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Abstract

In this paper, a theoretical study of the electrical parameters degradation of different n-type GaAs
sub-cells for InGaP/GaAs/Ge triple junction solar cells irradiated with 1 and 5 MeV electrons
has been performed by means of computer simulation. Effects of base carrier concentration upon
the maximum power point, short-circuit current, open circuit voltage, diffusion current,
recombination current and series resistance of these devices have been researched using the
displacement damage dose method, the one-dimensional PC1D device modeling program and a
home-made numerical code based on genetic algorithms. The radiative recombination lifetime,
damage constant for minority-carrier lifetime and carrier removal rate models for GaAs sub-cells
have been used in the simulations. An analytical model has been proposed, which is useful to
describe the radiation-induced degradation of diffusion current, recombination current and series
resistance. Results obtained in this work can be used to predict the radiation resistance of solar

cells over a wide range of energies.

Keywords: GaAs solar cell, space radiation, genetic algorithms, displacement damage dose

1. Introduction

The study of solar cells which can convert solar energy
directly into electrical power is becoming increasingly sig-
nificant, taking into account the urgent need for developing
cost-effective alternative energy sources. In the last few years,
solar cells have been used in space missions as the main
power source for satellites. The space radiation environment
is composed of different types of particles over a wide energy
range, such as electrons, protons, neutrons, gamma rays,
heavy ions, which degrade the performance of the devices.
Therefore, the reliability of solar cells in a radiation

0268-1242/16,/115020+-08$33.00

environment is currently a very important research topic for
accurate predictions of the end-of-life (EOL) performance
degradation and the on-orbit expected mission lifetime [1-3].

The displacement damage dose (Dg) method and the
equivalent fluence method are two main approaches devel-
oped at the US Naval Research Laboratory (NRL) and at the
US Jet Propulsion Laboratory (JPL), respectively, in order to
predict the degradation of a solar cell in the space radiation
environment and to mitigate the radiation effects. Both
methods include damage by electrons and protons of any
energy. On the one hand, the equivalent fluence method is
based on the concept of the relative damage coefficient [4],

© 2016 IOP Publishing Ltd  Printed in the UK
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which is derived from a ground-based experiment with dif-
ferent monoenergetic electron and proton irradiation, usually
four electron and eight proton energies [5]. Therefore, a large
data set is required from which the energy dependence of the
solar cell degradation is empirically determined. On the other
hand, in the D4 approach, the energy dependence of the
damage coefficients is determined from the calculation of the
non-ionizing energy loss (NIEL), which is referred to the rate
of energy loss caused by atomic displacements when elec-
trons or protons traverse a certain material [6]. Thus, the solar
cell response can be described with limited experimental data
(usually two electron and only one proton energies). As a
result, in this method, the measured data collapse to a single
curve from which the solar cell performance in any energy
can be predicted.

Solar cells used in a space environment are expected to
respond differently to the radiation effects according to the
particular mission variables such as orbital altitude, inclina-
tion and elapsed time after launch [7], and to the material,
structure and resistivity of the devices [8]. In recent years,
multijunction solar cells (MJSC) based on III-V compound
semiconductors, particularly InGaP/GaAs/Ge triple junction
(3J), have demonstrated higher beginning-of-life (BOL) per-
formance and better radiation resistance compared to Si single
crystalline and GaAs devices [9]. In the InGaP/GaAs/Ge 3J
solar cell, the top InGaP and the bottom Ge sub-cells are
subjected, at a lesser degree, to radiation degradation and
consequently the radiation resistance is limited by the middle
GaAs sub-cell [10, 11]. Therefore, further research in opti-
mizing the design for GaAs sub-cells is still required to
improve the radiation resistance of MJSC.

In this work, the radiation response of twenty different
n-type GaAs sub-cells for InGaP/GaAs/Ge 3J solar cells
irradiated with 1 and 5 MeV electron energies has been ana-
lyzed by means of computer simulation. Mathematical models
of radiative recombination lifetime, damage constant for
minority-carrier lifetime and carrier removal rate for GaAs
sub-cells have been used in the simulations. In particular, the
radiation damage in the maximum power point (Pypp), short-
circuit current (Jsc), open circuit voltage (Voc), diffusion
current (Iy;), recombination current (I,,) and series resistance
(Rs) have been researched using the Dy approach, the one-
dimensional optical device simulator PC1D [12] and a home-
made numerical code based on genetic algorithms.

2. Methods

2.1. Radiation damage model to space solar cells

For a comprehensive analytical model of radiation-induced
degradation in GaAs sub-cells, the variation of effective
minority-carrier lifetime and base carrier concentration should
be considered.

In the first place, the decrease of the effective minority-
carrier lifetime (7.¢) in the base layer of the GaAs devices can

Table 1. Structure of p™ n GaAs solar cell used in this study.

Layer Doping (cm™?)  Thickness (pum)
p* contact 1.00 x 10" 0.18
AlGaAs window  2.00 x 10'8 0.03
p emitter 3.85 x 107 0.48
n base 3.40 x 10'6 2.85
n' buffer 3.12 x 10" 0.54
n substrate 452 x 10'8 2.00

be expressed by [13]:
/T = 1/ + 1/™R 1

where 7 and 7nr are the radiative and non-radiative
recombination lifetime, respectively. On the one hand, the
radiative recombination lifetime model is given by [14]:

1/m=B-N 2)

where B is the radiative recombination probability and N is
the base carrier concentration; and on the other hand, the non-
radiative recombination lifetime is evaluated using the fol-
lowing equation [15, 16]:

1/mr =Y oivaNi = (/75 — 1/7) = Ko 3)

where o; is the capture cross section of the minority-carrier by
radiation-induced ith recombination center, vy, is the thermal
velocity of the minority-carrier, N,; is the concentration of ith
recombination center, 7, and 7, are the minority-carrier life-
time before and after irradiation respectively, and ¢ is the
accumulated fluence. This model can be explained by the
introduction of radiation-induced recombination centers in the
base layer of the GaAs structures, which tend to affect the
solar cell performance.

In the second place, the carrier removal effect in the base
layer of the GaAs devices caused by radiation-induced defects
can be described by [17]:

Py = Po - eXp(—Rc - ¢/py) “4)
where pg and p,, are the base doping concentration before and
after irradiation, respectively, and Rc is the carrier

removal rate.

2.2. Simulation details

With the aim of validating the radiation damage model used
in this work, numerical simulations of a 0.5 x 0.5 cm? p+ n
GaAs solar cell with similar characteristics to that studied in
reference [18], were performed in the PC1D simulator. In
table 1 we give a complete description of the simulated device
structure. Gaussian profiles for the doping distribution have
been considered as an approximation to the real doping pro-
files. The use of the Gaussian function to approximate the real
doping profiles is more appropriate than the use of the uni-
form or linearly graded models, because of the real distribu-
tion of dopant in the semiconductor substrate [19, 20].

In order to fit the electrical parameters (Pypp,
Jsc and Vo) and the external quantum efficiency (EQE)
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Figure 1. Normalized electrical parameters (Pypp, Jsc, Voc) as a
function of fluence for 1 and 5 MeV electron on the n-GaAs solar
cell described in table 1.

Table 2. Physical parameters used in the numerical analysis.

Physical parameters at 300 K GaAs AlGaAs
Electron mobility, ,ue(cmz vlsTh 8500 6250
Hole mobility, zim(cm®V™'s™h 400 300
Dielectric constant 12.9 12.2
Band gap (eV) 1.424 1.817
Intrinsic carrier concentration, n; (cm™>)  1.79 x 10° 1750

to the experimental data without and with electron radiation,
the following fitting parameters were used in the simulations:
B =200 x 10""%cm’s™", 75 = 24 ns, K(1 MeV) = 8.00 x
10 Bem?s™!,  K(BMeV) =3.00 x 10 ?em®s™!,  Rc
(1MeV) = 5cm™! and Re(5MeV) = 10cm ™. Finally, a
non-uniform front reflectance of the device was considered.
Table 2 summarizes the other physical parameters used in
the numerical analysis. The intrinsic carrier concentration
for GaAs was extracted from [9]. The solar illumination
conditions were AMO spectrum, 1 sun and 25 °C. The mobi-
lity values shown in table 2 are for undoped materials.
The PC1D software used in simulations includes the numer-
ical models that take into account the variation in mobilities
when the different layers are doped with n- or p-type
impurities.

Figure 1 shows data obtained from simulation runs of the
electrical parameters degradation (Pypp, Jsc, Voc) produced
by increasing fluences of monoenergetic electrons with
energies of 1 MeV (data with filled symbols) and 5 MeV (data
with empty symbols). The values presented are normalized to
those corresponding to the non-irradiated devices, which are
~18mWem 2, ~23mAcm > and ~0.95V, for Pypp, Jsc
and Vg, respectively. The lines through the data points are
only intended to guide the eye.

These results agree very well with experimental values
extracted from [18], such as can be observed in table 3 for
non-normalized values. It can be seen in figure 1 that, for a

given degradation level, the electron energy decreases when
the fluence level is increased, indicating that the higher energy
electrons lead to relatively more damage. However, degra-
dations at different electron energies can be correlated using
the D4 method, as is discussed below.

3. Results and discussion

3.1. Analysis of Pypp, Jsc and Voc for solar cells with different
base doping concentration

The analysis of electron-induced damage by means of the Dy
concept involves several steps, which have been extensively
discussed in detail in previous publications [6, 18, 21]. In this
method, the effective displacement damage dose (De(E)) is
used in place of the electron fluence ¢. The D g(E) parameter
is defined for a reference energy level, which is usually taken
as 1 MeV. The effective 1 MeV displacement damage dose
D.¢(1 MeV) is defined by:

(n—1)

) &)

where Dy(E) is the absorbed displacement damage dose, S(E)
is the appropriate NIEL value for electrons of energy E on the
GaAs material, and the n-parameter is related to the nonlinear
dependence of the electron damage coefficients on the NIEL.
The D4(E) values are determined by multiplying the electron
fluence ¢ by S(E).

In this work, the D4 methodology has been applied to the
same data set shown in figure 1 for the n-GaAs solar cell
described in table 1. The exponent n was determined through a
nonlinear least squares fitting of expression (5) at 1 and 5 MeV
electron energy. Values of NIEL for GaAs used in this paper
were 2.66 x 107> and 7.18 x 10 °MeVem?g ' for 1 and
5MeV electrons respectively [6]. Figure 2 shows the normal-
ized data from figure 1 as a function of the effective 1 MeV
displacement damage dose given by expression (5). The best
values of n that cause the data of figure 2 seem to collapse well
on a single characteristic curve for each electrical parameter are
1.30, 1.70 and 1.37, for Pypp, Jsc and Vo, respectively. The fit
curves for the electrical parameters can also be observed in
figure 2. These characteristic curves have been fitted using the
semi-empirical expression to describe radiation-induced degra-
dation of the maximum power point, short-circuit current and
open circuit voltage given by [6]:

N(E)=1—C- log(1 + Dest (E)/Dy) (6)

S(E)

Deis (1 MeV) = Dy(E) - | ——
it (1 MeV) a (E) (S(lMeV)

where N(E) represents the normalized parameter of interest:
Pnpp, Jsc, or Ve, after exposure to a given dose of electrons,
whereas C and D, are fitting parameters.

Table 4 contains the values of C, D, and n for the
characteristic curves presented in figure 2. In table 4 one can
also observe that the values for the maximum power point are
in good agreement with the fit values extracted from [18].

In order to fully understand the degradation in the Pypp,
Jsc, and Vo caused by electrons of any energy, as a function of
n-base carrier concentration (Ng), the Dy methodology was
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Table 3. Values of Pypp, Jsc, Voc obtained from simulations and comparison with experimental data published in the literature.

Py (MW cm™2)

Jsc(mA cm™2) Voc (V)

Energy (MeV) Fluence (e~ cm_z)

This work  Reference [18]

This work  Reference [18] This work Reference [18]

0 0 17.9 18.0 22.8 229 0.95 0.95
1 1.00 x 10" 17.7 17.9 22.8 22.9 0.95 0.94
1.00 x 10" 17.0 16.9 22.6 222 0.93 0.92
2.50 x 10" 16.1 15.5 21.7 21.3 0.91 0.90
1.00 x 10" 14.0 14.1 20.5 20.2 0.86 0.88
4.00 x 10" 11.1 11.2 17.8 17.0 0.82 0.83
5 1.00 x 10" 17.5 17.8 227 22.8 0.94 0.94
1.00 x 10" 15.4 15.7 214 21.3 0.90 0.91
5.00 x 10" 12.6 13.0 19.4 19.5 0.84 0.86
1.00 x 10" 10.9 10.8 17.3 172 0.81 0.82
0.40
o 1.0+ : 5 n=1.30
£ L2 0.35- . p
2 2 || D, =4.35x10° MeV g o
o £ X
§ 030 gae
€ 0.9+ b ] o
© S o
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g 0.8 0.20 T |
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(0]
o 0.7
B ®  Maximum Power Point P, (@
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© 06 - . " SC ) 20
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Figure 2. Normalized electrical parameters (Pypp, Jsc, Voc) as a 10" ‘ 10" 1 617
function of effective 1 MeV electron absorbed displacement damage Base carrier concentration (cm™)
dose on the n-GaAs solar cell described in table 1. This is the same
data set shown in figure 1. The solid lines represent the characteristic (b)

curves for each electrical parameter.

Table 4. Values of the fitting parameters for the electron irradiation
data on the n-GaAs solar cell described in table 1 and comparison
with the fit values published in the literature for Pypp.

Electrical

parameters C D, MeV g_]) n

Pypp This work 0.28 435 x 10° 1.30

Pripp Reference 0.282 435 x 10° 1.29
[18]

Jsc This work 0.22 1.40 x 10" 1.70

Voc This work 0.14 5.70 x 10° 1.37

employed to nineteen different GaAs solar cells. Specifically,
with regard to the simulated device structure presented in
table 1, the n-base region was contaminated at nineteen different
doping levels varied from 1.00 x 10" to 1.00 x 10" ecm ™.

The other values of table 1 have remained unchanged.

Figure 3. Base carrier concentration versus: (a) C-parameter from
expression (6) for the maximum power point; (b) maximum power
point for without and with electron radiation.

For each of the simulated devices the characteristic
curves fitted by expressions (5) and (6) for Pypp, Jsc and Voc
have been obtained. In all cases, no changes were obtained in
the values of n for the entire range of Np considered in this
work. In contrast, if D, values are kept fixed to those pre-
sented in table 4, then it has been found that the values of C
from expression (6) suffer significant variations with Ng as is
shown in figures 3(a)-5(a) for Pypp, Jsc and Ve, respec-
tively. For the purpose of a better understanding of the var-
iation of the C-parameter with respect to the n-base doping
concentration, the data of Pypp, Jsc and Vo obtained from
simulations for two extreme cases (without and with electron
radiation), as a function of Ng, are presented in figures 3(b)—
5(b), respectively. The lines drawn are only intended to guide
the eye.
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Figure 4. Base carrier concentration versus: (a) C-parameter from
expression (6) for the short-circuit current; (b) short-circuit current
for without and with electron radiation.

From expression (6), if the D, value is considered fixed,
the best condition to achieve the lesser degradation in the
Pupp, Jsc, and Ve is obtained for lower values of C. It can
be seen in figures 3(a) and (b) that there is an optimum value
of Ng (close to 1 x 10'®cm™), for which the best radiation
tolerance of Ppypp (that is, the minimum value of C) is
obtained. For Nz above 1 x 10'° cm_3, an abrupt increase in
the C-parameter is observed when the base carrier con-
centration is increased, which tends to affect the solar cell
performance. This behavior can be understood by a decrease
of the radiative recombination lifetime and an increase in the
radiation-induced recombination centers (and in consequence
a decrease of the effective minority-carrier lifetime), accord-
ing to expressions (1), (2) and (3). Finally, a gradual increase
of the C value is observed for Ng below 1 x 10" cm 3,
which can be attributed to the carrier removal effect in the
base layer caused by radiation-induced defects. According to
expression (4), the main influence of this effect is observed
for the lowest Ng. A similar behavior to that described for
Pypp can also be observed in figures 4(a) and (b) for Jsc. In
opposition, figures 5(a) and (b) show that the lesser degra-
dation in the Voc is obtained for Ny above 1 x 10'%cm ™.
The data presented in figures 3(a)-5(a) together with
expressions (5) and (6), can be used to predict the radiation-
induced degradation of Pypp, Jsc and Ve for both electron
energy and a wide range of Np.

3.2. Analysis of lys, Ip2 and Rs by means of the Dy methodology

In order to study the behavior of a solar cell under different
operating conditions, the most commonly used electrical
equivalent circuit is the double diode model shown in figure 6
[22], where two diodes are connected in parallel to a light
generated current source, I,

0.30
3 { n=1.37
g 025 D, = 5.70x10° MeV g
©
£ 020 O——pe-
g | H-Og
© 0.154 Mg p g opoom
0.10 i
10" 10" , 10"
Base carrier concentration (cm™)
(a)
10 ‘ o00ee
s 09 o 0—0-@ eceess o o 00 :
g 08 A A AAAAMA
707 fp oA AAMM
06 —@&— Non-irradiated devices
0'5 —A— 1 MeV (4x10"° & cm™)
"o 1o R
Base carrier concentration (cm™)
(b)

Figure 5. Base carrier concentration versus: (a) C-parameter from
expression (6) for the open circuit voltage; (b) open circuit voltage
for without and with electron radiation.

I
R,
Wiy e W
]ph<T> Ry, v

Figure 6. Two-diode equivalent circuit model of a solar cell.

The currents through the first and second diode, I3; and
14, are currents due to diffusion in the quasi-neutral regions
and recombination in the space-charge regions, respectively.
R, and Ry, are the series resistance and shunt resistance,
respectively. The first one represents the resistance due to
both contact resistances and movement of current through the
emitter and base regions; and the second one represents the
current leakage across the p-n junction of the solar cell.
Finally, I and V are the output current and the output voltage
of the solar cell respectively, which are related through the
following equation [4, 22]:

I = Ly — 1y — Iy — Iy =Ly — In

gV+IR)| |
X {exp[—n]kT ] 1} Iy o

y {exp[q(wr IRS)] B 1} VA4 IR
nsz Rsh
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where I is the shunt resistor current, Iy; and Iy, are the
reverse saturation currents of diodes 1 and 2 respectively, n;
and n, are the diffusion and recombination diode ideality
factors respectively, ¢ is the electronic charge, k is the
Boltzmann’s constant and 7 is the temperature in kelvin.

A numerical code based on genetic algorithms imple-
mented in Matlab, fully developed by the authors, has been
used in order to extract the parameters from expression (7),
such as Ipn, Io1, Io2, R, Ry, 1 and n,, of the same n-GaAs
solar cell structure described in table 1, under illumination
and electron-beam irradiation of 1 and 5MeV. The genetic
algorithms are computational models that mimic the biolo-
gical evolution process for solving problems in a wide
domain [23]. Starting from an initial population, in each stage
the algorithm applies genetic operators in order to rank and
select the best individuals. Each individual in the population
is a possible solution to the problem. The current population
of solutions produces the children for the next step of the
algorithm by means of reproduction operators, namely
crossover and mutation. Therefore, the initial population
converges to the optimal solution after successive genera-
tions. The genetic algorithms have previously been used by
other authors to extract the electrical parameters of solar
cells [24, 25].

The implementation of genetic algorithms used in this
work is based on the following considerations:

- Binary representation is used as a solution encoding.
- Fitness function based on equation (7), is expressed as

S Upns Dots loz, R, Rep, 1y, 1)
=hLn—1I—1Iyn— Il — Iy

= Iph — I — 101{6Xp [%] — 1} (8)
1

2

The optimum solution is achieved when f(In, loi, lo2,
Rsa RSh? l’l], n2) = 0

V + IR,
Rsh

- Random selection of the initial population.

- Initial population size: 200 individuals.

- Roulette wheel is used as selection criterion.

- The one-point crossover is employed with the crossover
probability 0.75.

- Mutation probability 0.001.

- The genetic algorithm is executed 500 generations.

The input data for the genetic algorithms are a set of
values of the /-V curves obtained from PC1D simulations for
different electron fluences and energies. It is often assumed
that ny = 1, n, = 2, and the light generated current, 1, to be
equal to the short-circuit current Isc [4, 22, 25]. Additionally,
the effect of radiations on the Ry, can be negligible [26].
Thus, the Iy, Iy, and R, parameters are the most strongly
affected by the space radiation environment.

g 1 MeV n-GaAs o O

2 —u— |

€ 01

S 10| —@— I, D/

8 J-a- R,

©

.2 a

3 5 MeV —

o} - -

& - —o— | i N, =3.4x10 " cm
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1

1014 1015
Electron fluence (e cm’ )
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Figure 7. Normalized electrical parameters (Iy;, I, Rs) as a function
of fluence for 1 and 5 MeV electron on the n-GaAs solar cell
described in table 1.

Results obtained on the degradation of Iy, Iy, and Rq
after electron irradiation are shown in figure 7, for the solar
cell detailed in table 1. The filled and empty symbols corre-
spond to the values obtained for electrons with energies of 1
and 5 MeV respectively. The lines through the data points are
only intended to guide the eye. These values are presented as
normalized with respect to those corresponding to the
non-irradiated  devices, which are ~7.2 x 1071 A,
~3.4 x 10°°A and ~1.6 Q, for Iy;, Iy and R, respectively.
These non-normalized values are consistent with literature
data since Iy, is generally 3 to 7 orders of magnitude larger
than 101 [22]

It can be seen that an abrupt increase (close to 18 times)
in diffusion current and a gradual increase of recombination
current (close to 2.4 times) and series resistance (close to 1.7
times) are observed for fluence irradiation below
4.00 x 10" e~ m™2 This significant change of Iy, con-
siderably larger than the change in I, has also been reported
previously in reference [22]. These effects can lead to severe
failure of the solar cell.

It is also possible to observe in figure 7 that if the electron
fluence is increased then the electron energy decreases for a
given degradation level, indicating that the higher energy
electrons lead to relatively more damage. Therefore, the dis-
placement damage dose (D4q) method has been applied in
order to collapse into single characteristic curves for each
electrical parameter (the same data set shown in figure 7), as
can be seen in figure 8. The best values of n from expression
(5) obtained through a nonlinear least squares fitting at 1 and
5MeV electron energy were 1.22; 1.39 and 1.41 for Iy, Iy,
and R, respectively.

The fit of the data set corresponding to each electrical
parameter considered can also be observed in figure 8. These
characteristic curves have been obtained from a logistic sig-
moid fit using the programming language Python [27] and can
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Figure 8. Normalized electrical parameters (Iy;, I, Rs) as a function
of effective 1 MeV electron absorbed displacement damage dose on
the n-GaAs solar cell described in table 1. This is the same data set
shown in figure 7. The solid lines represent the characteristic curves
for each electrical parameter.

Table 5. Values of fitting parameters for the electron irradiation data
on the n-GaAs solar cell described in table 1.

Electrical parameters C Dy, (MeV g™") p n

I 150 1.00 x 10> 094 1.22
I 10 1.00 x 10" 077 139
R, 3 1.00 x 102 038 141
be expressed by:
1-cC
M(E) = +C 9)

1+ (Dest (E)/Dy)?

where M(E) represents the normalized parameter of interest:
Io1, Ipp and Ry after exposure to a given dose of electrons,
whereas C, D, and p are fitting parameters. The C-parameter
in equation (9) represents the theoretical limit value of M(E)
that would be obtained if D.g(E) becomes much greater than
D,. Table 5 contains the values of C, D,, p and n for the
characteristic curves presented in figure 8. Expression (9) is
useful to determine the radiation-induced degradation of the
diffusion current, recombination current and series resistance
for any electron energy.

4. Conclusion

The effects of electron irradiation on n-type GaAs sub-cells
for InGaP/GaAs/Ge 37 solar cells have been studied through
computer simulation. The displacement damage dose meth-
odology together with the one-dimensional optical device
simulator PCID and a home-made numerical code based on
genetic algorithms have been employed to analyze in detail
the radiation response of the electrical parameters of all the
simulated devices. The reduction of the effective minority-
carrier lifetime and the carrier removal effect have been

considered for the radiation damage model. The results
obtained in this work show how the performance degradation
of the maximum power point, short-circuit current and open
circuit voltage, for a large range of electron energies, is a
function of one of the design parameters, such as the n-base
carrier concentration. In addition, an analytical model that
relates the effective 1 MeV displacement damage dose with
the diffusion current, recombination current and series
resistance has been proposed to determine the radiation-
induced degradation of these electrical parameters for any
electron energy. These results are useful to contribute to the
design of radiation-hardened devices and to enhance on-orbit
expected mission lifetime.
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