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The degradation on the GaInP/GaAs/Ge triple-junction solar cells was irradiated by proton, and the solar cells with 
various GaAs sub-cell doping concentrations are modeled by the technology computer aided design (TCAD) simula-
tion. The degradation results of related electrical parameters and external quantum efficiency (EQE) are studied. The 
degradation mechanism irradiated by proton is discussed. The short-circuit current, maximum power and conversion 
efficiency decrease with the increasing of GaAs sub-cell doping concentration. When the base doping concentration of 
GaAs sub-cell is 1×1016 cm-3, the degradation of short-circuit current is less than that of other base doping concentra-
tions. Furthermore, under proton irradiation, with the increase of doping concentration of GaAs sub-cell, the 
open-circuit voltage first increases and then decreases. Meanwhile, when the base doping concentration of GaAs 
sub-cell is 2×1017 cm-3, the degradation of open-circuit voltage is less than that of other base doping concentrations. 
The research will provide the basic theories and device simulation method for GaInP/GaAs/Ge triple-junction solar 
cells radiation damage evaluation study and radiation hardening, and can provide guidance for the production of tri-
ple-junction solar cells in orbit.  
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GaInP/GaAs/Ge triple-junction solar cells have become 
the major solar cells for spacecraft power source[1-4]. 
Compared with single-junction GaAs solar cell, the 
GaInP/GaAs/Ge triple-junction solar cells made of three 
materials with different band gap widths can use a wider 
range of the solar spectrum. It will increase the utiliza-
tion of the solar spectrum[5,6]. However, solar cells are 
radiated by particles including protons and electrons in 
the space environment, resulting in performance degra-
dation and even functional failure[7-10].  

A certain amount of research has been carried out to 
elucidate the degradation of triple-junction solar cells 
under proton irradiation in space. Through experimental 
methods, the degradation of related parameter caused by 
proton irradiation with different energy and fluence is 
mainly studied[10,11]. ZHAO et al[10] studied the degrada-
tion characteristics of electron and proton irradiated In-
GaAsP/InGaAs dual-junction solar cell. The results show 
that the main electrical parameters and external quantum 
efficiency (EQE) values of solar cell are degraded seri-

ously by irradiation. The degradations of electronic pa-
rameters are more serious in proton irradiation compared 
to electron irradiation when the displacement damage 
dose is the same. Because the current mismatch between 
sub-cells, it is different to increase the conversion effi-
ciency further. Recently, researchers presented a meta-
morphic (MM) growth technique. The epitaxial growth 
by inverting growth direction is carried out and uses 
In1-xGaxAs instead of Ge. LI et al[2] studied 1 MeV elec-
tron and 10 MeV proton irradiation effects on inverted 
metamorphic (IMM) GaInP/GaAs/InGaAs triple junction 
solar cell. IMM solar cells exhibited great radiation re-
sistance up on 3.16×1010 MeV/g displacement damage 
dose electron and proton irradiation level.  

Accelerator experiment is the most important method to 
investigate the parameters degradation induced by parti-
cles. However, there is a limitation on experimental 
method. For instance, experiment limits the analysis the 
internal parameters degradation of solar cells in particle 
irradiation process, and it limits the analysis of mechanism.
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Meanwhile, the experiment can only explore the degra-
dation on solar cells in special energy and fluence, it 
cannot analysis degradation results of triple-junction 
solar cells under full energy spectrum. The technology 
computer aided design (TCAD) is an auxiliary method of 
experimental research by establishing the model and 
theoretical calculation, which is used to analyze the deg-
radation caused by particle irradiation[6-8]. It has many 
advantages, such as a large amount of data, short time 
consuming and operability[12,13]. Most importantly, it has 
the advantage of adjusting the structure parameters of 
triple-junction solar cells conveniently and analyzing the 
difference in degradation performance induced by the 
same irradiation condition[13]. More studies about the 
degradation of solar cells have been studied by using 
TCAD simulation. The degradations of Si, InP and GaAs 
single-junction solar cell with different structures and 
doping concentrations were studied in numerical simula-
tion. The related parameters degradations show the dif-
ference in various doping concentrations at the same 
irradiation condition. LI et al[4] investigated the degrada-
tion on triple-junction solar cells induced by proton and 
electron irradiation using TCAD simulation. It shows 
that a threshold value exists in irradiation fluence. When 
the irradiation fluence is more than this value, the degra-
dation of normalized parameter is proportional to the 
logarithm of the change of electron fluence. However, in 
this simulation, the triple-junction solar cells model is 
established for a specific structure. The effect of different 
GaAs sub-cell doping concentrations is not very clear 
under proton irradiation. Therefore, in order to investi-
gate deeply and strength the radiation resistance per-
formance of solar cells in space environments, it is nec-
essary to study the degradation on different GaAs 
sub-cell doping concentrations induced by space proton 
irradiation. The TCAD simulation has the advantage of 
adjusting the structure parameters of triple-junction solar 
cells conveniently and analyzing the difference in degra-
dation performance induced by the same irradiation con-
dition.  

In this paper, the proton radiation effects of 
GaInP/GaAs/Ge triple-junction solar cells with different 
doping concentrations on GaAs sub-cell are studied by 
TCAD simulation. The electrical parameters and EQE of 
triple-junction solar cells with different doping concen-
trations before and after proton irradiation are measured. 
The degradation mechanisms of relevant parameter are 
analyzed. 

The modeling and simulation process of typical 
GaInP/GaAs/Ge triple-junction solar cells irradiated by 
proton includes modeling, simulation, and theoretical 
calculation.  

The triple-junction solar cells model simulated in this 
work is referred to as existing research results [14]. The 
modeling of GaInP/GaAs/Ge triple-junction solar cells 
structure is shown in Fig.1. It consists of GaInP top cell, 
GaAs middle and Ge bottom cell. The GaAs cell and Ge 

cell is connected by highly doped tunneling junctions 
(p+-GaAs/n+-GaAs). The tunnel junction is defined as a 
conductor in the vacuum in simulation [15]. The GaAs 
sub-cell emitter doping concentration varies from 
61017 cm-3 to 31018 cm-3, and the base doping concen-
tration varies from 11016 cm-3 to 31017 cm-3. There is 
no antireflection structure in the simulation and the front 
surface reflectivity to light is 20%. The AM0 standard 
spectrum model (H0=1 367 W/m2) as the optical source 
is used in the triple-junction solar cells model.  

After proton irradiation, it interacts with the complex 
formed by lattice atoms and a large number of vacancies, 
impurities and gap atoms that lead to traps within the 
band gaps in triple-junction solar cells. The electron and 
hole traps irradiated by proton irradiated are acting as the 
indirect recombination center[13]. The results show that 
the trap is the main reason for the degradation after pro-
ton irradiation. Therefore, after the proton irradiation 
experiment, the degradation process of triple-junction 
solar cells under proton irradiation is simulated by using 
the electron traps and hole traps measured by deep level 
transient spectroscopy (DLTS). The number of traps is 
obtained by multiplying the introduction rate of the traps 
and proton fluence[16,17] and Tab.1 shows the defect pa-
rameters of GaInP and GaAs obtained by DLTS test after 
proton irradiation.  

 
Fig.1 Modeling of GaInP/GaAs/Ge triple-junction solar 
cells structure 

 
Through the analysis of the structure of triple-junction 

solar cells, the sub cells of triple-junction solar cells are 
connected in series. The total output current of tri-
ple-junction solar cell is the minimum current of sub-cell. 
After proton irradiation, the current generated by the Ge 
bottom cell is much larger than that of the two others[9], the 
Ge sub-cell current does not affect the output current of the 
triple-junction solar cells. Therefore, the degeneration of 
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Ge sub-cell is not studied irradiated by proton irradiation. 
To solve the related parameters of triple-junction solar 
cells, theoretical calculation contains Poisson’s equation 
and carrier continuity equations are given as[18] 
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where Eq.(1) is the Poisson’s equation, ψ is the electro-
static potential, ε is the local permittivity and ρ is the 
local space charge density. Eqs.(2) and (3) are carrier 
continuity equations, where Rp and Rn are the hole and 
electron recombination rates, Jp and Jn are the current 
densities of hole and electron, and q is the magnitude of 
the charge on an electron. Eqs.(4) and (5) are 
drift-diffusion transport equations, where µp and µn are 
the mobility of hole and electron, and Ep and En are the 
quasi-Fermi levels. In order to simulate the non-radiation 
of traps irradiated by protons, indirect recombination is 
introduced into the simulation. The indirect recombina-
tion can be expressed as[12] 
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where RA is acceptor-like traps recombination rate, RD is 
and donor-like traps recombination rate, and m and n are 
the numbers of acceptor-like traps and donor-like traps, 
respectively. RA and RD can be expressed as[12] 
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where ni is the intrinsic carrier concentration, Ei and Et 
are the intrinsic carrier Fermi level and the defect energy 
level, T is the absolute Kelvin temperature, g is the deg-
radation factor, and k is the Boltzmann constant. 

Tab.1 Defect parameters of GaInP and GaAs obtained 
by DLTS test after proton irradiation 

GaInP GaAs  
Deep level E (eV) Deep level E (eV) 

H1 Ev+0.20 H1 Ev+0.18 
H2 Ev+0.50 H2 Ev+0.23 
H3 Ev+0.71 H3 Ev+0.27 
E1 Ec−0.20 H4 Ev+0.77 
E2 Ec−0.36 E1 Ec−0.14 
E3 Ec−0.72 E2 Ec−0.25 

  E3 Ec−0.54 
  E4 Ec−0.72 

Fig.2 shows the change of short-circuit current density 
(Jsc) of simulated triple-junction solar cells with different 
doping concentrations of GaAs sub-cell emitter under 
different proton fluences. Fig.3 shows the change of Jsc 
of simulated triple-junction solar cells with different 
doping concentrations of GaAs sub-cell base under dif-
ferent proton fluences. From Fig.2, one can see that the 
Jsc with different emitter doping concentrations has little 
difference before proton irradiation. The Jsc gradually 
decreases with increasing of proton fluence under proton 
irradiation. However, the degeneration of Jsc with differ-
ent emitters and base doping concentrations is different 
after the same proton fluence, especially when the proton 
fluence is more than 11013 cm-2. However, there are 
some differences between Fig.2 and Fig.3. From Fig.3, 
the Jsc at lower doping concentration is greater than the 
Jsc at higher doping concentration significantly before 
and after proton irradiation. The Jsc in proportion to mi-
nority carrier diffusion length (L), and can be expressed 
as 

sc .J L                                   (9) 
Minority carrier diffusion length can be expressed 

as[13,19,20] 
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where τ and D are the minority carrier diffusion lifetime 
and coefficient, µn is the electron mobility in GaAs 
sub-cell p-type base region, and µp is the hole mobility in 
GaAs sub-cell n-type emitter region. NA and ND are the 
acceptor and donor concentrations.  

In Eqs.(12) and (13), µn and µp decrease with the in-
crease of doping concentration. It causes minority carrier 
diffusion coefficient decreasing and leads to minority 
carrier diffusion length degeneration with the increase of 
doping concentration. Jsc is mainly made up of base re-
gion electron current and emitter region hole current. 
Because the thickness of GaAs base region is greater 
than that of emission region, the number of minority car-
riers in the base region is greater than that of emitter re-
gion. It leads to the base region current occupies a large 
proportion of Jsc. Compared with the increasing emitter 
region doping concentration, more serious degradation 
on Jsc is caused by the increase of GaAs sub-cell base 
region doping concentration. The minority carrier diffu-
sion length as a function of proton fluence can be ex-
pressed as[18] 
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where L0 is the minority carrier diffusion length before 
proton irradiation, and KL is the damage coefficient of 
the minority carrier diffusion length, and Φ is proton 
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fluence. KL value is relevant to material properties, doping 
concentration and proton energy. KL value increases with 
the increase of doping concentration. After proton irra-
diation, the traps introduced by proton irradiation would 
increase the probability of non-radiative recombination 
and result in the degeneration of minority carrier lifetime 
and diffusion length. It will lead to the reduction of the 
number of minority carriers, which diffuse to the space 
charge region and produce output current. Therefore, the 
minority carrier diffusion length decreases with the in-
crease of proton fluence. With the increasing of the 
emitter and base doping concentration, L0 gradually de-
creases, and KL gradually increases. Both would induce 
the severe degendation of Jsc. 
 

 
Fig.2 Simulated short-circuit current density versus 
emitter doping concentration before and after proton 
irradiation 
 

 
Fig.3 Simulated short-circuit current density versus 
base doping concentration before and after proton 
irradiation 

 
Fig.4 shows the change of short-circuit current density 

(Voc) of simulated triple-junction solar cells with differ-
ent doping concentrations of GaAs sub-cell emitter under 
different proton fluences, and Fig.5 shows the change of 
(Voc) of simulated triple-junction solar cells with differ-
ent doping concentrations of GaAs sub-cell base under 
different proton fluences. In Fig.4 and Fig.5, with the 
increasing of proton fluence, one can see that the Voc 
gradually decreases. Assuming that all impurities are 
ionized where NA≈pp, ND≈nn, and the Voc of each sub-cell 
can be expressed as[21] 
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where nn is majority carrier (electron) concentration in 
the n-type emitter and pp is majority carrier (hole) con-
centration in the p-type base. ni is intrinsic carrier con-
centration. As shown in Eq.(15), the Voc increases with 
the increasing of doping concentration, leading to the Voc 
of triple-junction solar cells increasing. However, proton 
radiation will result in the removal of majority carrier, 
the majority carrier concentration as a function of proton 
fluence can be expressed as[21] 
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where n0 and n are majority carrier concentrations before 
and after proton irradiation, and Rc is the removal rate of 
majority carrier concentration. The degradation of ma-
jority carrier concentration increases as proton fluence 
increases, and this will decrease the Voc of triple-junction 
solar cells. Meanwhile, Rc value increases with the in-
crease of doping concentration, and the Rc increases se-
riously with the proton fluence increasing. When the 
fluence is higher, by Eq.(16), this will even lead to the 
remaining majority carrier with high concentration less 
than the remaining majority carriers with small concen-
tration after proton irradiation. It results in the 
open-circuit voltage with high doping concentration is 
less than the open-circuit voltage with small doping 
concentration after proton irradiation. Therefore, they 
will lead to the open-circuit voltage increases firstly and 
then decreases lightly, as shown in Fig.4 and Fig.5. The 
Voc of triple-junction solar cells is the sum of the 
open-circuit voltage of each sub-cell together. The Voc as 
a function of Jsc can be expressed as[12] 

3
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where Jsc,i is short-circuit current density of sub-cell, and 
J0,i is the reverse saturated current density of sub-cell. 
The relation between the Voc and Jsc is approximately 
logarithm. It results in that the degradation of Voc is less 
than that of Jsc under the same proton irradiation. Before 
and after proton irradiation, because the change of GaAs 
sub-cell emitter doping concentration has little effect on 
the performance of related parameters, the effect of dif-
ferent GaAs sub-cell base doping concentration on re-
lated parameters are analyzed under proton irradiation in 
the following content.  

Maximum power is the important parameter that re-
flects the output performance of triple-junction solar 
cells. Fig.6 shows the normalized maximum power of 
triple-junction solar cells with various GaAs base doping 
concentrations versus proton fluence before and after 
proton irradiation. From Fig.6, one can see that the nor-
malized maximum power decreases with the increase of 
proton irradiation. The fluence leads to serious degrada-
tion of maximum power that the proton fluence is more 



LI et al.                                                                  Optoelectron. Lett. Vol.18 No.12·0727· 

 
Fig.4 Simulated open-circuit voltage versus emitter 
doping concentration before and after proton irradia-
tion 

 
Fig.5 Simulated open-circuit voltage versus base 
doping concentration before and after proton irradia-
tion 

than 11012 cm-2. The normalized maximum power is as 
a function of proton fluence, and can be expressed as[22]  

max

max 0 0

1 log(1 ),
P

C
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where Pmax0 and Pmax are the maximum power before and 
after proton irradiation, and C and Φ0 are constant. Φ0 is 
proton fluence, where the normalized maximum power is 
a linear function of the logarithm of proton fluence. For 
triple-junction solar cells with various GaAs sub-cell 
base doping concentrations, the remaining normalized 
maximum power is different under the same proton irra-
diation. Tab.2 is the fitting value of normalized maxi-
mum power with various GaAs base doping concentra-
tions by Eq.(18). In Tab.2, the normalized Pmax with dif-
ferent base doping concentrations versus proton fluence, 
and the simulation results have the goodness of fitting 
with Eq.(18) well. In the meanwhile, Φ0 decreases as the 
increasing of base doping concentration. This shows that 
the threshold fluence, which causes serious degradation 
of the normalized Pmax versus proton fluence, decreases 
as the increase of base doping concentration.  

Conversion efficiency directly reflects the tri-
ple-junction solar cells performance, indicating the solar 
cells utilization of spectrum. Conversion efficiency can 
be expressed as 

max
ff = 100%,

(Optical intensity)
P

E
A
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where optical intensity is 1 367 W/m2 and A is the solar 
cell area. Fig.7 shows the simulated conversion effi-
ciency versus GaAs sub-cell base doping concentration. 
From Fig.7, with the increasing of proton fluence, one 
can see that the conversion efficiency decreases as the 
GaAs sub-cell base doping concentration increases. Al-
though the voltage increases with the increasing of base 
doping concentration, the decrease of current are more 
serious after the same proton fluence, which results in 
the Eff decreases as the increasing of GaAs sub-cell base 
doping concentration. 
 

 
Fig.6 Simulated normalized maximum power with dif-
ferent GaAs sub-cell base doping concentrations ver-
sus proton fluence before and after proton irradiation 
 
Tab.2 Fitting values for normalized maximum power 
with various GaAs sub-cell base doping concentra-
tions by Eq.(18) 

GaAs base doping 
concentration (cm-3) 

C Φ0 (cm-2) R2 

11016  0.192 4.2901012 0.997 
41016  0.195 3.1691012 0.998 
61016  0.197 3.0131012 0.998 
81016  0.201 2.9291012 0.998 
11017  0.193 2.7671012 0.998 
21017  0.198 2.5601012 0.998 
31017  0.195 2.2571012 0.999 

 
Fig.7 Simulated conversion efficiency versus base 
doping concentration before and after proton irradiation 
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The EQE is the probability that the incident photon of 
each wavelength can provide an electron-hole pair to the 
output circuit. EQE can be expressed as 

sc ( )
( ) ,

( )
J

EQE
qAQ
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where Q(λ) is photon spectrum density. The EQE of 
GaInP/GaAs sub-cells versus different GaAs base doping 
concentrations before and under proton irradiation for the 
fluence at 51013 cm-2 is shown in Fig.8. The degenera-
tion of GaAs middle cell EQE is larger than that of 
GaInP top cell, which shows that the GaAs middle cell 
radiation resistance is less than that of the GaInP top cell. 
For EQE of GaAs middle cell with various base doping 
concentrations, the EQE with different base doping con-
centrations has almost no difference before proton irra-
diation. The EQE degeneration of GaAs middle cell in-
creases with the increase of base doping concentration 
after proton irradiation. It shows that reducing the GaAs 
middle cell base doping concentration can reduce the 
EQE degradation which is exposed to proton irradiation.  

 

Fig.8 EQE of GaInP/GaAs sub-cell with different GaAs 
sub-cell base doping concentrations before and after 
proton irradiation at the fluence of 51013 cm-2 

Combined with the analysis above, the short-circuit 
current density is mainly composed of minority carriers 
(electron) current density (Je) of GaAs sub-cell base re-
gion. Fig.9(a) shows the Je of GaAs base region with the 
doping concentration of 1×1016 cm-3 under proton irra-
diation. In Fig.9(a), Je decreases with the increase of the 
distance from the base region to the depletion region. 
After proton irradiation, electrons diffusion length de-
creasing leads to the probability of electrons in base re-
gion indirection recombination increases with the dis-
tance to the depletion region. To intuitively analyze the 
difference in Je of GaAs base region with different dop-
ing concentrations, the Je of GaAs base region after pro-
ton irradiation along secant line of AAʹ is obtained by 
cutline tool as shown in Fig.9(b). When the base thick-
ness more than 1.2 μm, the Je of GaAs approximately 
approaches 0, and the Je (more than 1.2 μm) is not shown 
in the figure.  

In common to Je with the doping concentration of 
1×1016 cm-3 versus the distance to depletion region, Je 
with different doping concentrations decreases with the 

increase of the distance from the base position to the 
depletion region. However, the degradation of Je gradu-
ally increases with the increasing of base doping concen-
tration. Meanwhile, the base region position correspond-
ing to Je reduction to 0 decreases as the doping concen-
tration increases. When the distance between the base 
position and depletion region is more than minority car-
rier diffusion length, this will lead to little current is gen-
erated. The remaining electron diffusion length in GaAs 
sub-cell base region decreases with the increasing the 
doping concentration and results in the base region posi-
tion corresponding to Je decreases with the increasing the 
doping concentration. 

  

 
(b) 

Fig.9 (a) Je of GaAs sub-cell base region with the 
doping concentration of 1×1016 cm-3 after proton irra-
diation with fluence at 51013 cm-2; (b) Je of GaAs 
sub-cell base region versus the base doping concen-
tration after proton irradiation with fluence at 
51013 cm-2 

In conclusion, the performance of triple-junction solar 
cells with different doping concentrations of GaAs 
sub-cell emitter and base under proton irradiation is sim-
ulated. The results show that the Jsc decreases as the 
emitter and base doping concentration increasing under 
the same proton irradiation. The minimum degeneration 
of short-circuit current occurs when GaAs sub-cell base 
doping concentration reaches 1×1016 cm-3. However, 
with the increase of GaAs sub-cell emitter and base dop-
ing concentration, the Voc firstly increases and then de-
creases. The minimum degeneration of open-circuit 
voltage occurs when GaAs sub-cell base doping concen-
tration reaches 2×1017 cm-3. The remaining EQE of GaAs 
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sub-cell decreases as base doping concentration increas-
ing after same proton fluence. While the studies over-
come the limitations of experimental conditions and ex-
plore the effect of doping concentration in different ra-
diation performance. Furthermore, the research would 
direct the design of triple-junction solar cell, enhancing 
its performance in irradiation condition.  
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