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The most common multi-junction solar cell arrangement employs the InGaP/InGaAs/Ge
configuration, which is usually exploited for high-efficiency space applications. We here
test the reliability of a triple-junction device with an innovative low-thickness and flexible
configuration: this is investigation is aimed at providing its main macroscopic features
which must be taken into account for their applications. Notably, the specific optical and
electrical features and the performance variation of these thin solar cells are systematically
analyzed, both in begin-of-life (BOL) configuration and after irradiation (end-of-life, EOL)
by either electrons or protons. Measurements of / — V/ curves, with correlated parameters,
and of spectral responses (external quantum efficiency) are accomplished on several
BOL and EOL samples: this allows to describe the inhomogeneous damage of the
subjunctions and to follow the evolution of the solar cell physical quantities as a function
of the kind and the amount of irradiation. Finally, photoluminescence emission spectra
are measured, pointing out the effect of particle bombardment on luminescent features.
Our results show that these innovative solar devices allow for the combination of high
specific power, mechanical flexibility, high performance, and strong resistance to particle
irradiation, making them an excellent option for space applications.

Keywords: multi-junction cells, irradiated cells, component cells, lll-V semiconductors, space solar cells

INTRODUCTION

Multi-junction III-V solar cells are widely employed in space applications, due to their
high efficiency outside the terrestrial atmosphere. The most employed configuration exploits
InGaP/InGaAs/Ge-based devices, reaching well-established performance and reliability [1-3].
These very high efficiency solar devices based on III-V compounds are still the best approach to
increase the specific and the solar arrays lifetime. Actually, some key features are mandatory in
such equipments: the first one is radiation resistance, due to the fact that during their operative
life a strong bombardment of charged electrons and protons is present [4-12]; the second
issue is the need of low-weight devices with high specific power [3]. In addition to these, a
further request recently has arisen of increasing versatility and adaptability to the spacecrafts
by having bendable and mechanically flexible solar arrays [13-17]. These issues suggest that
new designs of multi-junction high-efficiency solar cells must be devised: a fruitful approach is
based on manufacturing multi-junction III-V solar cells with thin substrates (typically <100 pm),
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which should allow both lightness (high specific power) and
structural flexibility [18, 19]. Such technologies have the potential
to strongly decrease the mass of the photovoltaic device, with
beneficial effects also on the cost of the solar cells. A specific
class of thin multi-junction solar devices fulfilling these requested
features is the CTJ30-80 technology, which has been developed
and qualified according to the European Spatial Agency (ESA)
specific protocols by Centro Elettrotecnico Sperimentale Italiano
(CESI) [20].

In this work we systematically investigate the performance
evolution of such kind of devices as a function of particle
irradiation. Specifically, thin multi-junction cells (with thickness
~80 wm) have been irradiated both by electrons and protons,
in order to reproduce the operative condition of such space
devices. Several physical quantities are analyzed to describe
the macroscopic features of the devices, with the specific aim
of providing their response and reliability during practical
uses. Notably, we test the electrical behavior before (begin-
of-life conditions, BOL) and after (end-of-life conditions,
EOL) irradiation of electrons and protons: the obtained
performance is discussed and correlated with the particle
bombardment to reproduce the real working conditions of
the devices. In particular, the comparison of the electric
features with the external quantum efficiency (EQE) as
a function of the exciting wavelength (spectral response
measurements) provides a fine description of each subcell
behavior. Finally, photoluminescence spectra measurements on
top and middle subcells are carried out and discussed in order
to obtain information about the irradiation-induced radiative
point defects.

MATERIALS AND METHODS

Sample Features

The studied samples are CTJ30-80 solar devices manufactured
by CESI: they are InGaP/InGaAs/Ge triple junction solar cells
with a size of 26.5 cm? and AMO efficiency class 30%, which
have been manufactured and qualified in accordance with the
standard ESA ECSS E ST20-08C Rev. 1 [19]. Such devices are
based on the CTJ30 CESI technology, a class of solar cells
with standard thickness of 140 um which are used on several
satellites since 2013 [21]. In CTJ30 devices, the conversion
efficiency is increased by adding Bragg reflectors inside the solar
cell stack (Figure 1A) and by a fine tuning of the electrical
field inside the solar cell active regions [18]. Specific previous
studies on irradiated thick CTJ30 solar cells demonstrated that
the introduction of this Bragg structure is able to increase
the performance of the solar cell both in BOL and EOL
conditions. The irradiation damage were evaluated by calculating
the remaining factors, a figure of merit specifically employed in
these kind of studies [22]. Indeed, the qualification campaign
highlighted very good resistance under electron and proton
irradiation [23]. CTJ30-80 cells are suitably thinned until 80 pm
to decrease the mass of the solar cells and to obtain mechanically
flexible devices. Such thin space solar cells have been developed
and grown up with an InGaP/InGaAs/Ge epitaxial structure:
growth procedure is carried out through the Veeco E450G

A
Emitter: N*-GalnP
Base: P-GalnP
AlGaAs
InGaAs
AlGaAs
InGaAs
Tunnel
N/P Ge sub cell
B
60 mm diameter /4
FIGURE 1 | (A) Scheme of the structure of CTJ30-80 solar cell. Each
subjunction has a thickness of few pm and (B) pictures of a CTJ30-80 solar
cell in a demonstrative bent configurations, highlighting its specific
mechanical flexibility.

MOCVD industrial reactor equipped with carriers in order to
simultaneously hold up to 13 Ge substrates per run. The multi-
layers structures are grown on 100-mm diameter and 140 pm-
thick Ge substrates. After the epitaxial growth the Ge substrate
has been thinned down to 80pm using a suitable wet etch
process, whose details are protected by trade secret. We note
that such a thinning process could modify the features of both
the interfaces and the active layers. Namely, it can cause either
the diffusion of impurities or the arising of microcracking due
to a mechanical weakening of the overall structure. A systematic
investigation of the cell performance is therefore mandatory
to guarantee a suitable reliability for the usual applications on
spacecrafts. From each wafer two solar devices, with 26.5 cm?
size and typical 1.3 g mass, are obtained. The front and rear
contacts are made by evaporated silver 5 pwm-thick, capped
with 200 nm gold. The broadband AR coating is an optimized
dual-layers Ta; O5/SiO;.
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Experimental Setup

The electrical performance is measured in comparison with
Secondary Working Standard sets that have been calibrated
by INTA-Spasolab. A batch of 50 cells has been selected at
random for the qualification campaign at bare solar cell level.
The selected conditions allow to obtain thin substrates with
good thickness uniformity, without significant degradation of the
electrical performances with respect to the standard 140 pm-
thick (CESI CTJ30) solar cells [20, 23]: despite their smaller
thickness, a 29% efficiency AMO, 25°C has been demonstrated
on these devices, together with a bending radius of 30 mm [19]
(see Figure 1B). As the etch-based thinning process is carried
out on the substrate only, the decrease of the device thickness
is obtained without influencing the subcell layers. This makes
possible to decrease the weight nearly 50% of the whole device
without marked loosing of power: actually CTJ30-80 cells reach
a specific power of about 1 W/g, roughly doubled with respect to
the standard CTJ30 structure (0.5 W/g). This opens the way for a
fruitfully future application on light and flexible solar arrays.

Two sets of 25 cells from the batch have been prepared, for
electron and proton irradiation respectively. Following the ECSS
E-ST-20-0 test procedure, all cells to be validated are subjected
to suitable thermal and photon annealing: they are kept at 60°C
for 24 h under AMO illumination. The samples have an area of
26.5 cm? and were electron-irradiated with intensities from 1
x 10" to 3 x 10" e~ /cm? at Technical University of Delft
(The Nederlands) and proton-irradiated with intensities from 1
x 1010 to0 1.5 x 101! p+/cm2 at Paris CNRSM (France), both with
Van Der Graaf accelerators. In both cases the employed energies
were 1 MeV.

For I-V measurement we have used a solar simulator
WacoM WXS130S, equipped with a Xe-lamp and suitable
filters, providing an AMO spectrum. This has been controlled
with specific reference cells at each measurement. I-V curves
are acquired through suitable interfaces and softwares: the
software is a customized version SOCRATeS system provided
by the company IPSES s.r.l. Before each measurement session
a calibration phase is accomplished by using a set of three
Secondary Working Standard (SWYS) single-junction calibration
cells, an InGaP-based, reproducing the top-subcell (Top
calibration cell), an InGaAs-based, reproducing the middle
subcell (Middle calibration cell), and a Ge-based, reproducing the
bottom subcell (Bottom calibration cell) of the CTJ30-80. The
light intensity is measured to be constant on the whole surface
of the sample holder within 1%.

A fruitful and synthetic evaluation of the irradiated cell
degradation can be obtained by defining the specific figures of
merit of remaining factors R [22]. Each remaining factor R can
be defined in correspondence with Vi, I, Ppax, FE 0. Ry is
defined by

VeorL

R, = (1)

VoL

where Vpop is the V,. value of the begin-of-life cell and
VEor is the V,. value of the cell after irradiation (end-of-life).

Analogously to (1) we define Ry, Rp, Rrr, R, in correlation with
Is¢, Piax> FE 1 of BOL and EOL cells respectively, i.e.,

_ Iror

=
2
I

Isor’
_ FFgor

=
=
Ml

2)

Such I-V measurements provide an overall picture of the device
response to the irradiation. A more detailed investigation of each
junction behavior can be carried out by using the wavelength-
resolved external-quantum-efficiency (EQE) measurement for
tandem and multi-junction solar cells with a light-bias method:
this is a well-established and diffused technique which evaluates
the efficiency of internal current generation in respective subcells
as a function of each different illuminating wavelengths [24-27].
In this study, the response of each subjunction of each solar
device has been tested through EQE measurements by exploiting
the standard commercial apparatus SpeQuest of ReRa Solutions
for spectral response measurements.

For photoluminescence (PL) measurements
employed two experimental setups. All PL measurements in the
900-1'700 nm range are performed with a spectral resolution
of 6.6nm with an excitation wavelength of A, = 805nm
provided by a laser source. Detection is accomplished with
a standard lock-in technique in conjunction with a single
grating monochromator and an InGaAs detector. For the
250-800 nm range the employed light source is a Xe lamp of
450 W with an emission peak at 467 nm. The monochromator of
the excitation stage employs two gratings. The detection stage
uses a Hamamatsu R928P phototube with a sensitivity in the
195-900 nm region and a maximum response at 400 nm.

we have

RESULTS: ELECTRIC AND OPTICAL
FEATURES

Electron Irradiation

We test a bunch of 25 CTJ30-80 electron-irradiated thin
cells. Five sets of 5 cells have been prepared: each set is
irradiated with a given dose of radiations, i.e., 5 x 103, 1
x 10M, 5 x 10", 1 x 10", and 3 x 10" e /cm?. The
energy of the electrons is fixed at 1 MeV. 2 cells of each
5 cell set are used for the here considered irradiation tests,
while 3 of them are subjected to different feasibility tests
(contact adherence, extended storage simulation, etc.), which
are not reported nor discussed here. Three measurements are
accomplished on each irradiated sample, whose values are
averaged; for each irradiation dose, the reported measurement is
the average of the response of 2 samples. The electron irradiation
tests on standard 140-pwm-thick CTJ30 cells, whose results are
reported in Campesato et al. [23], were performed with the
same doses here considered. Results showed that the middle
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TABLE 1 | Averaged electric performance (at 25°C) of the BOL and electron-irradiated EOL cells.

Dose (e~/cm?) Isc (mA) Voc (V) Pm (W) Iom (MA) Vom (V) FF (%) 7 (%)
0 463 2.64 1.08 450 2.32 85.0 28.6
5x 103 464 2.58 1.004 445 2.26 84.8 27.7
1x 10" 458 2.56 0.994 440 2.25 84.7 27.4
5 x 10" 445 2.51 0.939 424 2.21 84.0 26.0
1 x 10 428 2.46 0.864 399 217 82.2 23.8
3x10'® 385 2.38 0.745 354 2.10 81.3 20.6

Estimated errors are within +1%. All dose sets of cells were irradiated with 1 MeV particles.

subcell progressively deteriorates as the dose increases, while
the top cell is almost unaffected; the top subcell, however,
still remains the current-limiting one even at the highest
dose [23].

The overall performance of the irradiated CTJ30-80 devices
is inspected through standard I-V measurements, while the
responses of each active component are investigated by spectral
EQE experiments. We note that the analysis of the remaining
factors provides a global information, which points out the
response of the whole multi-junction cell, while the behavior
of each single junction can be distinguished by considering
their respective EOL spectral responses, i.e., EQE responses, and
comparing them to BOL behavior. This allows to finely analyze
the subcell degradation. The correlated curves are depicted in
Figures 2A,B. The obtained electric parameters and spectral
response are measured on two samples for each irradiation dose,
so 10 samples are measured.

The averaged electric responses of the BOL and EOL cells are
reported in Table 1.

In these tables I, and V, are respectively the short-circuit
current and the open-circuit voltage, P, is the maximum power
supplied by the cell, I,;; and Vj,, are the amounts of current
and voltage in correspondence with the maximum power, FF
is the Fill-Factor and 7 is the efficiency. The estimated relative
error of both the reported currents and voltages is within 1%,

causing and error of about 0.5 and 1% on the FF and efficiency
estimation respectively.

It is worth following the evolution of the electric parameters
as a function of the electron irradiation dose by the correlated
remaining factors. They are depicted in Figure 3 and summarized
in Table 2.

The plot Figure 3a shows that the 7 parameter undergoes
the greatest degradation, which is strongly influenced by the
decrease of I, and V,. In particular, it is evident that Ry
remains near 1 (unchanged current) for the first doses and
drops down suddenly when irradiation overcomes 5 x 10!
e~ /cm?. More specifically, we associate the trends in Figure 3a
mainly to the change of the current-limiting junction. Namely,
for low irradiation doses the overall solar cell still remains in
a configuration where the InGaP top subcell limits the device
current. Conversely, when the irradiation dose overcomes the
threshold of about 5 x 10'* e~/cm? the degradation of the middle
subcell makes it the limiting junction, causing a marked decrease
of the remaining factors.

The behavior of these remaining factors (Figure 3a) is
compared with that of the standard thick CTJ30 cells in
Figure 3b. First we note that the global behavior of the remaining
factors in these two plots is very similar, pointing out a response
of the considered thin cells to the electron irradiation which is
fully analogous to that of the thick standard cells.
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CTJ30-80 devices and (b) the (thick) CTJ30 devices.

TABLE 2 | Remaining factors of the electric performance of electron-irradiated
cells for each particle dose.

TABLE 3 | Ratios between short-circuit currents of BOL and EOL subcells
calculated by EQE measurements for different electron irradiations.

Dose Top Middle Bottom
(e~/cm?) Subcell

5x 108 0.98 0.98 0.94
1x 10" 0.98 0.94 0.91
5x 10 0.98 0.87 0.90
1 x 10 0.96 0.81 0.87
3 x 10'° 0.93 0.78 0.81

The errors are estimated +3% for top subcell, +4% for middle subcell, £10-13% for
bottom subcell.

1.2 ——7 - ———

11} =1
H
= 10 e s e e e e e e —
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09 | E

0.8 .“ I15

10 Dose (e/cm?) 10

FIGURE 4 | Ratio between the current of the top subcell (fop) and middle
subcell (Ivigaie) @s calculated from EQE spectral measurements as a function of
the electron irradiation doses.

Dose (e_ /s cmZ) Rlsc R Voc RPmax Rlpmax R Vpmax RFF R n
5x 10" 099 0.98 0.97 0.99 0.98 0.998 0.97
1% 10" 099 0.97 0.96 0.99 0.97 0.996 0.96
5x 10™ 0.98 0.95 0.91 0.96 0.94 0.988 0.91
1% 10" 0.93 0.93 0.84 0.89 0.94 0.967 0.83
3 x 10" 0.84 0.90 0.72 0.79 0.90 0.956 0.72

All dose sets of cells were irradiated with particles of 1 MeV energy.

The EQE spectra of the subcells are depicted in Figure 2B,
providing the response of each subjunction to each wavelength;
the product of this one by the spectrum of the employed AMO
solar simulator is integrated to obtain short-circuit currents
I [2]. The ratios between the calculated short-circuit currents
of BOL and EOL subcells are reported in Table 3. It should
be noted that the evaluation of electric parameters from EQE
measurements can be affected by relatively high errors [28]: in
our case we estimate >~ £3% for the top subcells, >~ +7% for
the middle subcells, and >~ +10-13% for the bottom subcells.
However, we can assume the ratios in Table 3 as a qualitative
figure of merit of the subcell degradations.

The plot in Figure 4 reports the ratio between the currents,
calculated from the spectral measurements, of the top and middle
subcells as a function of the irradiation dose. Actually this ratio

becomes larger than 1 over the dose of 5 x 10'* e~/cm?, pointing

out that after this dose the limiting subcell becomes the middle
one: this confirms the change of the limiting subcell above this
threshold dose.

From these elements, we can infer the behavior of each
subcell component and their influence to the operation of the
whole device.

The top subcell is found very robust against irradiation
(Table 3): we observe that current losses still remain within 5%
for highest doses. Moreover, the changes of the correlated spectral
response are much less marked than those of the other subcells.

Conversely, the middle subcell is, as expected, highly
susceptible to irradiation. This is strongly marked by the EQE
curves (Figure 2B), having maxima values between 700 and 900
nm: in more irradiated devices spectral response significantly
degrades at longer wavelengths. This behavior is present from low
doses, but it becomes much more evident for heavy irradiation
(Figures 2B, 4). This strong degradation of the middle junction
confirms that it becomes the current-limiting subcell when
irradiation doses increase. This can be further pointed out by
exploiting the recently proposed experimental technique, which
allows us to directly evaluate the limiting subcell as a function of
the irradiation dose [29]. We associate this behavior of the middle
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TABLE 4 | Averaged electric performance (at 25°C) of the BOL and proton-irradiated EOL cells.

Dose (p*/cm?) Isc (mA) Vo (V) P (W) Ipm (MA) Vom (V) FF 7 (%)
0 463 2.63 1.03 446 2.31 84.6 28.5
1 x 1010 461 2.58 0.996 444 2.24 0.839 27.5
2 x 1010 456 2.54 0.975 440 2.16 0.842 27.0
5 x 1010 461 2.48 0.929 435 213 0.814 25.6
1 x 10" 448 2.43 0.877 422 2.08 0.805 24.2
3 x 10" 415 2.32 0.753 387 1.95 0.782 20.8

Estimated errors are within £1%. All dose sets of cells were irradiated with particles of 1 MeV energy.

junction to the physical mechanisms inside the considered p - n
middle junction (Figure 1A). Namely, the long wavelength part
of the EQE middle-subcell curve corresponds to the low-energy
photons, which are absorbed by the base layer of the considered
subjunction. These photons produce carriers which have to pass
through the whole junction to be collected. As irradiation-
induced defects are known to cause a decrease of the diffusion
length with the increasing of the dose, the photogenerated
carriers have a higher probability to be recombined [30], so
reducing the spectral efficiency in the long-wavelength region.
Beyond this physical interpretation, we note that I,. decreases
of about 20% (Table 3), making the middle subcell the most
sensitive to the irradiation and degradation process.

Finally, the bottom subcell is confirmed to degrade more
than the top subcell and less than the middle one, as expected
[2, 5, 7, 31]. The spectral response curves (Figure 2B) indicate
that irradiation particularly affects the short-wavelength part
of the spectrum, i.e., the region between approximatively 950
and 1200 nm.

Proton Irradiation

Similarly to the electron irradiation, for proton-irradiation
experiments we measured a bunch of 30 CTJ30-80 thin cells.
Six sets of 5 cells have been prepared; each set is irradiated
with given dose of radiations, i, 1 x 101, 2 x 10, 5 x

109, 1 x 10!, and 3 x 10! p*/cm?. All the sets undergoes
particles with energy of 1 MeV. Again, 2 cells of each 5 cell
set are used for the here considered irradiation tests, while 3
of them are subjected to different feasibility tests. Similarly to
the electron case, 3 measurements are accomplished on each
irradiated sample, whose values are averaged; for each dose, the
reported measurement is the average of the response of 2 samples.

Six particle doses are here considered, other than the five
doses of the previously discussed electron irradiation. Electric
performance and spectral response are measured on two cells
for each irradiation dose, so obtaining 12 tested devices.
Similarly to the electron irradiation case, I-V and spectral EQE
measurements are carried out, where the calculation of the
remaining factors and their comparison with the standard CTJ30
thick cells allow us to immediately provide a comprehensive
landscape of the proton-irradiated CTJ30-80 performance. The
experimental data are shown in Plots Figures 5A,B.

The averaged I-V curves and electric parameters of the
proton-irradiated EOL cells are reported in Figure5A and
Table 4, respectively, while the correlated EQE spectral response
curves are depicted in Figure 5B.

The summary of the averaged electric responses reported
in Table 4 for both BOL and EOL cells, analogously to what
previously reported in Table 1 for electron-irradiated cells, where
Isc and Ve, Py, Ip, and Vi, FE and 5 are defined as in the
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TABLE 5 | Remaining factors of the electric performance of proton-irradiated cells
for each particle dose.

TABLE 6 | Ratios between short-circuit currents of BOL and EOL subcells
calculated from EQE measurements for different 1 MeV proton fluencies.

Dose Top Middle Bottom
(pt/cm?) Subcell

1 x 10 1.00 0.99 0.92
2 x 1010 0.97 0.99 0.96
5 x 1010 0.97 0.96 0.87

1 x 10" 0.96 0.94 0.86
3 x 10" 0.97 0.88 0.78

The errors are estimated +3% for top subcell, +4% for middle subcell, £10-13% for
bottom subcell.
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subcell (Ivigde) @s calculated from EQE spectral measurements as a function of
the proton irradiation doses.
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All dose sets of cells were irradiated with particles of 1 MeV energy. 2 1
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previous Table 1. The estimated relative error is the same as in
the electron case. .
The remaining factors of the considered samples are shown 2.0x10 i
in Figure 6a and in Table5 as a function of their respective
00 1 1 1 1

irradiation doses. The remaining factors of proton-irradiated
standard 140-pm-thick CTJ30 cells, on the other hand, are shown
in Figure 6b (employing the 1 MeV energy), while results of the
tests on those cells with different proton energies are discussed
in Campesato et al. [23]. The comparison between thin and
thick devices points out that, similarly to the case of electron
irradiation (Figure 3), the response to irradiation of CTJ30-80
samples is very similar to that of the standard CTJ30 cells.
Actually 7 is the most degraded parameter, as for the electron
irradiation. In particular Figure 6a highlights a critical proton

16 1.8 2.0 22
Photon energy (eV)

FIGURE 8 | PL spectra of InGaP junction in BOL, EOL electron-irradiated and
EOL proton-irradiated conditions at room temperature.

irradiation dose at 5 x 10'° pT/cm? roughly, after which all
the remaining factors dramatically drop down. We guess that
this decreasing is likewise due to the change of the limiting
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function such as in the electron irradiation case. In fact, similarly
to electrons, for low irradiations the device is still top-limited.
Conversely, the slow decrease of performance until 5 x 10
pt/ecm? pointed out by I-V measurements, is followed at 1
x 10! p*/cm? by a marked decrease. We associated such an
evolution to the fact that the middle subcell is becoming the
current-limiting one.

We can here evaluate the contribution of each subcell to
the global behavior under proton irradiation. Actually, the
spectral responses in Figure 5B point out that the lower energy
protons produce the most severe damage in the top subjunction;
conversely, the middle subcell shows negligible changes. When
the proton energy is increased, the damage progressively affects
the deeper layers of the cell structure. In particular the middle
subcell undergoes the worst damage by the 1 MeV protons, which
we estimate to enter in the middle subjunction with an energy of
0.9 MeV and, after passing it, arriving on the bottom subcell
with an energy of ~0.7 MeV; protons with higher energies (e.g.,
10 MeV) affect the substrate only and seem to not deteriorate the
active layers [23].

We employ the same procedure as in the electron case
(Table 3): the subcell degradation is estimated by calculating I
from EOL spectral response and their ratios with respect to the
BOL values, whose results are reported in Table 6. We note that,
taking into account the different considered irradiation doses, the
overall behavior of the subcells irradiated with protons is very
similar to that of electron irradiation, as expected by works in
similar conditions on similar multi-junction cells [12, 32, 33].
In Figure7 the ratio between the currents, calculated from

the spectral measurements, of the top and middle subcells is
depicted. The plot shows that this ratio becomes larger than 1
around a dose of 5 x 10!° p*/cm?, confirming that the middle-
subcell becomes the limiting one above this irradiation dose, in
agreement with I-V curves (Figure 6a).

Namely, EQE spectral measurements highlight the expected
strong degradation of middle subjunction (Figure 5), confirming
this phenomenon. With proton, the bottom subjunction is
degrading more than with electrons, as reported in Table 6.

RESULTS: PHOTOLUMINESCENCE
SPECTRA

It is known that irradiation causes deep point defects which
produces a decreasing of the obtained current due to carrier
recombination [5]. Information about the point defects induced
by irradiation can be obtained by exploiting suitable techniques.
In the considered case we carried out specific photoluminescence
experiments with the above described equipments. For such
kind of measurements, we focus on the InGaP and InGaAs
junctions. Actually, applying PL technique on multi-junction
cells gives rise to problems in exciting one selected junction
and distinguishing the spectral contribution of each subcell.
Therefore, PL experiments are here accomplished on samples
specifically prepared with this aim. They are single-junction cells
which have been prepared by CESI with the standard CTJ30-
80 cell protocol. They have a 2 x 2 cm? size, with a protective
layer of InGaP on the top and an active junction of either InGaP
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or InGaAs, all grown on Ge substrate identically to standard
multi-junction CTJ30-80 cells. The employed growth technique
provides high-quality highly-optimized samples, where lattice
mismatch at the interfaces between the different layers is absent
as in the multi-junction cell growth. We therefore reasonably
assume that each single junction deposited on Ge substrate
exhibits the same luminescent response of the subjunction
embedded in the three-junction device, in particular with respect
to the qualitative PL analysis [34].

We accomplish measurements on both BOL and EOL
samples, which have been irradiated with the same particles
and doses of the complete junctions. PL experiments are
accomplished at room temperature (300K) in order to test
the materials in the same conditions of the EQE and I-
V experiments.

In Figure 8 the room-temperature PL spectra of the InGaP
junction, in BOL, electron-irradiated EOL and proton-irradiated
EOL are shown. A unique peak is evidenced, which is centered
around the energy gap of InGaP (~1.85¢V) as indicated by the
literature [35]: we therefore reasonably associate it to this band-
to-band transition. It is worth noting that the FWHM of BOL
curve is 84 meV, while that of EOLs is 105 meV for electron-
irradiated and 96 meV for proton-irradiated. We note that the
BOL peak shows a doubled intensity and a lower full-width-half-
maximum (FWHM) with respect to the EOL ones: this is in
qualitative agreement with the electric measurements previously
discussed in sections Electron Irradiation and Proton Irradiation.
Actually, we reasonably associate the absence of new peaks, the
increase of FWHM, and the decrease of the overall PL intensity
in EOL samples to an increment of non-radiative recombination
processes, which are known to negatively affect the material
performance in a PV device.

In Figure 9 the PL spectra of the InGaAs junction, in BOL,
electron-irradiation and proton-irradiation EOL, along with the
related Gaussian deconvolutions are shown. In this case, the
emission intensity of EOL samples is 500 times lower than that of
BOL sample, in agreement with the literature [36]: this confirms
the very higher sensitivity to irradiation of the InGaAs junction
with respect to the InGaP one.

Specifically, the BOL emission (black curve) is the
superimposition of three different emission peaks: the first
one (Mj_y,) is compatible with an expected energy gap at 1.38 eV
(band-to-band transition at room temperature) [37], while the
second one (M;) is centered at 1.36eV. Such an emission is
associated to a specific structure, protected by trade secret, which
has been introduced in the InGaAs thin films in order to increase
photon absorption at low energies. The attribution of the third
peak (M3) at 1.335eV, wider and with lower intensity, is still
under investigation. According to the Gaussian deconvolutions
also reported in Figure 9 proton irradiation produces a decrease
of the band-to-band transition at 1.38 eV, which is much more
pronounced in the case of electron irradiation, in agreement
with electrical characterization.

These results indicate that InGaAs is intrinsically more
susceptible to irradiation damage than InGaP. According to the
literature, we associate this behavior to a deterioration of the
minority carrier diffusion length [5, 31].

CONCLUSIONS

Our systematic investigation on electron and proton irradiated
triple-junction thin InGaP/InGaAs/Ge solar cells has examined
80-pm-thick mechanically flexible solar devices, specifically
designed for space applications. Their operative features
have been evaluated through electric and spectral response
measurements as a function of particle irradiation reproducing
their working conditions. The investigation of different doses
has enabled to obtain a qualitative description of the produced
radiative point defects of top InGaP and middle InGaAs subcells.
Comparative measurements on begin-of-life and end-of-life cells
have allowed to highlight the specific irradiation-correlated
features and, in particular, the performance degradation as a
consequence of the particle bombardment. The exploited specific
figure of merit of remaining factors has been able to quantitatively
depict the performance degradation of the whole multi-junction
solar device as a function of the irradiation doses.

We have carried out a fine analysis of each single subjunction,
whose spectral responses as a function of the irradiation have
allowed to estimate the current produced by each single subcell.
These data have been compared with the electric responses of
the overall device in order to point out the evolution of the
current-limiting-junction. These experiments have pointed out
that in the present 80-pum-thin configuration the middle InGaAs
subcell is the most radiation-damageable junction: actually the
most marked degradation in PV performance is associated to the
change of the current-limiting subcell from the top to the middle
one, both for electron and proton irradiation. Such a behavior,
which is confirmed both by electric and photoluminescence
measurements, is analogous to what previously demonstrated
in thick 3-junctions solar devices. Conversely, in top InGaP
subcells component of the considered device, the irradiation-
induced changes have been very low (few %), so as not to
compromise electric, spectral, and photoluminescence features.
Finally, in electric performance of bottom Ge subcell component
some damages correlated with irradiation can be found, but
less marked then in middle subjunction when irradiated with
electrons while the remaining factors are worse when irradiated
with protons. PL analyses of top and middle junctions irradiated
with electrons and protons show a decrease in radiative lifetimes
as expected, with the introduction of non-radiative centers.

It is worth comparing these operative features with those
of the usual available multi-junction space solar cells. If we
consider the performance and response to the irradiation, the
good resistance of CTJ30-80 devices is roughly the same as that of
standard devices. The main differences can be found in the high
produced power, low-weight, and bendable structure. Namely, it
is worth noting that the typical specific power of this class of a
solar devices lies around 0.5 W/g [3]; here, although the radiation
resistance and the electric performance are approximately the
same, the specific power is doubled. On the other hand, the
relatively low bending radius of 30 mm strongly increases the
usual adaptability to the spacecrafts of the whole class of these
solar devices [14, 15].

Summarizing, the considered thin InGaP/InGaAs/Ge
configuration has displayed a radiation resistance analogous to
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that of the devices with standard thickness. Their mechanical
flexible configuration enables to add more freedom to the design
of new spacecrafts; on the other hand, the very high specific
power allows to obtain, for the same amount of power, lighter
solar devices, giving a contribution for limiting costs in space
missions. These advantages are achieved, we have demonstrated,
still maintaining a good resistance to particle irradiation,
confirming that the considered thin cells as a valid option for the
application in space uses.

We can note that the basic advantage of this kind of solar
cells is the weight savings of spacecrafts, produced power being
the equal, where they are installed: this allows a decreasing
of the coasts of putting them into orbit. On the other hand,
this class of solar devices potentially opens a more innovative
pathway in the design of satellites: actually their flexibility allows
to exploit greater degrees of freedom in the general design
of the space, enabling a more optimized planning of each
spacecraft component.
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