
Semiconductors, 2024, Vol. 58, No. 2

Evaluation of electrical parameters of electron and proton irradiated
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Changes of electrical parameters in electron and proton irradiated metamorphic GaInP/GaAs/InGaAs solar cells

have been investigated experimentally and numerically simulation by single diode mode. Basic electrical parameters

of solar cells under 1MeV electron and 10MeV proton irradiation with different displacement damage doses were

extracted. The results show that the dark current, ideal factor and series resistance of solar cells increase and

parallel resistance decrease with the increse of the irradiation fluence. A simple method for evaluating radiation

effects of the electrical parameters of solar cells is established.
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1. Introduction

Solar cells have been widely used various applications,

and, evaluating cell performance in harsh environment,

such as in space application, became an important tool

to optimize solar cell structure and design future radiation

hardened and high efficiency solar cells [1,2]. Currently,

both single and the double-diode models are frequently

used for extracting solar cell electrical parameters, includ-

ing photogenerated current Iph, dark current I0, parallel

resistance Rsh, series resistance Rs , and ideal factor n [3].
The solar cell electrical parameters can be investigated by

numerical calculation and experimental data fitting [4,5].
Shubham Raj et al. used linear slope equation and

Newton−Raphson technique to obtain Rs , Rsh, I0 and n of

a silicon solar cell [6]. Lim et al. extracted diode parameters

from a I−V curve by using linear differential equation

and single diode model [7]. Bouzidi et al. extracted Is

(saturation current), Rs , n, and Gsh (shunt conductance)
of polycrystalline silicon solar cell from a dark DIV (dark
current-voltage) curve by using single diode model [8].
Haouari−Merbah et al. proposed an approach for extracting

solar cell electrical parameters by least square fitting in the

near short-circuit and near open-circuit voltage region of

a I−V curve [9].
A method with great reliability and accuracy was pro-

posed by Buhler et al. that able to post-process I−V curves

to extract the electrical parameters of photovoltaic de-

vices [10]. Sabadus et al. extracted and solved the four-

parameter model in the single-diode model by combin-

ing the Taylor’s series using current equation with the

I−V curve of STC photovoltaic modules [11].
In addition, there are other solutions for extracting

electrical parameters of solar cells through simulated anneal-

ing algorithm [12], semi-analytic modified Hooke−Jeeves

method [4], non-iterative technique [13], Shockley’s equa-

tion [14], Lambert W function [15], and other methods.

Furthermore, Ben Or et al. studied the electrical parameters

of GaInP/GaAs/Ge triple-junction solar cells using a single

diode model, and proposed a mathematical method to

extract conventional parameters, breakdown voltage and

additional parameters from the measured I−V characteris-

tics [16]. There are, however, only few research studies that

combining the I−V curve fitting method with the radiation

damage mechanism to predict the electrical parameters of

solar cells [17].

In this paper, we studied we studied and numerically

fitted the I−V curves of triple-junction GaInP/GaAs/InGaAs

(inverted metamorphic, IMM) and GaInP/GaAs/Ge

(lattice-matched, LM) solar cells under 10MeV proton

and 1MeV electron radiation at various displacement

damage doses (DDD). The correlations between the changes

of solar cell electrical parameters and its radiation hardness

have been discussed.

2. Materials and methods

Figure 1, a and b show the IMM

Ga0.5In0.5P/GaAs/In0.3Ga0.7As solar cell and LM

Ga0.5In0.5P/In0.03Ga0.97As/Ge solar cell structures,

respectively. Solar cells are fabricated by a MOCVD

system and each device is prepared in 3× 4 cm2 size. The

detailed epitaxial growth and cell fabication processes have

been reported in detail in the Ref. [18].

The irradiation experimentations were carried out by

using a high frequency and high voltage electron accelerator

and a tandem electrostatic proton accelerator. Table 1 listed
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Figure 1. (a) IMM Ga0.5In0.5P/GaAs/In0.3Ga0.7As triple-junction solar cell and (b) LM Ga0.5In0.5P/In0.03Ga0.97As/Ge triple-junction solar

cell structures.

Table 1. Irradiation fluence of electron and proton radiation

10MeV DDD 1MeV

proton (p/cm−2) (MeV/g) electron (e/cm−2)

0 0 0

2.18 · 1012 1.58 · 1010 5 · 1014

4.35 · 1012 3.16 · 1010 1 · 1015

the selected irradiation fluence of electron and proton beams

and corresponding displacement damage dose (DDD) is

calculated by Eq. (1):

DDD = φ × NIEL, (1)

where DDD (MeV/g) is displacement damage dose,

φ (e,p/cm−2) is the irradiation fluence, and NIEL
(MeVcm2/g) is the non-ionizing energy loss for correspond-

ing materials. An OAI TSS-156 solar simulator was used

to characterize I−V characteristics of solar cells, and the

measurement was conducted at 25◦C under AM0 spectrum

(136.7mW/cm2).

The single diode current model, showed

in Eq. (2) [3,7,19], used to fit solar cell I−V curves,

and Iph, I0, n, Rsh and Rs of the solar cells have been

extracted from the experimental data

I = Iph − I0

[

exp

(

V + IRs

nk0T

)

− 1

]

−
V + IRs

Rsh

. (2)

3. Results and discussions

3.1. Fitting results of IMM triple-junction
solar cells

The measured and simulated I−V curves of electron and

proton irradiated IMM GaInP/GaAs/InGaAs solar cells with

different irradiation doses are shown in Figure 2, a and b.

The experimental data shows that Voc (open circuit voltage)
and FF (filling factor) decreased significantly with the
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Figure 2. Measured and simulated I−V curves of IMM GaInP/GaAs/InGaAs solar cells irradiated by (a) electron and (b) proton with

different DDD (solid line: measured data; symbols: fitting result).
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Figure 3. Measured and simulated I-V curves of LM GaInP/InGaAs/Ge solar cells irradiated by (a) electron and (b) proton with

different DDD (solid line: measured data; symbols: fitting result).

Table 2. Fitted electrical parameters of GaInP/GaAs/InGaAs solar

cells irradiated with different DDD

DDD Iph I0 (A) n
Rs Rsh

(MeV/g) (mA) (�) (�)

1MeV
0 193.8 5.70 · 10−16 1.72 0.40 3448

electron
1.58 · 1010 192.8 2.95 · 10−14 1.80 0.45 2989

3.16 · 1910 191.6 1.55 · 10−13 1.83 0.50 2497

10MeV
0 193.9 5.70 · 10−16 1.72 0.40 3448

proton
1.58 · 1010 196.0 2.10 · 10−14 1.80 0.47 1964

3.16 · 1010 189.8 1.40 · 10−10 1.87 0.56 216

increase of the irradiation doses in IMM solar cells in both

proton and electron irradiation, while the degradation of Isc

(short circuit current) is not obvious. And, degradation of

both Voc and Isc is greater in proton irradiated solar cells

compared to that of electron irradiated solar cells under the

same irradiation dose. The extracted electrical parameters of

solar cells from the experimental data are listed in Table 2.

Table 2 shows that I0 and Rs of solar cells increase,

and Rsh decrease after the irradiation. When the irradiation

dose is 3.16 · 1010 MeV/g, the dark current of solar cells

increased three and six times for electron and proton

irradiation, respectively. Furthermore, decrease of Rsh and

increase of Rs of solar cells in proton irradiation comparing

to electron irradiation. These changes in solar cell electrical

parameters are the main reasons for the more serious

degradation of Voc and FF in proton irradiated solar cells.

3.2. Fitting results of LM triple-junction solar cells

The measured and simulated I−V curves of electron and

proton irradiated LM GaInP/InGaAs/Ge solar cells with

different irradiation doses are shown in Figure 3, a and b.
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Figure 4. I−V curves of (a) GaInP/GaAs/InGaAs and (b) GaInP/InGaAs/Ge solar cells for DDD = 3.16 · 1010 MeV/g irradiation dose

(solid lines: measured curve; symbols: fitting result).

Table 3. Fitted electrical parameters of GaInP/InGaAs/Ge solar

cells irradiated with different DDD

DDD Iph I0 (A) n
Rs Rsh

(MeV/g) (mA) (�) (�)

1MeV
0 213 8.2 · 10−17 1.62 0.26 3804

electron
1.58 · 1010 206 8.7 · 10−17 1.67 0.27 3335

3.16 · 1010 200 4.5 · 10−16 1.84 0.33 1591

10MeV
0 214 1.9 · 10−17 1.68 0.32 2861

proton
1.58 · 1010 204 1.8 · 19−11 1.84 0.41 647

3.16 · 1010 195 2.7 · 10−11 1.86 0.46 407

Same as IMM solar cells, the degradation of Voc is greater

than that of Isc , in both types of irradiation, and the

reduction of Voc and Isc is greater in proton irradiated solar

cells than that of electronirradiated solar cells. The extracted

electrical parameters of solar cells by fitting I−V curves

are listed in Table 3. Same as in IMM solar cells, the I0
and Rs of solar cells increase, and Rsh of solar cells decrease

after irradiation. The increase of dark current for proton

irradiation is also at 6 times of magnitude level.

3.3. Comparison of degradation of IMM
and LM solar cells

The measured I−V curves and fitting results of GaInP/

GaAs/InGaAs and GaInP/InGaAs/Ge solar cells for electron

and proton irradiation with DDD = 3.16 · 1010MeV/g dose

are plotted in Figure 4, a and b, respectively, and changes

of extracted parameters are plotted in Figure 5. The results

show that proton irradiation caused more degradation in

both IMM and LM solar cells, and IMM solar cells showed

better radiation resistance than LM solar cells. When

the DDD is increased to 3.16 · 1010 MeV/g, the I0 of IMM

solar cell under proton irradiation increases by about five

orders of magnitude compared to that of the unirradiated

cells. The Rsh decreased to 6.2% of the initial value, and the

series resistance Rs increases by about 1.4 times. In electron

irradiated IMM solar cells, the dark current I0 increased

about 271 times, Rsh decreases by 27.6% and Rs increased

about 1.25 times comparing to their initial values in the non-

irradiated solar cell. In LM solar cell, when the DDD is

increased to 3.16 · 1010 MeV/g, dark current I0 under proton
irradiation is increased about six orders of magnitude times

and the dark current under electron irradiation increases

to about 5 times.

It can be noted in Figure 5 that the increase of I0 under

proton irradiated solar cells is greater and the decrease

of Rsh is greater in the electron irradiated solar cells, and the

changing trends in electrical parameters under electron and

proton irradiation are comparable in both MM and LM solar

cells. Degradation of normalized values of Pmax in electron

and proton irradiated solar cells are shown in Figure 6. From

the fitted electrical parameters, it can be concluded that the

degradation of both types of solar cells is greater in proton

irradiation than that of electron irradiation.

The degradation of solar cell’s Pmax with increase of

irradiation fluence can be predicted by an empirical equa-

tion [18], expresses as below

Pφ

P0

= 1−C ln

(

1 +
φ

φx

)

, (3)

where P0 is the initial output power, Pφ is the solar cell

output power after irradiated with φ fluence, C and φx

are the fitting parameters which are related to solar cell

structure, types of irradiation particles and its energy. The

fitting results of φx and C by using Eq. (3) regarding to

electron and proton irradiated solar cells, based on the

experimental data in Figure 6, are listed in Table 4. The

simulation results are quite close to the experimental data

but slightly higher, that is because of the triple-junction solar

cell structure has not been fully considered in the single

Semiconductors, 2024, Vol. 58, No. 2
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Figure 5. Extracted Rs , Rsh, and I0 for GaInP/GaAs/InGaAs (a, b, c) and GaInP/InGaAs/Ge (d, e, f) solar cells irradiated by electron and

proton with different DDD.
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Figure 6. Normalized degradation curves of Pmax in GaInP/GaAs/InGaAs and GaInP/InGaAs/Ge solar cells with the increase of irradiation

fluence, (a) electron and (b) proton.

Table 4. Fitting results for degradation parameters regarding

to Pmax

C φx

Measurement Fitting Measurement Fitting

1MeV IMM 0.022 0.05 2.67 · 1012 7.27 · 1013

electron LM 0.073 0.10 1.52 · 1014 3.09 · 1014

10MeV IMM 0.082 0.12 1.61 · 1011 6.45 · 1011

proton LM 0.099 0.14 3.48 · 1011 7.58 · 1011

diode model, further studies of the effects of solar cell

structure on the simulation model are necessary to obtain

more accurate results. These parameters can be used for

evaluating the solar cell electrical parameters regarding to

different fluences irradiation regarding to the same energy

electron and proton irradiation.

3.4. Degradation mechanism of electrical
parameters

High energy particle irradiation induces lattice defects

in solar cells, which play non-radiative recombination

centers and leading to degradation of solar cell electrical

parameters. These displacement damages have significant

impacts on photogenerated carrier production and recom-

bination [20,21]. Defects in solar cell base region and

emission region directly affects the minority lifetime τ . The

minority lifetime τ is inversely proportional to the irradi-

ation dose DDD, and minority carrier diffusion length (L)
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is written as L =
√

Dτ , where D is the minority diffusion

coefficient. And, the relationship between the L and the

irradiation fluence φ an be expressed as below [22]:

1

L2
0

=
1

L2
0

+ KLφ, (4)

where L and L0 are the minority carrier diffusion length

with and without irradiation by φ fluence, and KL is

the diffusion length damage coefficient. Eq. (4) shows

that he minority carriers diffusion length L decreases with

the increase of radiation fluence φ, and as a result,

the photogenerated minority carriers recombined before

reaching the pn junction, and cause the degradation of Isc

and Iph. The reduction of Voc and I0 is elated to defects in

solar cells [23], and can be expressed as [24]:

Voc =
kBT

q
ln

(

Iph
I0

+ 1

)

, (5)

I0 ∝ Js =
qDnnp0

Ln
+

qDp pn0

Lp
, (6)

where Js is the reverse saturation current density, Ln and Lp

are the minority carrier diffusion lengths in the p-type base

region and the n-type emission region, respectively. After

irradiation, the defect density increases and L decreases,

resulting in the increase of I0. As can be seen from Eq. (5),
the decrease of Iph and the increase of I0 leads to the

decrease of Voc continuously when the irradiation dose

increase.

The increase of Rs with the increase of irradiation dose

increases, because to the carrier removal effect brought

on by defects generated by high-energy particles in solar

cells [25], which resulting in reduce of the photogenerated

current and increase in Rs . The decrease of Rsh with

the increase of irradiation dose is due to the increase of

recombination probability caused by the lattice defects and

increase of leakage current. Therefore, Isc decrease with an

increase in Rs and Voc decrease with a decrease in Rsh [26],
and, the filling factor FF decreases with the increase in Rs

and the decrease in Rsh [27], as a consequent, the output

power of solar cell will decrease.

4. Conclusion

The electrical parameters of electron and proton irradi-

ated I−V curves of IMM GaInP/GaAs/InGaAs and LM

GaInP/GaAs/Ge triple-junction solar cells are studied and

numerically fitted. Degradation of solar cell performance

after irradiation is studied from the perspective of electrical

parameters. The electrical parameter degradation trend of

the GaInP/GaAs/InGaAs solar cells under 10MeV proton

irradiation is higher than that of 1MeV electron irradiated

solar cells. Both dark current I0 and parallel resis-

tance Rsh significantly decreased after irradiation, and same

degradation trends are also observed in GaInP/GaAs/Ge

solar cells. Comparing the two types of irradiation,

the proton irradiation resulted more serious degradation

of both GaInP/GaAs/InGaAs and GaInP/GaAs/Ge solar

cell electrical parameters. When the irradiation fluence

is reached 3.16 · 1010 MeV/g, the degradation of dark

current I0 of GaInP/GaAs/Ge solar cells is greater under

proton irradiation than that of GaInP/GaAs/InGaAs solar

cells. Degradation of maximum output power of solar cells

has been simulated by an empirical equation and fitting

parameters have been calculated.
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