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a b s t r a c t

The displacement damage dose approach for analyzing and modeling the performance degradation of
triple-junction GaInP/GaAs/Ge solar cells in a space radiation environment is presented. The irradiation
effects of protons and electrons on GaInP/GaAs/Ge solar cells are analysed and then correlated with
the displacement damage dose. On this basis, on-orbit expected mission lifetime of GaInP/GaAs/Ge solar
cells shielded with silica coverglass at various thicknesses in circular orbits of 5000 km with 60� inclina-
tion and 20,000 km with 0� inclination is predicted, respectively.

� 2013 Elsevier B.V. All rights reserved.

1. Introduction

The space radiation environment is a dynamic mixture of pro-
tons and electrons that varies with orbital altitude and inclination.
Exposure to these energetic charged particles typically degrades
the electrical performance of solar cells. Therefore, it is necessary
to investigate solar cells radiation effects and to predict the on-or-
bit expected mission lifetime of solar cells.

The displacement damage dose (Dd) approach [1], developed at
the U.S. Naval Research Laboratory (NRL), provides a means for
predicting on-orbit cell performance from a minimum of ground-
test data. Dd equals the product (Dd = U�NIEL) of particle fluence
U and the respective non-ionizing energy loss (NIEL) which here
refers to the rate of energy loss caused by atomic displacements.
Thus, the displacement damage effects on solar cells for protons
and electrons with different energies and fluences can be corre-
lated with Dd.

Our works had shown the radiation effects on homemade
GaInP/GaAs/Ge solar cells with protons and electrons ground-radi-
ation tests [2–5]. The aim of this study is to predict on-orbit home-
made GaInP/GaAs/Ge expected mission lifetime in an actual space
radiation environment from the ground-test data using the Dd

approach.

2. Experiments and results

GaInP/GaAs/Ge space solar cells were fabricated by metalorgan-
ic chemical vapor deposition (MOCVD). Solar cells mainly consist
of three sub-cells: GaInP top cell, GaAs middle cell, and Ge bottom
cell. Their dimensions are respectively about 1.2, 2.9, and 176 lm
in thickness. The detailed structure of the solar cells is shown in
Ref. [2].

The GaInP/GaAs/Ge 3 J solar cells were irradiated with 0.32,
1.00, and 3.00 MeV protons and 1.0, 1.8, and 11.5 MeV electrons,
respectively. The fluence ranged from 3 � 109 to 1 � 1012 cm�2

for protons and 1 � 1012 to 3 � 1015 cm�2 for electrons. I-V charac-
teristics of the solar cells before and after irradiations were
measured at 25 �C under AM0 using a solar simulator with an illu-
mination of 136.7 mWcm�2.

The measured results for maximum power (Pmax) degradation
of GaInP/GaAs/Ge 3 J solar cells are shown in Fig. 1. The set of solid
curves on the right of Fig. 1 are the original protons and electrons
datum plotted against fluence using the abscissa along the top of
the figure. The superposed dot curve on the left of Fig. 1 is plotted
versus Dd using the below abscissa. The essence of the Dd method is
the calculation of the nonionizing energy loss (NIEL) as a function
of either protons or electrons energy for a cell material. Because
GaInP/GaAs/Ge solar cells degradation is primarily controlled by
the radiation response of the GaAs sub-cell [2,3], thus the NIEL(E)
of GaAs material was used to calculate Dd. For the proton calcula-
tion, the adjusted NIEL(E) has been adopted [4], because protons
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with relatively low energy can produce a non-uniform vacancies
production rate distribution at the active region of the GaAs sub-
cell. For the electron calculation, the actual dose is redefined in
term of an equivalent dose, because electrons with sufficient
energy usually produce point defects and do not produce recoils
to generate the cascade defects caused by protons [6]. Thus, each
data set about electrons and protons is described by a single char-
acteristic degradation curve given by the following expression [7]:

Pmax

Pmax0

¼ 1� k log 1þ Dd

Dx

� �
ð1Þ

where Pmax0 and Pmax are the maximum power of solar cells before
and after irradiation, and k and Dx are fitting parameters whose
values are shown in Table 1. To collapse the electron and proton

curves, an electron to proton damage ratio (Rep) is applied, Rep is
defined as the ratio (=0.406) of Dxp/Dxe. The electron curve by mul-
tiplying the parameter Rep can be made to coincide with the proton
curve [5]. Thus, the superposed dot curve on the left of Fig. 1 shows
that all the measured electrons and protons datum can be repre-
sented by a single characteristic degradation curve using the Dd

approach.

3. Slowed-down proton and electron differential spectra

The slowed-down spectra shown in Fig. 2 and Fig. 3 were calcu-
lated by applying the continuous slowing down approximation
[8,9] and the proton and electron differential fluence spectra in
different orbit. The differential fluence spectra from the NASA
space model AP8MAX [10] and AE8MAX [10] were employed, cor-
responding to a circular orbit at 5000 km with 60� inclination in
Van Allen inner radiation belt and 20000 km with 0� inclination
in Van Allen outer radiation belt after five years. For omnidirec-
tional proton radiation, the expression for the slowed-down differ-
ential energy spectrum f(e)p with taking into account all angle of an
omnidirectional flux, is as follows:

f ðeÞp ¼
gðEÞp

2
�
Z p=2

0
sin h cos h

AaEa�1 þ BbEb�1

Aaea�1 þ Bbeb�1 dh ð2Þ

where g(E)p is the incident proton differential energy spectrum, E is
the incident energy, e is the energy emerging through the shield
coverglass, h is the angle between incident direction and normal
to the surface at the point of incidence, there are constants for
A = 7.019 a = 0.8542, B = 7.925, b = 1.824 from a fit of equation
R(E)=AEa + BEb to experimental measurements of the energy depen-
dence of the range of protons in silica [8]. For omnidirectional
electron radiation, the f(e)e is as follows:

f ðeÞe ¼
gðEÞe

2
�
Z p=2

0
sin h cos h

aebþc ln eðc ln e
e þ bþc ln e

e Þ
aEbþc ln Eðc ln E

E þ bþc ln E
E Þ

dh ð3Þ

where g(E)e are the incident electron differential energy spectrum, E
is the incident energy, e is the energy emerging through the cover-
glass, h is the angle between incident direction and the normal to
the surface, there are constants for a = 2145.14, b = 1.22617,
c = �0.06936 from a fit of equation R(E)=aEb+clnE to experimental
measurements of the energy dependence of the range of electrons
in silica as compiled by Seltzer et al., and tabulated in the computer
code ESTAR [11].

The slowed-down proton and electron differential spectra with
different silica coverglass thicknesses were calculated by
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Fig. 1. The set of solid curves on the right are the original data against fluence,
while the dot curves on the left is against Dd.

Table 1
Fitting parameters for proton and electron Dd curves of Pmax degradation.

Protons irradiation Electrons irradiation

k Dx (MeV/g) k Dx (MeV/g)
0.27 2.46 � 109 0.27 6.06 � 109
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Fig. 2. Incident and slowed-down proton and electron differential spectra through silica coverglasses at 5000 km with 60� inclination after 5 years.
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