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Abstract

This paper presents a detailed investigation of the effects of 1 MeV electron, 1 MeV neutron, and 3 MeV proton irradiations
on the performance of flexible inverted metamorphic GalnP/GaAs/InGaAs triple-junction (IMM3)) solar cells. The degradation
mechanisms of the main electrical parameters and external quantum efficiency were quantitatively analyzed using an
equivalent displacement damage dose (DDD) model. The experimental results demonstrate that significant performance
degradation occurred after irradiation. When the DDD=3.82x10%° MeV/g, the maximum power output degraded to 82%, 74%,
and 53% of its initial value under 1 MeV electron, 1 MeV neutron, and 3 MeV proton irradiation, respectively. External
quantum efficiency degradation predominantly occurs in the long-wavelength region, with the InGaAs subcell exhibiting the
most severe current density degradation under 3 MeV proton irradiation. Using the DDD model, the relative radiation damage
coefficients for the IMM3)J solar cells were determined to be Re, = 3.04 (1 MeV electron to 3 MeV proton), and R,,=2.29 (1
MeV neutron to 3 MeV proton). Short circuit current and open circuit voltage degradation models were used to analyze the
degradation mechanism of the IMM3J solar cells.
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1. Introduction advancements in multijunction solar cell design have

Multijunction GaAs-based solar cells have gained increasing
significance in space-energy systems owing to their high
conversion efficiencies. Conventional lattice-matched
GalnP/GaAs/Ge triple-junction solar cells (LM3J) typically
achieve an efficiency of approximately 30%; however, their
performance is constrained by insufficient infrared spectrum
utilization and current mismatch in the bottom subcell.l'! To
meet the growing demand for high-efficiency space
photovoltaics, recent research has focused on two primary
approaches: developing novel bottom-cell materials with
enhanced infrared absorption and designing multijunction
architectures to optimize current matching and full-spectrum
absorption. Furthermore, the challenges associated with lattice
and thermal expansion coefficient mismatches in
multijunction structures can be mitigated using advanced
wafer bonding and buffer layer technologies.’l Recent
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introduced novel architectures, including quantum dots and
quantum wells, along with emerging materials such as InGaAs,
GalnAsN, and GalnAsP. These developments provide
promising pathways for the development of high-efficiency
solar cells with enhanced spectral compatibility.’>*) Among
these innovations, inverted lattice-mismatched (IMM)
GalnP/GaAs/InGaAs triple-junction solar cells have attracted
significant research interest owing to their exceptional
flexibility, high conversion efficiency, and light weight. This
structure leverages InixGaxAs -based subcells and graded
buffer layer technology to mitigate lattice mismatch effects.
A notable breakthrough was achieved by SHARP Corp.,
which successfully fabricated an IMM3J solar cell with a
GalnP (1.88 eV)/GaAs (1.43 eV)/InGaAs (0.98 eV)
configuration via structural optimization. The device
demonstrated a remarkable conversion efficiency of 37.9%
under standard AM1.5G illumination (1 sun) and 44.4% under
concentrated light (302 suns, AM1.5D).5) The IMM3J cells
were fabricated using the inverted growth technology, wherein
the epitaxial layers were initially deposited on the substrate
before removal. This approach not only reduces the cell mass
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substantially but also enhances the specific power of
spacecraft solar arrays, which is a critical factor for
lightweight space mission designs.!! Compared with
conventional rigid triple-junction GaAs solar cells, the IMM3]J
architecture incorporates a flexible substrate, significantly
improving its packing efficiency while offering superior
mechanical flexibility and adaptability for space
applications.[”? Owing to these advantages, flexible IMM3]J
solar cells have become a key research focus for next-
generation space photovoltaics. The operational performance
of space solar cells is predominantly affected by charged
particles (protons and electrons) and neutral particles (notably
neutrons), all of which exhibit strong penetration capabilities
in space radiation environments. These particles induce defect
formation, which reduces the minority carrier lifetime and
promotes the premature recombination of photogenerated
electron—hole pairs, ultimately leading to performance
degradation and compromising the long-term operational
stability of spacecraft power systems.>*!

Understanding radiation damage mechanisms,
performance degradation characteristics, and on-orbit
behavior has become a critical research focus and prerequisite
for new solar cell technologies to qualify for space
applications. Therefore, comprehensive particle irradiation
testing with varying fluences and energies is essential for
simulating actual space conditions. Standard evaluation
methodologies include current—voltage (I-V) characterization,
dark current—voltage (DIV) analysis, external quantum
efficiency (EQE) measurements, and photoluminescence (PL)
spectroscopy.”*!% These techniques enable a systematic
investigation of the effects of electron, proton, and neutron
irradiation on IMM3J solar cells, with particular attention paid
to the degradation patterns in each subcell (GalnP, GaAs, and
InGaAs) for radiation resistance assessment. While existing
studies have primarily examined the effects of high-energy
proton and electron irradiation, there remains a significant gap
in systematic experimental data comparing electron, proton,
and neutron irradiations under controlled conditions. This
study addresses this research need by investigating the effects
of 1 MeV electron, 3 MeV proton, and 1 MeV neutron
irradiation on IMMB3]J solar cells. The analysis employs the
displacement damage dose (DDD) equivalence model to
quantify performance degradation and establish comparative
damage coefficients across different radiation types and
energies. This approach provides fundamental insights into
cell degradation mechanisms under various space radiation
conditions.

2. Experiments
The IMM3J GalnP/GaAs/InGaAs solar cells investigated in
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this study were fabricated using a low-pressure metal-organic
chemical vapor deposition (LP-MOCVD, model Vecco k4751)
system, grown on 4-inch GaAs substrates with a (100)
orientation tilted by 15°+0.5° toward the (111)A plane.
Trimethylaluminum (TMAI), trimethylgallium (TMGa), and
trimethylindium (TMIn) were used as the group-I11 precursors,
and high-purity AsHs and PH3 were used as the group-V
sources. SioHe and diethyltelluride (DETe) was used as the n-
type dopant, while CCl4 and trimethylzinc (DMZn) were used
as the p-type dopant, respectively. The reactor pressure was set
to 39 Torr, and the growth temperature ranged from 600 to
700 °C. More details of the epitaxial growth and sample
fabrication processes have been reported in our previous
work.['l' A critical feature of the device design was the
implementation of a 4000 nm-thick graded buffer layer
between the middle GaAs and bottom Ing3Gagp7As subcells,
engineered to accommodate lattice mismatch while
maintaining optimal current matching. All samples were
grown to dimensions of 2 cmx4 cm. Fig. 1 illustrates the
detailed device architecture of the IMM3]J solar cells.

InGaAs
Bottom Cell
GB Layer
Graded Buffer (AlGa), o 070005 g 0AS TJ
Tunnel Junction-2
AlGaAs BSF 250nm 2x10s GaAs
GaAs Base 2500nm 2116 Middle Cell
GaAs Emitter 100nm 2x 1917
AlInP Window 40nm 2x101® TJ
GalnP
Top Cell

Fig. 1: Structure of the GalnP/GaAs/InGaAs (IMM3J) inverted
lattice mismatched triple junction solar cell.

The 1 MeV electron and 3 MeV proton irradiation were
conducted on an electron and proton accelerator, respectively,
in a uniform flux (1.0x10'" e/cm?s and 1.0x10° p/cm?s) area at
room temperature, at Space Environment Simulation Research
Infrastructure (SESRI), Harbin Institute of Technology. The 1
MeV neutron irradiation was performed on the neutron reactor
at China Academy of Engineering Physics, China, with a flux
of 2.0x107 n/cm?s. The proton and neutron fluences were
calculated based on the DDD values determined by the non-
ionizing energy loss (NIEL) method to guarantee consistency
with the value of the DDD produced by the 1 MeV electron
irradiation, while the electron fluences were chosen in
accordance with the space solar cell evaluation and irradiation
test standard.'?! The following equation was used to determine
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the radiation induced DDD in solar cellst!3):

DDD = NIEL X ¢ (1)

where the ¢ is the irradiation fluence, NIEL is the non-ionizing
energy loss value of solar cell materials for corresponding to
the irradiation particles and its energy. The NIEL values of
solar cell materials under irradiation were calculated by
MULASSIS software.['¥ Due to the very close NIEL values of
GalnP, GaAs and InGaAs materials regarding to electron,
proton and neutron irradiation,!'s) NIEL|| mev electron =3.82%1073
MeV-cm?/g, NIEL|3 Mev proton = 2.25%103 MeV-cm?/g and
NIEL|i Mev neutron 1.38x102 MeV-cm?g for IMM3J
GalnP/GaAs/InGaAs solar cells have been applied for
calculating DDD values in this work. The calculated
irradiation fluences of the 3 MeV protons, 1 MeV neutrons,
and selected 1 MeV electron fluences are shown in Table 1.

Table 1: The calculated irradiation fluences of 3 MeV protons

and 1 MeV neutrons based on equivalent displacement damage
(DDD) method.

MeV 1 MeV
1 MeV electron
) proton neutron DDD MeV/g

e/cm

p/cm? n/cm?
1.0x10 1.70x10'  5.0x10"! 3.82x10°
5.0x10 8.51x10'"  9.0x10" 1.91x101°
1.0x10" 1.70x10">  3.0x10'? 3.82x1010

An OAI TSS-156 solar simulator was used to assess the I-
V characteristics of the solar cells under standard AMO spectra
at T=25°C, before and after the irradiation. A SONF 7-
SCSpecl11 system was used to measure the external quantum
efficiency (EQE) of the solar cells.
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3. Results and discussion

3.1 Degradation of electrical properties

Fig. 2 presents the degradation behavior of the main electrical
parameters of the IMM3J solar cells exposed to various
particle radiations in terms of the short circuit current (/s.),
open circuit voltage (V,), maximum power (Pna), and fill
factor (FF). The graph illustrates how irradiation with
electrons, protons, and neutrons causes all the electrical
characteristics of the solar cell to decrease monotonically as
the DDD increases. There are notable variations in the degree
of deterioration across several parameters, particularly the
most significant parameter degradation caused by 3 MeV
protons at the same DDD, despite the general electrical
degradation trend of IMM3J solar cells being comparable. The
Py under irradiation with 1 MeV electrons, 1 MeV neutrons,
and 3 MeV protons dropped to 84.84%, 79.40%, and 53.02%
of the original values, respectively, for DDD = 3.82 x 10'°
MeV/g.

According to reports on electron-irradiated Si and GaAs
single-junction solar cells, the degradation rate V. is typically
lower than that of I, when the irradiation fluences
increased.'>'1 However, in this study, we observed that the
degradation of V,. was greater than that of /., as shown in Fig.
2(a) and (b). The reason for this contrasting result is mainly
the structure of the IMMB3]J solar cells, in which the overall
output voltage of the solar cell is the sum of the V,. of each
subcell, whereas the output current is determined by the
minimum current among the subcells. Therefore, the
degradation of V. is faster than that of /;c when the irradiation
fluences increased. The primary reason for the degradation of
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Fig. 2: Normalized values IMM31J solar cells before and after exposure to 1 MeV electrons, 3 MeV protons, and 1 MeV neutrons: (a)

Isc, (b) Voc, (C) Pmax, and (d) FF.
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both V,. and I is the irradiation-induced lattice defects in the
junction area, which act as nonradiative recombination centers
and lead to a decrease in the minority carrier lifetime.
Consequently, the degradation of V,. and I results in the
degradation of Pmax and FF (Fig. 2(c) and (d)).

In addition to directly obtaining the fundamental electrical
parameters of the cell, the I-V curve allows the extraction of
other parameters from the theoretical model, including the
photogenerated current (/,;), saturation current (/y), diode
ideal factor (n), parallel resistance (R,:), and series resistance
(Rs). The I-V curves of the IMM3J solar cells under 1 MeV
electron, 3 MeV proton, and 1 MeV neutron irradiation are
plotted in Fig. 3. The equivalent circuit model of a solar cell
can be expressed as following equation!!$!l:

V+I&) 1] V + IR,

=1Ly —1 (

)

The extracted L, Io, n, Ras, and R, values from Fig. 3
obtained using Eq. (2) are listed in Table 2: The fitting results
are in good agreement with the experimental data. This shows
that under various irradiation particle types, Iy, n, and R; all
steadily increased with an increase in the DDD, whereas I,
and Ry, exhibited a declining trend. Under 3 MeV proton
irradiation, Ry, decreased by two orders of magnitude, which

was more significant than that of electron and neutron
irradiation. While the accumulation of lattice defects induced
by irradiation in the non-junction region was mostly
responsible for the increase in Ry, the decrease in Ry, is
primarily ascribed to the increase in defect density in the p-n
junction region. The electrical and optical performance of
solar cells is affected by these displacement-damaged defects
because they create new energy levels in the semiconductor
energy bands, serve as nonradiative recombination centers,
and decrease the collection efficiency of photogenerated
minority carriers. The density of these displacement-damaged
defects increases with an increase in the irradiation fluence
and causes further degradation in the performance of the solar
cell.

It has to be pointed out that the equivalent circuit model Eq.
(2) is based on the single diode model, therefore, there must
be some inaccuracies in the results listed in Table 2 due to the
complex structure of a triple-junction solar cell with three
junctions and two tunnel diodes in series. However, if we
assume a triple-junction solar cell is equivalent as a single
diode, the degradation trends of its electrical parameters may
consistent with a single junction solar cell, and we can use
these changes to qualitatively analyze the degradation
behavior of the triple-junction solar cells as discussed above.
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Fig. 3: Measured (lines) and fitted (symbols) I-V curves of IMM3J solar cells irradiated by (a) 1 MeV electrons, (b) 3 MeV protons,

and (c) 1 MeV neutrons.
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Table 2: 1,4, 1o, n, Ry and Ry, values extracted from Fig. 3.

DDD (MeV/g) L (A) 1o (A) n R(Q) R (Q)

0 0.132 2.82x10°15 3.76 0.128 15458

3.82x10° 0.131 1.12x10°14 378 0.354 7824

1 MeV electron 1.91x1010 0.128 8.13x10°14 38 0.411 7137
3.82x10!° 0.127 42810712 3.99 0.480 6858

0 0.131 2.50x10°15 372 0.132 15503

3.82x10° 0.127 2.95x10713 3.85 0.420 4842

3 MeV proton 1.91x1010 0.124 1.15x1012 4.05 0.850 2842
3.82x10!0 0.113 7.55x1011 4.48 1.250 971

0 0.133 2.41x10715 3.73 0.130 15462

Moy 3.82x10° 0.128 8.66x10714 3.86 0.430 5500
eV neutron 1.91x1010 0.127 8.64x10713 3.99 0.443 5211
3.82x10!0 0.127 6.43x10712 424 0.490 5006

3.2 Degradation of spectral response

The variation in the EQE values of IMM31J solar cells under
electron, proton, and neutron irradiation at DDD = 3.82 x 101°
MeV/g is shown in Fig. 4. The degradation of the EQE is more
pronounced in the long-wavelength region, particularly in the
GaAs and InGaAs subcells, than in the short-wavelength
region. Irradiation-induced defects and cell structure are the
primary determinants of this phenomenon. High-energy
electron, proton, and neutron irradiations generate
significantly more defects in the base region of the cell than in
the emitter region because of the difference in thickness of
these two regions. Because the base region primarily absorbs

long-wave photons, the probability of the photogenerated
carriers, produced in the base region, being captured by
irradiation-induced defects increases significantly, making the
photon loss in the long-wavelength region more
pronounced.?”  Furthermore, @ as  direct  bandgap
semiconductors, GaAs and InGaAs exhibit a nonlinear
connection between the photon energy and their optical
absorption coefficients, which causes the short-wavelength
photons to have a far shallower absorption depth than long-
wavelength photons.?'l Hence, the possibility of electron-hole
pairs being produced by short-wave photons captured by
defects is much less.
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Fig. 4: EQE values of IMM31 solar cell under (a) 1 MeV electron, (b) 3 MeV proton and (c) 1 MeV neutron irradiation, DDD=3.82

x 101" MeV/g.
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The distribution of the DDD in each layer of the IMM3]
solar cells with 1 MeV electron and 3 MeV proton irradiations
was simulated using a multi-layer shielding simulation tool
(MULASSIS),? as shown in Fig. 5. The simulation results
show that independent of the particle type, the DDD increases
with the depth of the incident irradiation particle from the top
of the solar cell. This also supports the conclusion that
irradiation induces more displacement damage in the base
region than in the emitter region of the solar cell, resulting in
severe degradation in the long-wavelength region.

The integrated current density (J,.) of each subcell of the
IMM3J solar cell can be obtained from Fig. 4 using the
following equation!'*):

2
L EQE(Y) x S(1) x A dA
1, he

Jsc = (3)
where S(A) is the AMO solar spectral intensity at A. The
extracted values of Jy are listed in Table 3. The J;. of the
InGaAs subcell is the lowest compared to that of the GalnP
and GaAs subcells before and after all electron, proton, and
neutron irradiations, which indicates that the InGaAs subcell
is the current-limiting subcell in the IMM-structured triple-
junction solar cell. When DDD=3.82x10'" MeV/g, the
remaining factors (RF) of Jy of the InGaAs subcell are 0.944,
0.830, and0.912 for electron, proton, and neutron irradiations,
respectively.

Irradiation introduces a certain amount of displacement
damage to solar cell materials, and the particles lose energy on

the front surface, junction area, and base area of the solar cell,
resulting in a certain degree of degradation of the EQE over
the entire absorption wavelength range. The relationship
between I and QE can be expressed by Eq. (4).1

e = ) aFG[1 = RODIQE) )

From Eq. (4), I is the integral of the quantum efficiency;
therefore, the degradation of EQE will inevitably lead to a
decrease in I.. In addition, displacement damage causes
defects such as vacancies, interstitial atoms, and deep energy
level centers in and near the junction area of the solar cell,
which reduces the diffusion length and lifetime of carriers,
causing an increase in the recombination and diffusion
currents, that is, an increase in the dark current. It is known
from Eq. (5)* that the output current is a linear superposition
of the photocurrent and dark current; therefore, an increase in
the dark current will lead to a decrease in the output current,
causing a degradation in the electrical performance.

1) = Igr — (In + 1)) ®)

where /4 is the photocurrent in the depletion region and I, +1,
is the dark current. For a uniformly doped cell, Vo is
approximately equal to the built-in voltage Vp.1>! The value of
Vb is related to the concentration of majority carriers. The
introduction of irradiation defects into the cell creates the
recombination center of the majority carriers, which reduces
the concentration of majority carriers and thus leads to a
decrease in V.

From the results of the degradation of EQE curves, it can
be seen that the GalnP top cell is affected the least among the
three subcells under all irradiation conditions, this is mainly
due to the stronger In-P bonds in GalnP.?**) Besides, from the
material aspect, radiation resistance of GalnAs subcell is
approximately equivalent to that of the InGaP and GaAs sub-
cells.”l However, during the growth of the step-graded buffer
layer in IMM structure, it will introduce more crystal defects,
such as threading dislocations,?” in GalnAs bottom cell. After
irradiation, these original defects will produce more
displacement damages in solar cell active regions, and result
in bigger degradation of cell performance.

3.3 Equivalent displacement damage dose modeling
To explore the correlation between different electron, neutron,

Table 3: Extracted integrated current density (Ji.) of the each subcell in the IMM3]J solar cell.

DDD GalnP GaAs InGaAs

MeV/g mA/cm? R.F. mA/cm? R.F. mA/cm? R.F.
1 MeV 0 17.13 1 17.08 1 16.87 1
electron 3.82x101° 16.58 0.968 16.37 0.958 15.93 0.944
1 MeV 0 17.04 1 16.89 1 16.67 1
neutron 3.82x1010 16.61 0.974 16.15 0.956 15.21 0.912
3 MeV 0 16.97 1 17.17 1 16.85 1
proton 3.82x10!° 15.88 0.935 15.20 0.885 13.99 0.830
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Table 4: Fitting results for Vo, I, and P of IMM3J solar cells under electron, proton and neutron irradiations using Eq. (9).

Particle Parameters C Dy (MeV/g)

L 0.0420 7.54x10°

1 MeV electron Voe 0.0726 1.10x10°
Prax 0.1244 6.48x10°

L 0.1131 6.75%x10°

3 MeV proton Voe 0.1999 2.39x10°
Prax 0.4443 2.13x10°

Lsc 0.0794 5.09x10°

1 MeV neutron Voe 0.1129 4.69x10°
Prax 0.2188 4.87x10°

and proton irradiation doses and the degradation of the solar
cell performance, following a semi-empirical equation!'®! was
used to fit the results shown in Fig. 3.

P(Dgq) D4
Py 1 Clog(l + Dx) 6)
where Dy is the corresponding irradiation dose (DDD), C is
the performance degradation rate, D, is the critical DDD
related to the cell structure, material, and irradiation particle
energy, and Py and P(D,) are the electrical parameters of the
solar cell before and after irradiation, respectively. The fitting
results for Ve, Iy, and Ppgy of the IMMB3]J solar cell under 1
MeV electron, 3 MeV proton and 1 MeV neutron irradiations

are listed in Table 4.

07 o m
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Fig. 6: Fitting results of Pm.x degradation curves of 1 MeV
electron, 1 MeV neutron and 3 MeV proton irradiated IMM3]J
solar cells based on the equivalent damage model.
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From the fitting results, it can be seen that the lattice-
mismatched IMM3J solar cells have no obvious differences
from traditional solar cells in terms of the irradiation damage
effects on the output electrical performance. As shown in
Table 4, the degradation rate (C) of Py.ax was the highest for all
three types of irradiations. It is not difficult to understand that
this is because the degradation of P is proportional to the

Engineered Science Publisher

degradation of /. and Vi, and, when both /. and Vi, are
degraded, P, has the highest degradation ratio. The electron—
proton damage equivalent factor (R.p) and the neutron—proton
damage equivalent factor (Rn,) are defined as Dex/Dpx and
Dex/Dix, respectively.?® Based on the calculated Rep =3.04 and
Rop =2.29, the Ppax degradation curves in Fig. 2(c) are re-
plotted in Fig. 6.

The results show that the P, degradation curves under
electron and proton irradiations tended to overlap. Therefore,
using the fitting parameters C, Dy, Rep, and Rnp, the
performance degradation of this type of solar cell under
specific electron, proton and neutron irradiation conditions
can be predicted. Furthermore, this method can be used to
determine the proton fluence that causes the degradation of the
solar cell parameters to be the same as that under the given
electron irradiation conditions, and vice versa.

3.4 Short-circuit current degradation model and damage
mechanism analysis
When high-energy particles interact with the solar cell, the
lattice atoms deviate from their original positions, forming
vacancies, and thereby generating defect centers in the
semiconductor material. These defect centers act as traps for
photogenerated electron—hole pairs, constituting displacement
damage. Displacement damage is a cumulative damage
process caused by high-energy incident particles through non-
ionization energy loss. These defects can effectively shorten
the diffusion length of minority carriers and reduce the
collection efficiency of photogenerated electron—hole pairs,
thereby leading to the degradation of solar cell performance.
For a single-junction solar cell, /. can be decomposed into
the sum of the contributions of the n-type region current (/scn),
depletion region current (/scq), and p-type region current (Zscp),
that is Is¢ = Lsen + Isea + Isep. By taking the derivative of each
term in this equation, the expression for the total current
density can be derived as:

w ; xj
qaF(1-R)L |aLe=®WD4sinh (52)  aLe™J-sinh (F)

] = ~ax; \14 X i 7
S€ T eMia212-1 cosh (TD) cosh (T)) ( )
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where ¢ is the electron charge number, « is the absorption
coefficient, F is the incident light flux, R is the reflectivity, x;
is the depth of the p-n junction, Wp is the total thickness of the
p-n junction, and L is the minority carrier diffusion length. In
a typical III-V compound solar cell structure, a is
approximately in the range of 10*-10° cm’!, xj is a few hundred
nanometers thick, and the thickness of the base layer is much
greater than that of the emission layer (Wp >> x;). Therefore,
eM-aWp) = e"(-oxj) and sinh(Wp/L)=cosh(Wp/L)=cosh(x;
/LY=1. So, Eq. (7) can be simplified as

1 .
_qaF(1—R)L(1—aLle™) A7~ ade™

T T e - 1) "1 ®)
L2

a?

where 4 = gaF(1-R)exp(-ax;j). The degradation of the minority
carrier diffusion length caused by charged particle irradiation
can also be expressed as*!

1

2 + Ko 9)
where Lo and L, are the minority carrier diffusion lengths of
the solar cell before and after irradiation with different
irradiation doses ¢, and K is the diffusion length damage
coefficient. Substituting Eq. (9) into Eq. (8), the relationship
between the irradiation fluence and the current density of the
solar cell is expressed as follows:

ale® i — A(Li2 + K, p)Y/?
0

Jse = 1 (10)
1z~ a’+ Ko
0
When ¢ =0, Eq. (10) becomes:
ale®™i — A/L,
0T T (11)
= _ 2
Lg

The Lo value of each subcell can be determined using Jo
values determined from the EQE (Table 3) and Eq. (11), and
then, Lo and the corresponding ¢ and Js. of each subcell are
substituted into Eq. (10) to calculate Ki.. Tables 5 and 6 list the
setting parameters and calculated values of Lo and Ki. for each
subcell of the IMM3]J solar cell under 1 MeV electron, 3 MeV
proton, and 1 MeV neutron irradiations, respectively. The Kt
value of the IMM31J solar cell irradiated by protons is higher
than that of the cell irradiated by electrons, which also
supports the result that the /;c degradation of the IMM3J solar
cell irradiated by protons is greater. As shown in Table 6,
InGaAs has a slightly higher Ki value (one order of
magnitude), which means that under the same irradiation
fluence, the K1 degradation is more severe than that of the
other two subcells. This result is consistent with the fact that
the EQE value of the InGaAs subcell appears more degraded
in Fig. 4.

Table 5: Selected parameters for Eq. (13).

GalnP GaAs InGaAs
a (cm) 31 9.69x10* 1.02x10* 2.36x10%
R (%) B2 7.34 5.75 10.36
F (cm2sh)3l 1.14x10"7 0.95x10'7 0.89x10'7
x; (cm)[13] 0.2x10* 0.2x10* 0.4x10*
Table 6: Calculated values of Ly and K. for the IMM31J subcells.
GalnP GaAs InGaAs
Lo (cm) 7.70x10© 9.28x107 3.57x107
1.11x10° (e) 3.56x107 (e) 1.45x10°8 (e)
K 9.97x10% (p) 5.53x107 (p) 3.73x10°° (p)
1.60x10°% (n) 5.20x10% (n) 6.23x10"" (n)

According to the relationship and calculation results in
Table 6, the change in the minority carrier diffusion length
under different irradiation fluences can be obtained, and the
results are shown in Fig. 7. It can be seen that the degradation
rate of the minority carrier diffusion length (L) in the InGaAs
subcell is the highest compared to the other two subcells for
all three types of irradiations. This phenomenon is consistent
with the fact that the InGaAs bottom subcell is the current-
limiting unit of IMM3J solar cells.

8| Eng. Sci., 2025, 38, 1862

The carrier diffusion length damage coefficient K; reflects
the degradation rate of the carrier diffusion length of the solar
cells under irradiation. The irradiation damage mechanism
also reflects the introduction rate of deep-energy-level defects,
as shown in Eq. (12) and (13)P4:

I? =Dt (12)

(13)

where 7o and 7 are the minority carrier lifetimes before and

Tt =15 + Ngov = 151 + K,ve
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after irradiation; Nr is the concentration of non-radiative
recombination centers; K, is the defect introduction rate; o is
the defect capture cross-section area; v is the minority carrier
thermal velocity; and D is the minority carrier diffusion
coefficient. Substituting Eq. (12) and (13) into Eq. (9), we
obtain the relationship between the defect introduction rate
and the diffusion length damage coefficient of solar cells under
1 MeV electron, 3 MeV proton, and 1 MeV neutron
irradiations as following:

D

— XK (14)
v

K, =

At a given ambient temperature, D and v of minority

(a)

—&— GalnP

—@— GaAs

—A—InGaAs
~ 10"} /A/‘A
§ A =i
T =T
= 10° ° -/l

PRI |
10"
1 MeV electron fluence (cm?)
10° = e v

—— GalnP
—8— GaAs

104 | "

1/L% (cm?)
=)
>
.\\

carriers remain constant and are not affected by the increase in
irradiation fluence; D= 1.89x10% cm?/s and 2.0x10? cm?/s, and,
v=4.84x10° m/s and 4.4x10° m/s, for InGaAs and GaAs,
respectively.’s) Based on these parameters, the calculated
values of K, for IMM3]J subcells are listed in Table 7. The
result shows that the defect introduction rate, K, of InGaAs
cells is significantly higher than that of GaAs and GalnP
subcells, which is also the key factor for the rapid decline of
I in the InGaAs subcell. The defect introduction rate of
subcells caused by proton irradiation is significantly higher
than that caused by electron and neutron irradiation, further
confirming that the radiation resistance of cells under proton
irradiation is relatively weak.

107

—a— GainP

-8 GaAs
—A—InGaAs
/.
A &
a
10° / /
B
O/
10" 10"
3 MeV proton fluence (cm?)

10°

112 (cm™)

©)

1 MeV neutron fluence (¢cm?)
Fig. 7: Normalized 1/L? values after irradiation of (a) electrons, (b) protons and (c) neutrons in IMM cells with different irradiation

injections.

Table 7: Calculated defect introduction rate of GalnP, GaAs, and InGaAs subcells exposed to 1 MeV electrons, 3 MeV protons, and

1 MeV neutrons irradiations.

GalnP GaAs InGaAs
2.78x10713 () 1.62x10712 (e) 5.65x10712 (e)
K, 2.49x107! (p) 2.51x101% (p) 1.45%x107 (p)
4.00x10'2 (n) 2.36x10°!! (n) 6.23x10"'! (n)

3.5 Open-circuit voltage modeling and damage mechanism
analysis

In a uniformly doped p-n junction solar cell, the open-circuit
voltage can be approximated as its built-in electrical field,
which is equivalent to the difference between the Fermi levels
of p- and n-type semiconductors.’) If the p-type
semiconductor contains only acceptor impurities and the n-
type contains only donor impurities, the built-in voltage of the

Engineered Science Publisher

p-n junction can be determined as follows:

kgT NpNy4
=——In 15
D q niz ( )

where n;j is the intrinsic carrier concentration, 7 is the absolute
temperature, kg is Boltzmann’s constant, g is the electron
charge, Na and Np are the acceptor and donor concentrations,
respectively. The doping concentration of the emitter and base
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regions of solar cells is generally 10'7-10'® ¢cm™. When all
impurities are ionized, Np = n, Na = p, n = p, then37]

kgT np 2kgT. n
Vp=—In— = In— 16
D=z 7 " (16)

The concentration of displacement defects is positively
correlated with the irradiation dose, whereas the carrier
recombination rate caused by the defects is proportional to the
defect concentration. Therefore, the presence of displacement
defects reduces the concentration of majority carriers in
semiconductor materials. Taking n-type semiconductors as
examples, the majority carrier concentration after charged-
particle irradiation can be expressed as*$3]

dn
n=no =g =m0l = &g) (17)
where n¢ and n are the majority carrier concentrations before
and after irradiation, respectively; ¢ is the irradiation fluence.
K = dn/dp is the majority carrier concentration removed per
unit radiation dose, known as the carrier removal rate.*" oy is
the damage coefficient related to the carrier removal rate, i.e.,
K = noon. During the irradiation process, the majority carrier
concentration decreases continuously with increase in
irradiation fluence, and the removal rate is approximately
proportional to the majority carrier concentration,*!l i.e., K =
non
Mo

(18)

Substituting Eq. (18) into Eq. (16), we obtain the
relationship between the built-in voltage and irradiation
fluence as:

n=——m—
1+ a,p

ZkBTl ng
= n
P q ni(l + an(p) (19)
2kgT ~ ny
= p [lnn—i —In(1+ a,9)]

Before irradiation, the irradiation fluence ¢=0, then the
built-in voltage before irradiation is

v 2kgT l ng (20)
= n—
DO q n
Thus, the normalized built-in voltage is
v n
L = 1-n=>)"Un (1 + a,0) 1)
Vbo n;
Or
Voc Vp g
=—=1-(n—)"In(1+a,¢ 22
Fo=p =1 it ay) @)

Eq. (22) is consistent with the mathematical model of the
solar cell electrical parameter degradation semiempirical
equation (Eq. 6).

At room temperature, the intrinsic carrier concentrations #;
of the GaInP, GaAs and InGaAs subcells are 1.2x103 cm?,

10 | Eng. Sci., 2025, 38, 1862

1.79x10° cm™ and 7.6x10° cm?, respectively, and the ny of
each subcell is 1x10'® cm=.42 Then, the degradation rates of
Voo for the GalnP, GaAs, and InGaAs subcells can be
calculated using Eq. (22), which are 0.029, 0.037, and 0.053,
respectively. This result further reveals that the InGaAs
subcell degrades most significantly with an increase in the
irradiation fluence.

4. Conclusion

We studied the electrical and optical properties of IMM3J
solar cells grown using MOCVD and irradiated with 1 MeV
electrons, 3 MeV protons, and 1 MeV neutrons. The results
showed that the three irradiation methods caused serious
degradation of the main electrical parameters and EQE values
of the solar cells. Under the same DDD, proton irradiation
caused more significant reductions in /s, Voc, and Pmax than
electron and neutron irradiation. The spectral response was
more severely degraded in the longer wavelength region of
each subcell because the electron-hole pairs generated by
longer wavelength photons near the band edge of the subcell
farther from the junction interface suffer more post-irradiation
collection degradation because of their sensitivity to the
carrier diffusion length. When DDD=3.16x10'" MeV/g, the
integrated current density Js. of the InGaAs subcell degrades
more under proton irradiation than under electron and neutron
irradiations. The absolute values of Jsc of the GalnP and GaAs
subcells before and after irradiation were lower than those of
the InGaAs subcells, indicating that the InGaAs subcells were
the current-limiting units in the solar cell structure.

The relative damage coefficients of the IMM3]J solar cells
irradiated with 1 MeV electrons to 3 MeV protons and 1 MeV
neutrons to 3 MeV protons were determined by the DDD
model, which are Re;=3.04 and R.p,=2.29, respectively. The
modified solar cell performance degradation curves with the
equivalent displacement damage dose model under electron,
neutron, and proton irradiations almost overlap into a single
line, and these relative damage coefficients can be used to
evaluate the cell degradation performance under different
energy particles. Based on the partitioned minority carrier
collection model of the short-circuit current, the minority
carrier diffusion length damage coefficient K1 and 1/L? of each
subcell under 1 MeV electron, 3 MeV proton and 1 MeV
neutron irradiations were analyzed. The K1 of each subcell
was higher under proton irradiation, and the diffusion length
of the InGaAs subcell degraded the fastest, which is consistent
with its current-limiting characteristics.

In addition, by calculating the defect introduction rate K,
under different particle irradiations, it is found that the subcell
K, caused by proton irradiation is significantly higher than that
of electron and neutron irradiation, which further confirms that
the radiation resistance of the solar cell under proton
irradiation is relatively weak. Based on the open-circuit
voltage degradation model, we calculated the degradation rate
of each subcell’s Vi, revealing that the InGaAs subcell
exhibited the most severe degradation with an increase in the
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electron and proton irradiation fluence.
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