should help to let us understand the
radiation response of the 1J solar cells. The observed
degradation characteristics are important information to
consider future designs of InGaP/GaAs/InGaAs IMM3J
space cells.

5. CONCLUSIONS

This study analyzes the radiation response of simple struc-
ture In0.5Ga0.5P, GaAs, In0.2Ga0.8As, and In0.3Ga0.7As 1J
cells, which are the component subcell materials in present
IMM3J cell designs. The four types of cells were irradi-
ated with high-energy electrons and protons. The degrada-
tion tendencies of Isc, Voc, and Pmax for the four types of
cells were compared and analyzed using LIV and DIV
characteristics, together with the EQE and 2D-PL images
before and after the irradiations. A systematic comparison
of the degradation tendencies of the three output parame-
ters using the DDD analysis suggests that radiation resis-
tance of the InGaAs cells is not always least among the
three subcells from the materials standpoint. However, the
radiation resistance of InGaAs cells is lower for Isc. This
can be attributed to the stronger decrease of minority-carrier
diffusion length in InGaAs compared with that in InGaP
and GaAs. This causes severe radiation degradation of
photo-generation current in the InGaAs bottom subcell of
InGaP/GaAs/InGaAs IMM3J cells. On the other hand, the
radiation resistance of Voc of the InGaAs cells is compara-
ble with that of the InGaP cells, despite their lower
bandgap. Further analytical studies are necessary to find
out the reason of the characteristic radiation response of
the subcells. However, we believe that the results obtained
in this study are important and will contribute to the
improvement of the radiation resistance of IMM3J space
solar cells.
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