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Study of lifetimes of nonequilibrium charge carriers
by electroluminescence method in multijunction solar cells
under irradiation with high-energy protons and electrons
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Triple-junction GalnP/Ga(In)As/Ge solar cells were studied by the electroluminescence method after irradiation
with 2 and 4.5MeV electrons and 10 MeV protons. The recombination current densities of p—n-junctions were
determined and the dependences of the lifetimes of nonequilibrium charge carriers in GalnP and Ga(In)As layers
were calculated depending on the fluences of damaging particles and the dose of structural damage, the damage
coefficients for the considered materials and particles were calculated.
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Multijunction (MJ) solar cells (SC) are currently the
main power source for spacecraft operating in various orbits
around the Earth as well as for spacecraft designed for lunar
and Mars missions. Exposure of semiconductor structures
to high-energy particles, primarily, electrons and protons
trapped by the Earth’s magnetic field as well as carried by
solar and galactic cosmic rays is a distinguishing feature
of SC operation in space. Such particles cause radiation-
induced damage of a structure leading to the occurrence
of additional nonradiative recombination centers [1]. They
cause reduction of carrier lifetimes in photoactive layers and,
consequently, to:

— reduction of the external quantum efficiency (EQE) of
photoconductive response and, accordingly, of SC photocur-
rent (in the case of MJ SC—photocurrents of SC subcells);

— increase in the dark current densities of the p—n-
junctions leading to a decrease in the voltage and filling
factor of the SC volt-ampere characteristic (VAC).

Traditional approaches to the analysis of SC radiation
resistance include accelerated radiation tests and analysis
of spectral and volt-ampere characteristics of devices after
irradiation, however, for a monolithic MJ SC structure, it is
particularly problematic to obtain VAC of SC subcells. This
is an important problem because every subcell can demon-
strate a different degree of degradation (due to differences in
semiconductor designs, composition, thickness and doping
levels of layers).

One of the methods to get information individually
about every p—n-junction (apart from other subcells) is
an electroluminescent examination method [2-5] based on
the principle of reversibility of photovoltaic conversion and
correlation between the photoconductive response EQE of
the p—n-junction EQE(A) and its spectral dependence of
electroluminescence (EL) M on the current through the
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p—n-junction J [6]:

ev(J)
kT

M(1,J) = EQE(1)B(1) [exp ( ) — 1}, (1)
where e is the elementary charge, V(J) is the p—n-
junction VAC, 24 is the radiation wavelength, Kk is the
Boltzmann constant, B is the black-body spectrum at the
given temperature T. The method is used to determine
a subcell VAC according to the measured EL-current
dependence with known photoconductive response EQE.
It was successfully used by the authors before to explore
the properties of MJ SC exposed to neutron irradiation [7].

Experimental findings for GalnP/Ga(In)As/Ge MJ SC
samples (Table 1) exposed to 2MeV and 4.5MeV electron
and 10 MeV proton irradiation are shown in Figure 1. From
the measured VAC, densities of the diffusion current Jy;
and the recombination current Jo, of the p—n-junctions of
the GalnP and Ga(In)As subcells were calculated using the
least-square method on the assumption that their VACs are
described by a two-diode model [8,9]:

300 -3 (o0 (22) 1) s (22 1),
(2)

where Jyp, is the photocurrent density.

In [7], it was shown that the measured diffusion current
density of the p—n-junction is impracticable for determining
minority carrier (MC) lifetimes, therefore only the recom-
bination current was further analyzed. Calculated Jo, for
GalnP and Ga(In)As is shown in Figures 2,a and 3,aq,
respectively. The measured dependences were scaled using
the NIEL coefficient in accordance with the ,displacement
damage dose”, DDD, model [10]. Rep (defined as the ratio
between DDD for electrons and DDD for protons) was
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assumed equal to 3.11 [11] because EL measurements of
MJ SC subcells were performed in a near-no-load mode.
Recombination current density of the p—n-junction is
defined by the carrier recombination through deep centers
in the subcell’s space charge region. Function of MC
recombination through deep centers is written as [8,9]

2
pn—n;

R 3 = 9
(P = ) T m TP

(3)

where 7p = (ppN;) 7%, 1 = (aN;) =% are MC lifetimes
in then and players, respectively; yn, yp are the deep
center trapping coefficients for electrons and holes; N, is
the number of deep centers; n, p are electron and hole
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Figure 1. Degradation dependences for photocurrent densities of
subcells of the studied GaInP/Ga(In)As MJ SCs (a) before and
after exposure to the 2MeV and 4.5MeV electron irradiation and
10MeV proton irradiation, and ,voltage—current“ dependences
for subcells measured by the electroluminescent examination
method with 2MeV electron irradiation (b). ,,Voltage—current
dependences with 4.5 MeV electron irradiation and 10 MeV proton
irradiation are identical to those shown in Figure b and are available
on request.
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Figure 2. Dependences of the recombination current density (a)
and nonequilibrium carrier lifetimes in SCR (b) for the GalnP
subcells on the displacement damage dose (DDD) scaled in
accordance with non-ionizing energy loss (NIEL): / — literature
data for 1MeV electron irradiation [11]; 2 — 2MeV electron
irradiation; 3 — 4.5 MeV electron irradiation; 4 — 10 MeV proton
irradiation; 5 — approximation of dependences 2 and 3.

concentrations, Nn; is the intrinsic concentration of carriers.
n; and p; having the concentration dimension correspond
numerically to the number of carriers in such semiconductor
where the Fermi level coincides with the recombination
center level. If a field within the space charge region (SCR)
with the thickness d is quite weak and electron and hole
concentrations may be assumed to be virtually constant
n~ p, then the recombination current may be estimated
as follows:

ev end
n=n{ exp ﬁ -1 , J02:T—ff, Teﬂ‘:Tn+Tp.
e

(4)
This may be observed when an undoped layer is embed-
ded between the n and p regions and the Debye shielding
length turns out to be smaller than the thickness of this layer
di. For the p—n-junctions in GalnP and Ga(In)As, such
situation may be observed in practice only at > 1V and in
the i-region with a size of ~ 0.5um and more. However,
the injection current, that grows faster due to twice as large
exponent, usually dominates in this voltage range and the
recombination current doesn’t affect the shape of VAC any
longer.
In the studied MJ SC subcells, the p—n-junction field
is quite strong and the conduction band and valence band
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Table 1. Structural parameters of the studied GalnP/Ga(In)As MJ SC

Layer Material designation (sublayer description) Layer thickness, nm

n-Alg s2Ing 4sP (wide-band window) 30
n-Gao s1Ing.49P (emitter) 50
Upper subcell p—Gao‘511n0‘49P (base) 450
p-Gao.siIng.4P (rear potential barrier (RPB)) 100
. P -Alo4Gag sAs (p-layer) 15
Upper tunnel diode n**-GaAs (nlayer) 15
n-Alp sGao2As (wide-band window) 30
n-Gag.99Ing 01 As (emitter) 90
Medium subcell Gayg.99Ing o1 As (i-region) 0.1
p—Gao_gt)Ino_()lAS (base) 1800
p—Gao‘511n0‘49P (RPB) 100
p-(AlGa)g sIngsP (stop layer) 30
) p"-Alg4Gag ¢As (p-layer) 30
Lower tunnel diode n"*-GaAs (n-layer) 30
n-Alg sIng sP (barrier layer) 100
15-period Bragg reflector n-GaAs/n-Alp oGag 1 As 68/62
Buffer layer n-Gao.99Ing o1 As 300
n-Gao.s1Ing.49P (wide-band window) 90
Lower subcell n-Ge (emitter) 150

p-Ge (substrate) 175000 £ 5000
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Figure 3. Dependences of the recombination current density (a)
and nonequilibrium carrier lifetimes in SCR (b) for the GalnP
subcells on the displacement damage dose (DDD) scaled in
accordance with non-ionizing energy loss (NIEL): / — literature
data for 1 MeV electron irradiation [11]; 2 — 2MeV electron
irradiation; 3 — 4.5 MeV electron irradiation; 4 — 10 MeV proton
irradiation; 5 — approximation of dependences 2 and 3; 6 —
lifetimes during 4.5MeV electron irradiation determined by the
external quantum efficiency of photoconductive response.
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boundaries vary smoothly from the n-doped to p-doped
layers. The recombination current shall be found as the
integral of expression (3) throughout the space charge
region:

o () 1

d
" / Tn(pl + p(d)eXp(%)) +

0
+Tp(n1 +n(0) exp(w))

where Vy is the contact difference of potentials, ¢ is the
electrostatic potential. It is assumed here that the n-region
corresponds to X < 0, and the p-region corresponds to
X > d.

The approximated recombination current density from
this integral may be found as

—1
Jo2

s Teff = /TnTp, Oer = — X

ide kT /d
T (&)

p=¢’

where

ool - (BT () 6

Figures 2, b and 3, b show the dependences of the MC life-
times calculated from the recombination current densities.
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Table 2. Measured damage coefficients of the life time of the MC for GalnP and Ga(In)As materials under irradiation with high-energy

particles
. Damage coefficient for particles, cm?/s
Material
2MeV electrons 4.5MeV electrons 10 MeV protons
GalnP (1.540.3)-10°° (4.0£0.6)-107° (5.940.9)-107*
Ga(In)As (4.6 +0.6) - 10° (0.94+0.2)-107° (1.64+0.3)- 103

Dependences of the MC lifetimes on the fluence for 1 MeV
electron irradiation are shown dashed [12].

The figures show that the obtained dependences of the
MC lifetime on the damaging particle fluence agree well
with the model described in this work. Figure 3,5 also
shows the dependence of the MC lifetime on the 4.5 MeV
electron dose calculated by the external quantum efficiency
(EQE) of photoconductive response for the Ga(In)A sub-
cell [13]. It almost coincides with the EL examination
data, except for the initial segment. This is due to the
fact that, when the MC diffusion length exceeds manifold
the subcell’s n- and p layer thicknesses, photogenerated
carriers are almost fully gathered in the p—n-junction, and
determining the lifetimes by the photoconductive response
EQE cannot provide valid results.

Thus, efficiency of the recombination current density of
the p—n-junction measured using the electroluminescent
method was demonstrated for finding the nonequilibrium
carrier lifetimes during radiation testing of devices. Damage
coefficients were determined for GalnP and Ga(In)As
subcells of MJ SC exposed to 2MeV and 4.5 MeV electron
and 10 MeV proton irradiation (Table 2).

Conflict of interest

The authors declare no conflict of interest.

References

[1] JM. Raya-Armenta, N. Bazmohammadi, J.C. Vasquez,
JM. Guerrero. SEM and SC, 233, 111379 (2021).
https://doi.org/10.1016/j.s0lmat.2021.111379

[2] G.Yan,J. Wang, J. Liu, Y. Liu, R. Wu, R. Wang. J. Luminesc.,
219, 16905 (2020).
https://doi.org/10.1016/j.jlumin.2019.116905

[3] R. Hoheisel, D. Scheiman, S. Messenger, P. Jenkins, R. Wal-
ters. IEEE Trans. Nucl. Sci., 62 (6), 2894 (2015).
https://doi.org/10.1109/TNS.2015.2498838

[4] W. Zhang, A. Aierken, Yu Zhuang, B. Wang, L. Fang,
Sh. Zhang, D. Zhang, X. Yang, Q. Song, T. Wang. Int.
J. Energy Res., 46 (10), 14060 (2022).
https://doi.org/10.1002/er.8122

[5] T Kirchartz, U. Rau, M. Hermle, A.-W. Bett, A. Helbig,
JH. Werner. Appl. Phys. Lett., 92, 123502 (2008).
https://doi.org/10.1063/1.2903101

[6] U.Rau. Phys. Rev. B, 76, 085303 (2007).
https://doi.org/10.1103/PhysRevB.76.085303

[7] SA. Levina, VM. Emelyanov, M.V. Nakhimovich,
M.Z. Shvarts. Appl. Phys. Lett., 125 (13), 132105 (2025).
https://doi.org/10.1063/5.0218485

[8] C. Sah, RN. Noyce, W. Shockley. Proc. IRE, 45(9), 1228
(1957). http://dx.doi.org/10.1109/JRPROC.1957.278528

[9] AM. Vasiliev, A P. Landsman.Poluprovodnikovye preobrazo-
vateli (M. Sov. radio, 1971) (in Russian).

[10] C. Baur, M. Gervasi, P. Nieminen, S. Pensotti, P.G. Rancoita,
M. Tacconi. Astroparticle, Particle, Space Physics and Detec-
tors for Phys. Appl, 692 (2014).
https://doi.org/10.1142/9789814603164_0111

[11] SR. Messenger, G.P. Summers, E.A. Burke, RJ. Walters,
M.A. Xapsos. Progr. Photovolt., 9 (2), 103121 (2001).
https://doi.org/10.1002/pip.357

[12] M. Yamaguchi, T. Sasaki; H--S. Lee, C. Morioka, N.J. Ekins-
Daukes, M. Imaizumi. 33rd IEEE Photovolt. Specialists Conf.
(2008).
https://doi.org/10.1109/PVSC.2008.4922716

[13] S.A. Mintairov, V.M. Andreev, V.M. Emelyanov, N.A. Ka-
lyuzhnyy, N.K. Timoshina, M.Z. Shvarts, V.M. Lantratov.
Phys. Semicond. Dev., 44 (8), 1084 (2010).
https://doi.org/10.1134/S1063782610080233

Translated by E.llinskaya

Semiconductors, 2025, Vol. 59, No. 4



