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In this paper, the degradation related parameters of GaInP/GaAs/Ge triple-junction solar cell induced by electron 

irradiation are carried out by numerical simulation. The degradation results of short-circuit current, open-circuit 

voltage, maximum power have been investigated, and the degradation mechanism is analyzed. Combining the 

degradation results, the degradation of normalized parameters versus displacement damage dose is obtained. The 

results show that the degradation increases with the increase of the electron fluence and electron irradiation energy. 

The degradation normalized related parameters versus displacement damage dose can be characterized by a special 

curve that is not affected by the type of irradiated particles. By calculating the annual displacement damage dose and 

the on-orbit operation time of special space orbit, the degradation of normalized parameters can be obtained with the 

fitting curve in the simulation. The study will provide an approach to estimate the radiation damage of triple-junction 

solar cell induced by space particle irradiation. 
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GaInP/GaAs/Ge triple-junction solar cell is an important 

type of multi-junction solar cell, and it is made up of 

GaInP top cell, GaAs middle cell and Ge bottom cell[1-4]. 

The band gap width of each sub-cell is different, and it 

has a specific absorption wavelength range which in-

creases the absorption range of triple-junction solar cell. 

Triple-junction solar cell has the advantages of high 

conversion efficiency, good stability, wide absorption 

solar spectrum and long service time, which is widely 

used as a power source in spacecraft[5-8]. However, when 

the triple-junction solar cell on the spacecraft works in 

the space orbit, they will be irradiated by space particles, 

such as electrons, protons and a small number of heavy 

ions. It would lead to the performance degradation of 

triple-junction solar cell and even functional failure fi-

nally[9-12].  

At present, a great number of studies have been car-

ried out to investigate the performance degradation of 

triple-junction solar cell induced by space electron irra-

diation[13-15]. The studies mainly focus on the experimen-

tal research about the related parameters degradation of 

triple-junction solar cell and analyze the degradation 

mechanism induced by particle irradiation with different 

energy and fluence[7,8,10]. The triple-junction solar cell par-

ticle irradiation studies indicate that the degradation of 

related parameters has a significant difference after differ-

ent electron irradiation. However, owing to the limitation 

of experimental accelerator condition and other experi-

mental limitation, the degradation related parameters and 

degradation mechanism of the triple-junction solar cell is 

not clearly induced by electron irradiation with 

multi-energy spectrum. Solar cell numerical simulation is 

an important method to simulate and analyze the parame-

ters degradation induced by particle irradiation, which has 

the advantages of high accuracy, a great number of data, 

short time completion and operability[16,17]. Cappelletti et 

al[18] simulated the performance degradation of sin-

gle-junction GaAs solar cell after 1 MeV electron irradia-

tion with different fluence, and the effect of base doping 

concentration on radiation resistance of GaAs sub-cell 

induced by electron irradiation with PC1D simulation 

software had been studied. However, due to the structure 

of the triple-junction solar cell is more complex than that 

of the single-junction solar cell, few studies about the 

degradation behavior of triple-junction solar cell are re-

ported induced by particle irradiation with simulation[19,20].
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It is necessary to study the parameters degradation of 

triple-junction solar cell induced by electron irradiation 

with various energy and fluence, in the meanwhile, the 

main reason on parameter degradation of the tri-

ple-junction solar cell is the displacement damage 

caused by particle irradiation[8]. Combining with the 

parameters degradation induced by proton irradiation, 

the degradation parameters of the triple-junction solar 

cell versus displacement damage dose are obtained, 

which are not affected by the type of irradiated particles 

finally. 

In the paper, to clarity the parameters degradation with 

different electron irradiation environments, the degrada-

tion of triple-junction solar cell induced by electron irra-

diation with different energy and fluence has been carried 

out by numerical simulation. The related electrical pa-

rameters of the triple-junction solar cell are investigated, 

and the degradation mechanism is analyzed induced by 

electron irradiation. The degradation of related parame-

ters with displacement damage dose caused by proton and 

electron irradiation is analyzed. This research will provide 

an approach to analyze the degradation of triple-junction 

solar cell induced by different space particle irradiation 

with displacement damage dose method. 

The numerical simulation studies are based on the so-

lar cell simulation software-wxAMPS[21]. Fig.1 shows 

the flowchart of the proposed numerical simulation pro-

cedures. It is made up of modeling, simulating, theoreti-

cal calculating and producing results mainly. The mod-

eling procedure consists of triple-junction solar cell 

model and electron irradiation defects with various en-

ergy fluence and fluence. The schematic structure of the 

triple-junction solar cell model is shown in Fig.2, the 

band gap of GaInP and GaAs sub-cell is 1.85 eV and 

1.43 eV respectively, and the model has been success-

fully used in our previous numerical simulation to study 

the degradation of triple-junction solar cell induced by 

proton irradiation[22]. 

 

 
Fig.1 Flowchart of the numerical simulation procedures 

 

 

Fig.2 The schematic structure of the triple-junction 
solar cell[22] 

 

The triple-junction solar cell model is composed of 

GaInP, GaAs and Ge sub-cell, which is connected by 

GaAs/GaAs tunneling junction. Here, the AM0 standard 

spectrum (H0=1 367 W/cm-2) is used as the light source 

in this study. When the electron interacts with the atoms 

of the lattice, electron irradiation causes atoms to dis-

lodge from their normal lattice location, leading to a 

great number of vacancies, complexes formed with im-

purities and interstitial atoms. These are called irradia-

tion-defects. The irradiation-defects which induced by 

electron irradiation are produced in GaInP/GaAs/Ge tri-

ple-junction solar cell including the emitter, the depletion 

region and the base. The defects result in donor-like and 

acceptor-like traps within the band gap. The traps will 

lead to the reduction of carrier lifetime, which is the 

main reason for the degradation of triple-junction solar 

cell induced by electron irradiation[23]. The displacement 

damage dose can be expressed as multiplying the particle 

non-ionization energy loss (NIEL) and irradiation fluence. 

In order to model the degradation induced by particle irra-

diation, the defects measured by deep level transient spec-

trum (DLTS) are introduced in numerical simulation. In 

the meanwhile, to model the degradation induced by parti-

cle irradiation with different energy and fluence, the de-

fects concentration is proportional to displacement damage 

dose induced by particle irradiation approximately in 
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simulation[12]. However, in term of the displacement 

damage dose induced by electron irradiation with the 

different energy, the displacement damage dose (DDD) 

could not by multiplying NIEL and fluence directly.   

Besides, the DDD of electron irradiation with different 

energy needs to be equivalent to 1 MeV electron irradia-

tion. The equivalent formula can be expressed as[24] 
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where Ee is the electron energy, Φe(Ee) is the electron 

fluence, NIEL(1 MeV|e) is the 1 MeV electron non- 

ionization energy loss and n (1<n<2) is the equivalent 

coefficient of electron with different energy. Tab.1 and 

Tab.2 are the defects parameters corresponding to DLTS 

measurement in GaInP and GaAs sub-cell induced by 

1 MeV electron irradiation. E is the defect energy level 

position, NT is the recombination center concentration, σn 

and σp are the electron and hole capture cross-section, 

which represents the ability of recombination center to 

capture an electron and hole. The Ge sub-cell current of 

the triple-junction solar cell is the maximum value and 

does not affect the output current after electron irradia-

tion. Therefore, the degradation of Ge sub-cell is not 

analyzed induced by electron irradiation. 

 
Tab.1 GaInP defect parameters after 1 MeV electron 
irradiation with the fluence of 3×1016 cm-2[25] 

Deep level E (eV) NT (cm-3) σn/p (cm-2) 

H1 Ev+0.20 eV 5×1016 3.1×10-17 

H2 Ev+0.50 eV 1.6×1015 4.2×10-16 

H3 Ev+0.71 eV 1.3×1015 5.2×10-16 

E1 Ec−0.20 eV 8×1014 9.9×10-16 

E2 Ec−0.36 eV 3.5×1015 3.3×10-17 

E3 Ec−0.72 eV 2.5×1015 2.5×10-17 

 
Tab.2 GaAs defect parameters after 1 MeV electron 
irradiation with the fluence of 3×1016 cm-2[26] 

 
Deep level E (eV) NT (cm-3) σn/p (cm-2) 

H1 Ev+0.06 eV 2.4×1016 1.6×10-16 

H2 Ev+0.29 eV 1.2×1016 5×10-15 

H3 Ev+0.41 eV 5×1016 2.0×10-16 

H4 Ev+0.71 eV 6×1015 1.2×10-14 

E1 Ec−0.045 eV 4.5×1016 2.2×10-15 

E2 Ec−0.14 eV 4.5×1016 1.2×10-13 

E3 Ec−0.30 eV 1.2×1016 6.2×10-15 

E4 Ec−0.76 eV 2.4×1015 3.1×10-14 

E5 Ec−0.96 eV 3×1015 1.9×10-12 

 

By calculating the Poisson’s equation and the continu-

ity equation of electrons and holes, the related parame-

ters of the triple-junction solar cell can be solved. In the 

non-equilibrium state, the continuity equation of electron 

and hole is[27] 
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where τn and τp are the average lifetime of minority car-

riers (electrons) in p region and minority carriers (holes) 

in n region respectively, Dn and Dp are the diffusion co-

efficients of electrons and holes, and Gn(x) and Gp(x) are 

the generation rates of electrons and holes. In order to 

simulation the non-radiation in semiconductor band gap 

induced by electron irradiation, the Shockley-Reed-Hall 

(SRH) recombination model is used and can be ex-

pressed as[27] 
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where RSRH is SRH recombination rate, RA and RD are 

acceptor defects and donor defects recombination rate, m 

and n are the numbers of acceptor defects and donor de-

fects respectively. The ni is the intrinsic carrier concen-

tration, k is the Boltzmann constant, T is the absolute 

Kelvin temperature, g is the degradation factor, and Ei 

and Et are the intrinsic carriers Fermi level and the defect 

energy level respectively.  

The degradation of normalized short-circuit current 

(Isc) versus the fluence with different energy electron 

irradiation is shown in Fig.3.  

 

 

Fig.3 The degradation of normalized short-circuit 
current versus the fluence with different energy elec-
tron irradiation 

As shown in Fig.3, the short-circuit current of triple- 

junction solar cell decreases gradually with the increase of 

electron fluence. When the electron fluence is less than 
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1×1014 cm-2 approximately, slight degradation of nor-

malized Isc has happened induced by electron irradiation. 

However, when the electron fluence is more than 

1×1014 cm-2, the degradation of Isc is serious, and the 

degradation of normalized Isc is proportional to the loga-

rithm of electron fluence. The degradation of Isc in-

creases as the electron energy increases after the electron 

irradiation with the same fluence. Electron irradiation 

leads to the degradation on the diffusion length of minor-

ity carriers, which leads to the Isc decrease of the tri-

ple-junction solar cell. The decrease of minority carrier 

diffusion length makes it difficult for the 

photo-generated carriers at the top of the emitter region 

and the bottom of the base region to diffuse to the deple-

tion region and be collected by the built-in electric field. 

It results in the indirect recombination of minority carri-

ers increasing and the number of electron-hole pairs de-

creasing, which is collected and separated by the built-in 

electric field induced by electron irradiation. The rela-

tionship between the minority carrier diffusion length 

and the electron fluence can be expressed as[27] 

2 2

0

1 1
LK

L L
�� �  ,                          (7) 

where L0 and L are the minority carrier diffusion length 

before and after irradiation respectively, and KL is the 

minority carrier diffusion length damage coefficient. As 

can be seen in Eq.(7), the minority carriers’ diffusion 

length decreases with the increase of electron fluence. 

For the electron irradiation with different energy, the 

electron irradiation with different energy is mainly re-

flected in the different KL values in Eq.(7). Fig.4 shows 

the electron and proton NIEL values in GaAs. In the fig-

ure, the electron NIEL increases as the electron energy 

increases, which leads to the increase of displacement 

damage. On the contrary, the degradation trend of proton 

NIEL (>0.1 MeV) with proton energy is opposite to that 

of different electron energy. The damage coefficient of 

proton irradiation is approximately proportional to the 

NIEL value. However, the displacement damage coeffi-

cient of electron irradiation is not proportional to the 

NIEL value[28]. Eq.(1) is used to modify the actual dis-

placement dose of electron irradiation with different en-

ergy and to make the displacement damage coefficient in 

proportion to the electron NIEL value, the n value in 

Eq.(1) is approximately 1.7[29]. The modified displace-

ment damage dose is the equivalent displacement dam-

age dose. By calculating the displacement damage dose 

under different electron irradiation conditions in Eq.(1) 

and combining the results in Fig.3, the degradation of 

normalized Isc versus the electron displacement damage 

dose is shown in Fig.5(a). Meanwhile, the degradation of 

normalized Isc versus the proton displacement damage 

dose in our previous study is also shown in Fig.5(a). The 

relationship between the normalized parameters (includ-

ing Isc, Voc and Pmax) versus the particle fluence can be fit 

as[30] 

0 0

1 log(1 )
X DC
X D

� � � ,                      (8) 

where X0 and X are the remaining electrical parameter 

values before and after particle irradiation, D is dis-

placement damage dose, and c and D0 are constants. D0 

is the displacement damage dose at which the normalized 

electrical parameters start to change to a linear function 

with the logarithm of the displacement damage dose. 

According to Eq.(8), the degradation of normalized 

short-circuit current versus the displacement damage 

dose can be expressed as:  
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Fig.4 Electron and proton NIEL values in GaAs[28] 
 

  In Fig.5, the degradation of normalized Isc induced by 

electron and proton irradiation is different after the same 

displacement damage dose. To obtain the degradation of 

normalized Isc, which only versus displacement damage 

dose and is not affected by the type of irradiated particles, 

the displacement damage dose of electron irradiation 

needs to be equivalent. The equivalent formula can be 

expressed as[29] 
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where Rep is the equivalent coefficient. By dividing the 

DDD of electron irradiation by Rep, the result of normal-

ized Isc induced by electron irradiation is approximately 

the same as that of induced by proton irradiation. The Rep 

is approximately equal to 3.2 in this simulation. The 

degradation on normalized Isc of induced by DDD of 

equivalent electron and proton are shown in Fig.5(b). 

According to the degradation results of normalized Isc 

with the DDD of equivalent electron and proton irradia-

tion, the degradation of normalized Isc versus the DDD, 

which is not affected by the type of irradiated particles, is 

obtained in Fig.5(b).  

The degradation of normalized open-circuit voltage 

(Voc) versus the fluence with different energy electron 

irradiation is shown in Fig.6. 
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Fig.5 The degradation of normalized short-circuit 
current versus the displacement damage dose: (a) 
The displacement damage dose of electron irradiation 
and proton irradiation[22]; (b) The displacement dam-
age dose of equivalent electron irradiation and proton 
irradiation 

 

 

Fig.6 The degradation of normalized open-circuit 
voltage versus the fluence with different energy elec-
tron irradiation 

 

Similar to the degradation of short-circuit current with 

irradiation fluence, the Voc of the triple-junction solar cell 

decreases gradually with the increase of electron fluence, 

and the degradation trend induced by electron irradiation 

increases as the electron energy increases. Assuming that 

all impurities are ionized where NA≈pp, ND≈nn, the Voc of 

each sub-cell can be expressed as[31] 

sub-cell

n p

oc 2

i

ln
n pkTV

q n
� .                        (11) 

The Voc decrease is caused by the removal of the major-

ity carrier induced by electron irradiation. The majority 

carrier concentration versus the fluence can be expressed 

as[31] 
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where n0 and n are majority carrier concentration before 

and after proton irradiation, and Rc is the removal rate of 

majority carriers. 

  The majority carrier concentration decreases with the 

increasing of electron fluence which leads to the de-

crease of built-in electric potential in junction region. In 

same to the trend of KL value with electron energy, Rc 

decreases as the electron energy increases, which leads to 

the degradation of Voc is serious with the increase of 

electron energy under the same irradiation fluence. 

Fig.7(a) shows the degradation of normalized Voc versus 

the displacement damage dose of electron and proton 

irradiation in our previous study[22]. By using Eq.(8), the 

fitting curves of normalized open-circuit voltage versus 

the displacement damage dose of electron and proton are 

obtained. According to Eq.(10), the value of normalized 

Voc versus displacement damage dose of equivalent elec-

tron and proton irradiation is obtained in Fig.7(b). The 

degradation of normalized Voc versus the DDD which is 

not affected by the type of irradiated particles can be 

expressed as 
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 .            (13) 

Maximum power is the critical parameter that reflects 

the triple-junction solar cell conversion efficiency of the 

solar spectrum directly. The degradation of normalized 

maximum power versus the fluence induced by electron 

irradiation with different energy is shown in Fig.8. The 

related parameter degradation trend induced by electron 

irradiation with different energy in numerical simulation 

is similar to the related parameter degradation in the ex-

periment method[3], and there is a slight error between 

the simulation and experiment results due to the different 

structure for the triple-junction solar cell in simulation 

and experiment. The normalized maximum power de-

creases with the increase of electron fluence. The degra-

dation trend increases as the electron energy increases. 

By using the degradation of maximum power induced by 

electron and proton irradiation in our previous study and 

Eq.(8), the degradation curve of maximum power with 

the DDD which is not affected by the type of irradiated 

particles is fitted in Fig.9(b). When the total DDD is 

lower than 3.586×109 MeV/g, the slight degradation of 

maximum power has happened. The remaining normal-

ized maximum power is more than 90%. When the total 

DDD is more than 3.586×109 MeV/g, the serious degrada-

tion of maximum power is caused. The degradation of 

normalized maximum power is proportional to the change
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of displacement damage dose induced by proton and 

equivalent electron irradiation.  

 

 

 
Fig.7 The degradation of normalized open-circuit 
voltage versus the displacement damage dose: (a) 
The displacement damage dose of electron irradiation 
and proton irradiation[22]; (b) The displacement dam-
age dose of equivalent electron irradiation and proton 
irradiation 
 

 

Fig.8 The degradation of normalized maximum power 
versus fluence induced by electron irradiation with 
different energy (inset: The degradation of normalized 
maximum power versus fluence according to the ex-
periment method[3]) 
 

By using the degradation simulation results of related 

parameters (Isc, Voc, Pmax) induced by electron and proton 

irradiation with various irradiation conditions, the fitting 

curves of the degradation on related parameters versus 

the displacement damage dose can be obtained. By cal-

culating the displacement damage dose of space radiation 

and fitting the curve, the normalized degradation of the 

related parameters can be obtained directly. At the same 

time, the displacement damage dose of solar cell in orbit 

can be calculated for[29]  
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Fig.9 The degradation of normalized maximum power 
versus the displacement damage dose: (a) The dis-
placement damage dose of electron irradiation and 
proton irradiation[22]; (b) The displacement damage 
dose of equivalent electron irradiation and proton 
irradiation 
 

  The annual displacement damage dose of the tri-

ple-junction solar cell is calculated by Eq.(14), the D0 in 

Eq.(8) is divided by the annual displacement damage 

dose (Dyear), and the D0 is converted into this number of 

space service years. By combining Eq.(8), the degrada-

tion of related electrical parameters versus space service 

time can be obtained:  

service

00

year

1 log 1
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  .                  (15)
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In this paper, the degradation of short-circuit current, 

open-circuit voltage and maximum power of tri-

ple-junction solar cell induced by electron irradiation is 

simulated. The degradation trend of related parameters 

increases with the increase of electron irradiation fluence. 

There is a critical value of irradiation fluence. When the 

irradiation fluence is less than this value, the degradation 

of the normalized electrical parameters is slight. How-

ever, when the irradiation fluence is more than this value, 

the normalized electrical parameters are seriously, and 

the degradation of the normalized related parameter is 

proportional to the logarithm of the change of electron 

fluence. According to the degradation of related parame-

ters induced by proton irradiation in our previous and 

equivalent treatment displacement damage dose of elec-

tron irradiation (Rep), the degradation of related parame-

ters versus displacement damage dose could be charac-

terized with a single curve, which is not affected by the 

type of irradiated particles. This provides a way to ana-

lyze the degradation of related parameters induced by 

space particle irradiation by numerical simulation.  
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