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a b s t r a c t

Numerical simulation was used to study the AlxGa1�xAs window composition effect on the current–volt-
age characteristics of a p+–n–n+GaAs solar cell under AM0 illumination and exposed to 1 MeV electron
irradiation. Such solar cells are used in satellites and undergo severe degradation in their performance
due to induced structural defects. The irradiation induced defects are modeled as energy levels in the
energy gap of GaAs. To predict this effect, the current voltage characteristic and the spectral response
are evaluated for different electron irradiation fluences for two types of cells. In the first we use a narrow
Al0.31Ga0.69As window as a small part of the p+ layer while in the second type we use an AlxGa1�xAs win-
dow with a gradual Al mole fraction. The obtained results show that the AlxGa1�xAs window with a grad-
ual Al mole fraction reduces the degradation of the output parameters of the solar cell and its spectral
response by irradiation in particular for the short wavelengths.

� 2009 Elsevier Ltd. All rights reserved.
1. Introduction

When exposed to cosmic particle irradiations, solar cells under-
go significant deterioration in their performance. This constitutes a
serious problem for the power supplies of satellites operating in or-
bits [1–7]. Photovoltaic based power sources for satellites require
radiation resistant and high efficiency solar cells. Among com-
pound semiconductor materials, GaAs is commonly preferred for
space applications because of its more advanced and cheaper tech-
nology, higher conversion efficiency and radiation resistance [8].
Unfortunately an all-GaAs solar cells suffer from carrier loss due
to a high surface recombination velocity [9–11]. In order to reduce
such loss a wide band gap surface layer of AlxGa1�xAs is placed on
the top of a GaAs emitter to create an heterojunction solar cell
[9,11–12].

In this work numerical simulation is used to predict the degra-
dation of the J–V characteristic of a p+–AlxGa1�xAs/p+–n–n+-GaAs
solar cells by 1 MeV electron irradiation, and the effect of the Alx-

Ga1�xAs layer thickness and composition on the cell’s sensitivity
to the electron irradiation. We have used two cells with different
window structures. Both cells have (AlxGa1�xAs/GaAs)-p+ type win-
dow/emitter, and n+-type collector layers which are 0.53 and
0.5 lm thick, respectively, while the thickness of the n-type base
region is 2.97 lm (Fig. 1). For the first cell (Cell 1), the window is
Al0.31Ga0.69As with a thickness of 0.03 lm while for the second cell
ll rights reserved.
(Cell 2), the window is Al0.31Ga0.69As/Al0.19Ga0.81As/Al0.1Ga0.9As
with a total thickness of 0.09 lm. The doping densities of the dif-
ferent regions are: 2 � 1018 cm�3 for the AlxGa1�x As-p+ type win-
dow, 4 � 1017 cm�3 for the GaAs-p+ type emitter, 1 � 1016 cm�3 for
the n type GaAs base and 2 � 1017 cm�3 for the n+ type GaAs
collector.

We note that we have studied in a previous work [11] the effect
of the AlxGa1�xAs layer on the degradation of the spectral response
of these solar cells and the obtained results are also presented in
this work.

2. Numerical details

The simulation program that we developed is based on the
Kurata method [13] which gives a one-dimensional numerical
solution of the carrier transport problem in a p+–n–n+ solar cell.
A stationary simultaneous solution of Poisson’s equation and hole
and electron continuity equations, approximated by a finite differ-
ence, is obtained. The numerical method of resolution is detailed
elsewhere [7,11]. The cell’s top surface is subjected to AM0 illumi-
nation with a power density of 135.6 mW/cm2. The absorbed light
produces electron–hole pairs. The generation rate distribution at a
position x from the illuminated front is given by the following
expression [14]:

GðxÞ ¼
X0:9lm

k¼0:2

TðkÞaðkÞ/ðkÞ expð�aðkÞxÞ þ R expð�aðkÞð2d� xÞÞ½ �

ð1Þ
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Fig. 1. A schematic diagram of the solar cell used in this work.
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where k is the wavelength of the illumination, T is the transmittance
of the cell’s top surface (AlGaAs window) at normal incidence, a is
the absorption coefficient, u is the photon flux, R is the back reflec-
tion and d is the thickness of the solar cell. a and u depend also on
the layer’s composition.

The total recombination rate of the free carriers includes the
Shockley–Read–Hall (SRH) recombination rate, the radiative direct
recombination rate and the Auger recombination rate. The SRH
recombination rate of an ith defect is given by [15]:

Ui ¼
n � p� n2

i

sninþ n1i þ spipþ p1i
ð2:aÞ

where n and p are, respectively, the free electron and hole densities.
sni and spi are the minority carrier lifetime, which are related to the
defect’s density Ni and capture cross sections for electrons and holes
rn and rp by sni = 1/rnvthNi and spi = 1/rpvthNi, vth is the thermal
velocity supposed to be the same for electrons and holes for sim-
plicity, ni is the semiconductor intrinsic density and n1i and p1i are
the electron and hole densities when their quasi-Fermi levels coin-
cide with the defect level. Before irradiation we consider
sni ¼ sno ¼ 4:9� 10�9 s and spi ¼ spo ¼ 2� 10�8 s [11,16].

The radiative direct recombination and the Auger recombina-
tion rates are, respectively, given by [17]:

Urd ¼ Bðnp� n2
i Þ ð2:bÞ
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Fig. 2. Degradation of the spectral response by the different electron fluences.
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UAug ¼ ðCnAunþ CpAupÞðnp� n2
i Þ ð2:cÞ

where B and CnAuðpAuÞ are constants that reflects the direct and Auger
transitions, respectively. B ¼ 7� 10�10 cm3 s�1 and Cn;pAu ¼ 10�30

cm6 s�1 [11,18].
Defects due to irradiation are presented in Table 1 [11].

E1, . . ., E5 are the electron traps, H0, . . ., H3 are the hole traps, EC

and EV are, respectively, the conduction band energy and the va-
lence band energy, and ET is the trap energy. The density of each
defect is obtained by multiplying the introduction rate of the de-
fect k (cm�1) by the electron fluence (U ðcm�2Þ).
Table 1
Defect levels due to 1 MeV electron irradiation.

Defects [5,7] k EC � ET (eV) rn (cm2)

E1 1.50 0.045 2.2 � 10�15

E2 1.50 0.140 5 � 10�13

E3 0.40 0.300 5 � 10�14

E4 0.08 0.760 3.1 � 10�13

E5 0.10 0.960 3 � 10�11

Defects [5,7] k ET + EV (eV) rp (cm2)

H0 0.8 0.06 1.6 � 10�16

H1 0.1–0.7 0.29 5.0 � 10�14

H2 Not given 0.41 1.0 � 10�15

H3 0.2 0.71 1.0 � 10�13
3. Results and discussions

The spectral response and the current–voltage characteristics of
the illuminated cells (Cell 1 and Cell 2) before and after irradiation
are calculated. These are presented in Figs. 2 and 3 [11]
respectively.

From Fig. 2 the spectral response of Cell 2 is inferior to that of
Cell 1 between 0.5 and 0.85 lm before irradiation. This is expected
since the absorption occurs mainly in the AlGaAs window for Cell 2
and in the GaAs emitter for Cell 1 and the absorption coefficient of
AlGaAs is smaller than that of GaAs in the most efficient region of
the AM0 spectrum as shown in Fig. 4 [11].

Now the irradiation effect will be discussed. For the
U ¼ 1014cm�2 electron fluence, the degradation is more pro-
nounced between 0.75 and 0.9 lm while for U ¼ 1015 cm�2 and
U ¼ 1016 cm�2 the irradiation effect is over the whole wave length
range (Fig. 2) [11]. These observations are fairly in agreement with
measurement and simulation in [16,19] although the used cell’s
structure and defect levels are different.

The extracted photocurrent, photovoltage, fill factor and effi-
ciency before and after irradiation (from Fig. 3) are presented in Ta-
ble 2. The values for the non-irradiated cell are fairly in agreement
with standard values for such cells [6,19–20]. It is also clear that
the output parameters of the Cell 1 are more degraded than those
of Cell 2.
0.0 0.2 0.4 0.6 0.8 1.0
-25

-20

-15

-10

-5

C
ur

re
nt

 d
en

si
ty

 (m
A.

cm

Voltage (V)

 Cell 2

Initial

Degraded (Φ=1016 cm-2)

Fig. 3. The calculated J–V characteristics of the illuminated solar cells before and
after irradiation by 1 � 1016 cm�2 electron fluence.
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Fig. 4. The fitted and tabulated [21] absorption coefficient for the different
AlxGa1�xAs layers.

Table 2
The calculated cell’s output parameters before and after irradiation by 1016 e cm�2

dose.

Jsc (A cm�2) Voc (V) FF g (%)

Before irradiation
Cell 1 24.0 � 10�3 1.01 0.88 15.65
Cell 2 23.0 � 10�3 1.01 0.88 15.00

After irradiation
Cell 1 13.76 � 10�3 0.73 0.76 5.65
Cell 2 14.64 � 10�3 0.74 0.76 6.03
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Fig. 5. The normalized short circuit current density degradation.
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Finally by comparing the irradiation effect on Cell 1 and Cell 2,
we find that the gradual AlGaAs window improves the resistance of
the spectral response for the short wavelength although the initial
one (before irradiation) is poorer [11]. This is more clarified in
Fig. 5 which shows the degradation of the normalised short current
densities for the two cells. For both cells the degradation magni-
tudes are in the experimental range [6,16,22]. Cell 2 shows better
resistance to electron irradiation due to the fact that deep levels
are more effective in GaAs which has smaller energy gap than Al-
GaAs [11].
4. Conclusion

A one-dimensional modeling of an AlGaAs-p+/GaAs-(p+–n–n+)
solar cell, operating under AM0 solar spectrum and exposed to
1 MeV electron irradiation is presented. This is to study the effect
of the AlGaAs window on the cell sensitivity to the electron irradi-
ation defects. It was found that the use of a gradual energy gaps
AlxGa1�xAs window reduces the degradation of the output param-
eters of the solar cell and its spectral response by irradiation in par-
ticular for the short wavelengths due to the fact that deep levels
are more effective in GaAs which has smaller energy gap than
AlGaAs.
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