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A B S T R A C T

In this paper, the experimental results of a 10 MeV proton irradiation on concentrator GaInP/GaAs/Ge lattice-
matched triple-junction solar cells and their corresponding subcells are examined. Electro-optical characteriza-
tion such as external quantum efficiency, light and dark I-V measurements, is performed together with
theoretical device modeling in order to guide the analysis of the degradation behavior. The GaInP (on Ge) and
Ge cell showed a power loss between beginning of life and end of life of about 4% while the GaInP/GaAs/Ge and
GaAs solar cells exhibited the highest damage measured of 12% and 10%, respectively for an irradiation fluence
equivalent to an 8-years satellite mission in Low Earth Orbit. The results from single-junction solar cells
correlate well with those of triple-junction solar cells. The performance of concentrator solar cells structures is
similar to that of traditional space-targeted designs reported in literature suggesting that no special changes
may be required to use triple junction concentrator solar cells in space.

1. Introduction

Because of the radiation belts surrounding our planet, satellites in
Low Earth Orbits (LEO) operate in a harsh radiation environment.
Taking into account the relative motion between the satellite and the
bombarding particles, we can consider that proton and electron
irradiation inside the inner Van Allen belt have an isotropic incidence.
Most part of the damage produced is due to protons with energies
ranging from a few keV to hundreds of MeV. Moreover, the satellite is
unprotected from cosmic radiation hitting with several kinds of
energetic particles. Accordingly, among the key goals of space power
engineering are to understand and develop photovoltaic devices that
can perform well in this severe environment.

In the past decade, the lattice-matched GaInP/GaAs/Ge triple-
junction solar cell (3JSC) has been chosen for space power generation
in spacecrafts and satellites mainly as a result of its high efficiency
(~30% at AM0), relatively high power-to-mass ratio and good radiation
hardness [1–3]. Other existing multijunction solar cell architectures
capable of achieving higher efficiencies than the conventional 3J –

namely, inverted metamorphic (IMM) solar cells, solar cells including

dilute nitride subcells, multijunction devices fabricated through wafer
bonding, among others– have not yet fully demonstrated a radiation
hardness comparable to the 3JSC case (see for instance Ref: [2]).

Despite the good properties of the GaInP/GaAs/Ge 3JSC at
beginning of life (BOL), its electrical performance gets degraded when
exposed to charged particles in space such as protons and electrons.
Obviously, such radiation damage has a deleterious impact on the
electrical performance of the cells (mainly via the degradation of their
minority carrier properties [4]) and hence the analysis of solar cell
performance emulating the conditions found in real space missions is a
must in order to envisage the optimum configuration of the devices and
predict their operation in space.

Although extensive literature exists about radiation damage of
3JSCs [1,5–7], the radiation degradation analysis of these cells remains
a topic of great scientific interest and debate, as a result of the high
complexity of the multijunction structure. Besides, most of the works
related to proton damage in multijunction solar cells analyze separately
either single junction cells or triple-junction solar cells [8,9]. The
analysis of each subcell inside a triple-junction has also been studied
indirectly by using different irradiation particle energies to control the
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depth and thus the subcell to be damaged [9,10] and by using
electroluminescence characterization techniques capable of recon-
structing the electrical characteristics of each subcell [11,12]. Even
though this indirect technique gives excellent results, it does not
provide a direct access to the radiation damage in each subcell.
Another motivation to increase the number of degradation studies in
conventional 3JSCs is that such structure is the baseline of the so-
called 4-junction lattice matched multijunction solar cell which inserts
a 1 eV dilute-nitride cell between the GaAs and Ge subcells [13,14].

In this work we expand the experimental data available to under-
stand the degradation in space of GaInP/GaAs/Ge triple junction solar
cells and, in particular we do so by analyzing the radiation resistance of
devices whose semiconductor structure has been designed to operate
under concentrated light. Space applications of this type of devices
would also range from near sun missions [15] to alternative space solar
panel designs where concentrators are used to reduce the total weight
of the panels and increase their efficiency [16]. It should be stressed
that devices tested in this work were designed to operate under
concentration at about 1000 suns, and this is probably beyond the
actual spacecraft tracking accuracy for space concentrator systems.
This fact would imply that larger devices should be used for potentially
practical applications. Anyway, it is expected that results obtained here
will at least hold, given the influence of perimeter recombination in our
tiny devices could be considered as not the optimum case for current
practical applications.

In this study, we combine degradation experiments of concentrator
triple-junction solar cells (GaInP/GaAs/Ge) together with their corre-
sponding component subcells in the same experiment and report on
the effects of 10 MeV proton irradiation on these cells. The solar cells
have been experimentally characterized in situ –i.e. inside the irradia-
tion chamber– by dark and light I-V measurements and ex-situ by deep
level transient spectroscopy, and quantum efficiency. Technology
Computer Aided Design (TCAD) from Silvaco tools has been used to
simulate the solar cells and analyze the experimental findings.

2. Experimental and modeling

2.1. Experimental design and setup

10 MeV proton energy is the standard energy used to simulate a
space irradiation. The selected fluence represents the fluence received
during a space mission in a LEO during 8 years and it was determined
using the method previously developed at DES [17]. This method
considers the equivalence between space proton spectrum and the
10 MeV monoenergetic proton fluence based on the primary knock-on
atoms (PKA) obtained using the TRIM (transport of ions in matter)
software [18] for a simplified semiconductor structure representative of
each sample. The details for the application of this method are
published elsewhere [17,21]. The spatial damage was simulated using
a total spatial dose of 1.23×1012 proton cm−2 calculated for III-V
devices using the SPENVIS facility (see Ref. [8]). The resulting fluence
calculations for all devices were used to design the experiment.
Accordingly, to emulate the radiation damage suffered in orbit, III-V
solar cells were irradiated by a 10 MeV proton beam produced by the
tandem Van de Graaff accelerator of CNEA (Tandar). All experiments
were performed under high vacuum using a specially developed
chamber installed in one of the experimental lines of the accelerator
(for details see also [17–21]). In order to spread the beam, a 10 µm-
thick aluminum foil was installed intercepting the beam path about 6 m
before the chamber. The resulting beam intensity uniformity at the
target position was determined prior to the experiment by using an
array of 9-Faraday cups (FC) installed a few centimeters from the
sample holder. The beam current in each FC was measured using a
Keithley 6514 electrometer. The overall beam uniformity was better
than 5% over the whole target area (diameter ~ 9 cm).

During the experiments the samples were positioned in place of the

central FC (FC1). Fluence integration and corrections were applied in
each case using a calibration factor between a reference FC and FC1
obtained in the previous beam distribution measurement. To observe
the degradation of the devices during irradiation, the beam was
interrupted at four different stages for each solar cell, allowing the
in-situ measurement of dark and light I-V curves to take place.

The samples were mounted on a rotatable sample holder able to
move without breaking the vacuum to irradiate all of them (i.e. they
were sequentially moved to the position of FC1 where they were
irradiated one by one). In order to reduce the radiologic activation of
the copper holders (see next section), they were shielded by aluminum
masks (individual collimators), and thick enough to stop the beam, but
featuring appropriate holes just in front of the solar cells for the
irradiation. All cells received four accumulated fluences reaching a final
total fluence of about 5·1011 p/cm2.

2.2. Device fabrication

For this study we grew and manufactured lattice-matched GaInP/
GaAs/Ge 3JSCs as well as component cells for each subcell type,
namely, single junction GaAs and Ge solar cells and GaInP/Ge solar
cells with active Ge subcells cells (see Table 1). The layer design (in
particular, the tunnel junctions and top cell emitter) was adapted to
concentrator operation. The active germanium subcell was formed by
phosphorous diffusion from a GaInP nucleation layer. For further
details on the growth see Refs. [22,23].

Solar cell epiwafers were processed into small area solar cell devices
(see Table 1) following a procedure very similar to that described in [3].
Photolithography was employed to define the front grid, with inverted
square symmetry and a shadowing factor of around 4%. The front
(AuGe/Ni/Au) and back (Au) metal contacts were deposited by thermal
evaporation. The wet mesa etching process applied to isolate the
devices consisted of an optimized sequence of etching steps using acid
and basic solutions. No anti-reflection coating (ARC) was deposited
onto the samples. Finally, solar cells were individually encapsulated by
soldering each of them with Sn/Ag or indium paste to a copper plate
(which acted both as the rear contact and the heat sink for the device).
The front contact was made using Al wire bonding to a PCB.

2.3. In situ and ex situ device characterization

The cells were characterized ex situ before and after irradiation by
quantum efficiency measurements, deep level transient spectroscopy
and light I-V measurements. External quantum efficiency (EQE) has
been measured with a setup using a Xe-lamp as white light source
which goes through a Horiba TRIAX 180 monochromator and an
external filter wheel. The light is chopped and a monitor cell is used to
compensate for any intensity fluctuations coming from the Xe-lamp.
Light I-V measurements were performed in situ before and after each
proton fluence using a Sciencetech solar simulator with AM0 filter
coupled to the irradiation chamber through a borosilicate window and
a source measure unit (SMU) Keithley 2602 A with four-wire config-
uration to avoid cable losses. In addition, ex situ light I-V measure-
ments were carried out under standard test conditions at BOL and end

Table 1
Solar cell structures subjected to 10 MeV proton irradiation. The GaAs solar cell was
grown on a highly doped p-type GaAs substrate while the other solar cells were grown on
Ge substrates. Two different devices have been irradiated for each solar cell and their
corresponding fluences are shown in the last two columns.

Junctions Active area (cm2) Final fluences (1011 p/cm2)

GaInP/Ge 0.01 3.35 3.81
GaAs 0.01 2.93 4.99
Ge 0.1 3.59 3.6

GaInP/GaAs/Ge 0.01 3.76 4.78
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of life (EOL) by using a TS-Space Close Match solar simulator at
T=28 °C with 1.367 kW/m2 (equivalent to AM0 spectrum). The
irradiance was set using AM0 calibrated GaInP and GaAs isotype cells
to adjust the spectral intervals [300–700]nm and [700–900]nm,
respectively. Finally, an AM0 calibrated GaInP/GaAs/Ge triple junction
cell was used as a reference for the calibration.

2.4. TCAD modeling

Solar cells were also modeled with a 2-D physically-based numer-
ical modeling tool Atlas from Silvaco [24]. This type of modeling solves
numerically the fundamental semiconductor equations derived from
Maxwell's laws, namely the Poisson equation, the two steady-state
continuity equations and the transport drift-diffusion equations under
specified bias conditions to compute typical multijunction solar cells
characterization curves. Thermionic and thermionic field emission
boundary conditions are used to model the non-linear transport at
heterojunctions [25]. The transfer matrix method was used to calculate
the photo generation rate through the structure. This method accu-
rately takes into account constructive and/or destructive interferences
at the interfaces of the solar cell [26]. Radiative and non-radiative
recombination mechanisms such as Shockley-Read-Hall (S-R-H), and
Auger have been taken into account. In addition, perimeter recombina-
tion is considered (see details in [27]) only in our GaAs solar cells
because it has been shown that bulk recombination dominates over
perimeter at any voltages in our GaInP and Ge solar cells [27,28].

2.5. Displacement damage dose analysis

The proton irradiation fluence was converted to the displacement
damage dose (Dd) in order to characterize the radiation response of the
solar cells [29,30]. Since proton irradiation with energy > 0.1 MeV was
performed, it is reasonable to calculate the Dd as the product of the
non-ionization energy loss (NIEL) and the particle fluence [30]. In this
case, there is usually a linear dependence between the damage
coefficients and the NIEL such as the degradation curve may be

explained by a single characteristic curve (i.e. Pmax vs Dd). Thus, the
degradation damage is given by the following semi-empirical expres-
sion (see for instance [30]):

P P C log Dd Dx/ = 1– (1 + / )0 (1)

where Dd is the displacement damage dose, P and P0 can be applied to
any photovoltaic parameter (i.e. Jsc, VOC, FF and Pmax) at a dose Dd and
before irradiation respectively, and C and Dx are the fitting parameters.
To define a criterion of observable degradation, a value of 0.98 for P/P0

was chosen as a limit taking into account the estimated experimental
error. For the calculation of Dd, the GaAs NIEL (6.588·10–3 MeV cm2/
g for 10 MeV protons [29]) was used for any material namely, GaInP,
GaAs and Ge. This is mainly because of two reasons: 1) for the proton
energy used, the NIEL does not vary significantly for the three
materials used in this study [31] and 2) for the 3 J solar cell; the
observed degradation is dominated by the response of the GaAs
subcell.

3. Results and discussion

3.1. Radiation damage on component cells

Fig. 1 shows the trend degradation of short circuit current density
(Jsc), open circuit voltage (Voc), fill factor (FF) and maximum power
(Pmax) observed in situ in Ge and GaAs single junction and GaInP/Ge
double junction solar cells at different Dd. In the case of the GaAs cell,
it exhibits the highest damage measured. The Pmax starts to decrease
for a Dd > 3·108 MeV/g showing a power loss of 10% for the final Dd as
illustrated in Fig. 1(d). The main contribution to Pmax loss comes from
the reduction of Voc (5.7%) while the drop in photocurrent is lower
(3%).

Regarding the Ge solar cell its Pmax shows signs of slight degrada-
tion mainly at final Dd. A Voc loss of about 2% is observed while the
photocurrent and FF drop by 1–2% and 1%, respectively. This is
equivalent to a Pmax loss of about 4%. For the GaInP/Ge cell, Pmax

starts to decrease for Dd > 4.5·108 MeV/g exhibiting an absolute loss of

Fig. 1. Degradation in a) Jsc, b) Voc, c) FF and d) Pmax of Ge, GaAs and GaInP/Ge solar cells for in situ measurements at different Dd of 10 MeV proton irradiation. Two different devices
are shown for each solar cell. An experimental uncertainty of 2% can be expected. Solid lines correspond to the data fitting of Eq. (1).
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about 4% for the final Dd. The overall loss in this cell is a combination
of degradation in Voc (0.8%), Jsc (0.6%) and FF (1.6%). All solid lines in
Fig. 1 correspond to the data fitting obtained by using Eq. (1) and the
resulting fitting parameters are presented in Table 2.

Fig. 2 shows the dark I-V curves at BOL and EOL for the same cells.
The Ge recombination currents at BOL and EOL are almost equal
having a slight 10% shift between them which eventually yield to a Voc

loss of 3 mV being consistent with Fig. 1. Similar results have been
found for Ge subcells in a triple-junction solar cell for comparable
conditions as the ones used in this study [4,8,12,32]. The dark I-V
curves of 2 J GaInP/Ge show larger shifting (30%) to higher recombi-
nation currents from BOL to EOL which is equivalent to a 12 mV loss at
open circuit conditions also in accordance to Fig. 1. This loss can be
attributable mainly to a degradation of minority carrier properties in
GaInP and in some extent to the Ge subcell. In agreement with the light
I-V curves, the highest damage is confirmed for GaAs solar cells as
could be observed in Fig. 1(a), (b) and (d) and Fig. 2 where the larger
differences between the recombination current at BOL and EOL will be
discussed later.

In order to investigate where the damage took place inside the solar
cell, EQE measurements have been performed before and after the
irradiation. In the case of Ge and GaInP/Ge solar cells, no significant
degradation is observed in their photocurrent (lower than 2% and
within experimental error), fact that is confirmed with their EQEs (not
plotted here). However, the EQE of the GaAs solar cell shows notice-
able differences (which correspond to a 3% current loss) as illustrated
in Fig. 3(a) along with the corresponding data fitting from TCAD
modeling. The degradation of the EQE starts around 600 nm up to the
cut-off wavelength. At this region, the dominant photo generation rate
(PGR) and the final photocurrent is a mixture of emitter+base
contributions as can be seen in Fig. 3(b) (the sum of BSF, buffer and
substrate photocurrents is too low to be considered). As a result of the
PGR calculation, we find that for regions where the emitter is dominant
(400 < λ < 550 nm), there is no degradation of the EQE indicating that
most of the damage took place at the base region. Accordingly, in order
to fit the EQE at EOL (blue diamonds of Fig. 3(a)), only changes at the
base region were made and an excellent fit could be attained (blue solid
line in Fig. 3(a)).

One of the primary consequences of proton irradiation is the
physical displacement of atoms that may lead to vacancies, interstitials
or even cluster defects all of them creating different energy levels
within the gap and thus affecting the electrical performance of the solar
cell [6,33–35]. These defects can act as traps, recombination centers or
as compensation (or carrier removal) sites where the free charge
introduced by dopants is localized at the defect effectively reducing
the free carrier concentration [35]. Carrier removal is not the radiation
damage mechanism in our GaAs solar cells since electrical C-V
measurements (not shown here) indicate no significant difference at
the base doping level before and after the irradiation (1.2·1017 cm−3

and 1.3·1017 cm−3, respectively). Moreover, carrier removal usually
occurs for higher fluences than the ones used here [7,35].

On the contrary, the formation of vacancies, interstitials or cluster
defects is the most probable cause behind the degradation observed
[6,33–35]. After proton irradiation, the new defects (or native) may
change in density and capture cross sections depending on the particle
energy and cumulated proton fluence used in the experiments [32].
Therein, we have performed DLTS measurements (not shown here)
finding one well defined trap level (hole trap corresponding to a
majority carrier trap) located at 0.46 eV from the valence band minima
with capture cross section of 4.4·10−16 cm2 similar to Refs. [36,37].
After irradiation, no significant changes were observed in the proper-
ties of these defects and no other levels were found. These measure-
ments confirm that deep levels associated with majority carriers do not
significantly contribute to degradation after irradiation as expected
[34]. Nevertheless, as suggested by Fig. 3(a), the performance losses in
GaAs are related to the alteration of the minority carrier trap density

and/or properties after the irradiation. To the best of our knowledge,
no values of minority carrier defects after proton irradiation experi-
ments in p-type regions have been reported in the literature. There are
some studies where DLTS measurements showed the presence of more
than one defect level (majority or minority) in n-type regions of p+n
type GaAs cells but nothing related to the study of a p-type region
which is our case [33,34,38]. Given the difficulty to measure minority
carrier traps, we have overcome the lack of information about the
defects properties through numerical simulations. S-R-H recombina-
tion is modeled by including a specific defect density located at the
middle of the band gap energy [39]. In most GaAs solar cells, the
recombination losses are dominated by S-R-H recombination at the
space charge region and the perimeter both at low forward voltages and
at the quasi-neutral regions at high forward voltage bias (above 0.9 V
for a 1 mm2 device) [27]. Even though multiple defects and thus energy
levels may arise from 10 MeV proton irradiation, it can be possible that
one particular defect level dominates over the others [37]. In this case,
one single defect level has been able to reproduce the EQE as shown in
Fig. 3(a). In order to fit BOL and EOL data, the bulk defect density of
electron traps at the base region has been increased about 30 times
from BOL=5·1012 cm−3 (resulting in the simulated curve plotted as the
black dashed line in Fig. 3(a)) to EOL=1.5·1014 cm−3 (solid blue line in
Fig. 3(a)). The higher density of traps reduces the diffusion length of
carriers affecting the carrier collection from the base layer and thus its
contribution to the EQE.

To provide consistency to the EQE data fitting, dark I-V curves have
been computed and fitted simultaneously for the GaAs component cell
with the same material parameters and models. A good agreement has
been achieved at BOL and EOL for dark I-V curves as can be seen in
Fig. 4.

In order to fit the EOL I-V curve of Fig. 4, we have fixed the bulk
traps estimated from EQE data fitting and vary the properties of the
perimeter. Perimeter trap density has been increased one order of
magnitude, from a surface defect density of 5·1012 cm−2 to 5·1013 cm−2

(perimeter recombination does not impact the EQE response because it
is measured at short circuit conditions). In such small GaAs solar cells
(about 1 mm2), perimeter recombination dominates the low voltage
behavior (no perimeter passivation is employed) and its properties can
be modified by proton irradiation. Anyhow, typical space solar cells
have much larger areas (for instance 8×4 cm2) and hence lower
perimeter to area ratios than the solar cell measured here. At higher
voltages the fitting is achieved by the increase of minority bulk trap
density (as described above) that also degrades the photocurrent as
shown in the EQE data [4]. The slight deviation between the fit and the
experimental data in the EOL curve (blue) between 0.9 and 1.05 V may
be attributed to the presence of more than one energy level [34,38].

In summary, the Jsc for single junction GaAs cells is affected mainly
by the reduction in the diffusion length of carriers at the base region
due to higher concentration of recombination centers while the Voc

reduction at EOL is suggested from modeling to be a combination of

Table 2
Fitting parameters of Eq. (1) to Jsc, Voc and Pmax degradation curves of Fig. 1.

C Dx (MeV/g)

GaInP/Ge
Jsc 0.500 4.6·1010

Voc 0.011 3.7·108

Pmax 0.672 1.6·1010

GaAs
Jsc 0.642 2.6·1010

Voc 0.063 4.8·108

Pmax 0.183 1.2·109

Ge
Jsc 0.031 1.2·109

Voc 0.390 1.7·1010

Pmax 0.633 1.4·1010
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losses between: a) recombination centers (70%), and b) perimeter
recombination (30%). On the contrary, the loss in Voc attributable to
the reduction in Jsc is negligible (less than 1 mV) due to the limited fall
in Jsc (3%). Finally, it is worthwhile to mention that the GaAs
degradation curves of Fig. 1 can be corrected for perimeter recombina-
tion in order to compare these results with larger space solar cells. If
the degradation curves are corrected (neglecting perimeter recombina-
tion), they can still be fitted by the same set of fitting parameters shown
in Table 2. This is mainly due to the fact that perimeter losses do not
vary significantly between BOL and EOL (5 mV at Voc) and they lie
between experimental error and fitting deviation. This fact provides
more confidence when comparing the fitting parameters of Table 2 with
larger solar cells.

3.2. Radiation damage on triple-junction solar cells

In the case of the triple-junction solar cell (Fig. 5), the Pmax starts to

decrease at very low Dd > 7·107 MeV/g reaching about 12% loss at the
final Dd (3.15·109 MeV/g). This reduction is consistent with the
radiation damage found on individual cells as shown above. For
comparison with literature, the fitting parameters to Eq. (1) are shown
in the inset table of Fig. 5(c).

Fig. 6 shows the EQE of one of the triple junction solar cells before
(red lines) and after irradiation (black lines). As shown in this Fig., the
GaInP top cell EQE is slightly affected in the base region, which
corresponds to a 1.5% loss between BOL and EOL by integrating the
product of the AM0(λ) spectrum and the EQE(λ). On the other hand,
the GaAs subcell Jsc drops by ~9% in the wavelength range between
700–900 nm evidencing a lowering of the minority carrier diffusion
length in the base region as the GaAs component subcell case (see black
and red dashed lines in Fig. 6).

An interesting effect is observed in the Ge bottom cell, whose EQE
seems to increase after proton irradiation. This effect suggests a
quenching of the photon coupling between the middle and bottom
subcells after irradiation [40]. Before irradiation, the measured EQE of
the Ge bottom cell is artificially low and shows some extra response
from 800 nm to 900 nm as a result of photon coupling from the GaAs
middle cell [41]. Once irradiated, the radiative recombination of the
middle cell is greatly decreased and an artifact-free EQE of the bottom
cell is measured. If the measurement artifact of the EQE before
irradiation is corrected [42], there is no significant difference between
the corrected BOL EQE (blue dashed line) and EOL EQE of the Ge
subcell (Jsc is 0.4% lower than corrected BOL). The EQE of the Ge
subcell at EOL differs in 1.6% from the component cell case, however, it
should be kept in mind that the light is filtered by top and middle cells
in the 3JSC case and this difference is small enough compared to the
measurements uncertainty.

Fig. 6 contains an additional evidence to further substantiate the
conclusion that the EQE of the triple junction solar cell can be
understood just by the superposition of the individual behavior
observed in irradiated component subcells. This evidence is obtained
by plotting the EQE of fresh (red dashed line) and irradiated (black
dashed line) single junction GaAs cells in their overlapping spectral
range (600–880 nm). The EQE of both devices (GaAs single junction
and GaAs middle subcell in the triple junction) show an excellent
agreement disregarding the oscillations that appear in the GaAs middle
cell resulting from the optical interference of the GaInP top cell. This
backs the idea that the analysis made for the degradation of the GaAs
single junction device also applies for the middle subcell in the 3JSC
design.

Fig. 7 shows light I-V measurements of a triple junction solar cell
device with no ARC before and after the irradiation. As summarized in
the inset table, Voc losses are about 70 mV after the irradiation which is

Fig. 2. Dark I-V curves for BOL and EOL for GaInP/Ge, GaAs and Ge solar cells.

Fig. 3. (a) External Quantum Efficiency measurements and corresponding data fitting of
the GaAs solar cell before (BOL) and after (EOL) 10 MeV proton irradiation. (b)
Calculated photogeneration rate (PGR) of the GaAs solar cell structure. BSF PGR is
augmented by a factor of 106. No ARC has been deposited. (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of this
article.)

Fig. 4. Dark I-V curves of representative GaAs solar cells at BOL and EOL and their
corresponding data fitting. Black lines show the slopes of typical ideality factors of the
two diode model.
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in agreement with the Voc losses from component subcells GaInP and
GaAs (12 mV and 55 mV, respectively). Since this is a middle-cell
limited device under AM0 spectrum, the photocurrent losses are
attributed to the degradation of the EQE GaAs subcell (see Fig. 6).

Finally, as can be noticed in Table 3, the absolute differences in I-V
parameters between BOL and EOL conditions confirm a high correla-
tion between the experimental degradation of triple junction solar cells
with their related component subcells.

4. Conclusions

The effects of 10 MeV proton irradiation in concentrator lattice-
matched triple-junction solar cells GaInP/GaAs/Ge and their corre-

sponding component subcells have been studied experimentally and
theoretically by means of TCAD modeling. The GaAs solar cell
exhibited the highest damage while GaInP/Ge and Ge showed slight
signs of degradation at their corresponding final cumulated fluences.
The degradation results of the component subcells (individually grown)
are consistent with the degradation observed in the triple junction solar
cell. The 3JSC losses a 3% in photocurrent while losses in Voc are on the
order of 70 mV which corresponds fairly well to the degradation of Ge,
GaAs and the GaInP component cells. A single-defect model can
reproduce the degradation damage observed on bulk and perimeter
of GaAs solar cells for the accumulated fluences used here. However,
the presence of multiple defects at different energy levels cannot be
neglected. In summary, concentrator solar cell structures show similar
results than those of traditional space-targeted designs reported in
literature suggesting that no particular changes may be expected if
using triple-junction concentrator cells in space.

Fig. 5. Normalized a) Jsc, b) Voc, c) FF and d) maximum power output of two lattice-matched triple-junction GaInP/GaAs/Ge solar cells as a function of the Dd. The corresponding data
fitting to Eq. (1) is shown in solid red lines while the fitting parameters are shown in the inset table.

Fig. 6. External Quantum Efficiency at BOL and EOL of each subcell of a representative
lattice matched triple-junction solar cell GaInP/GaAs/Ge. Dashed blue line shows the
EQE of the Ge-subcell after correction. Black and red dashed lines correspond to the EQE
measured in the single junction GaAs solar cell. No ARC has been deposited onto the
solar cell. (For interpretation of the references to color in this figure legend, the reader is
referred to the web version of this article.)

Fig. 7. Light I-V curve measured under 1-sun AM0 spectrum of a representative triple
junction solar cell at BOL and EOL and their corresponding solar cell parameters. No
ARC has been deposited onto the solar cell.
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