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Abstract. GaAs solar cells hold the record for the highest single band-gap cell efficiency.
Successful application of these cells in advanced space-borne systems demand characterization of cell properties like dark current under different ambient conditions and the
stability of the cells against particle irradiation in space. In this paper, the results of the
studies carried out on the effect of 8 MeV electron irradiation on the electrical properties
of GaAs solar cells are presented. The I–V (current–voltage) characteristics of the cells
under dark and AM1.5 illumination condition are studied and 8 MeV electron irradiation
was carried out on the cells where they were exposed to graded doses of electrons from
1 to 100 kGy. The devices were also characterized using capacitance measurements at
various frequencies before and after irradiation. The effect of electron irradiation on the
solar cell parameters was studied. It is found that only small changes were observed in the
GaAs solar cell parameters up to an electron dose of 100 kGy, exhibiting good tolerance
for electrons of 8 MeV energy.
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1. Introduction
Use of gallium arsenide in solar cells has been developed synergistically with its use
in light emitting diodes, lasers, and other optical devices. It has a direct band gap
of 1.43 eV, nearly ideal for single junction solar cells. The absorption coefficient of
GaAs is relatively high and causes sufficient absorption of photons in only a few
microns of material. This, along with its high efficiency, makes GaAs very desirable for space applications. The most efficient solar cell to date has been based on
this material and cells of 25.1% efficiency have already been confirmed [1]. When
used in concentrator application, the efficiency increases to 27.6% [2]. GaAs solar
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cells have been used as a power source for artificial satellites. As these satellites
on their orbits get exposed to space radiations, it is indispensable that these solar
cells possess radiation resistance characteristics in addition to high-energy conversion efficiency [3]. Electrons and protons with a wide range of energies dominate
the space-radiation environment. Usually, the degradation of solar cells in space
is caused by the introduction of radiation-induced recombination centres, which
reduce the minority-carrier lifetime in the base layer of the p-n junction. However,
radiation-induced defects can also cause compensation of the base layer, reducing
the net majority-carrier concentration and increasing the resistivity of the material. It is well known that, for low fluences of radiation the degradation of the
solar cell is due to the introduction of non-radiative recombination centres. It is
only for large fluences that trapping centres induce a non-negligible compensation
of free carriers and participate also in the degradation [4]. The radiation tolerance
of GaAs space solar cells has been evaluated using 1 MeV electrons with fluence up
to 1 × 1016 /cm2 and 10 MeV protons with fluence up to 1 × 1013 /cm2 [5]. It has
been reported that AlGaAs solar cells showed a greater resistance to radiation than
silicon solar cells when A1GaAs/GaAs solar cells were irradiated with 0.9–3.0 MeV
protons and 1.0–1.4 MeV electrons [6]. When GaAs solar cells grown on Si substrate were irradiated with 1 MeV electrons, they showed high radiation tolerance
[7]. The reported investigation shows that shallow junction p-GaAlAs/p-GaAs/nGaAs heteroface solar cells irradiated with 1 MeV electrons show a more complete
recovery of short-circuit current than the deep junction cells. It has been found that
for deep junction p-GaAlAs/p-GaAs solar cells, some of the electron radiation damage is removed by annealing the cells at 200◦ C [8]. Dark I–V measurements have
been used to evaluate the electrical performance of photovoltaic cells and diodes for
many years. Since 1960s, both light I–V and dark I–V measurements have been
commonly used to analyse the effects on cell performance of series resistance and
other parameters [9–13]. The dark I–V measurement procedure does not provide
information regarding short-circuit current, but is more sensitive than light I–V
measurements in determining other parameters like series resistance, shunt resistance, ideality factor, and saturation current that dictate the electrical performance
of a photovoltaic device.
In this regard, understanding the changes that take place in the dark I–V characteristics of the electron-irradiated solar cells as a function of temperature is very
much essential. In the present work, GaAs solar cell properties were studied by
dark I–V measurements in the temperature range 270–315 K before and after irradiation with 8 MeV electrons at a dose of 100 kGy with an intention to understand
the different aspects of dark current transport and also the changes that take place
in solar cell parameters under irradiation.
2. Experimental
The space-grade GaAs solar cells with thickness 145 µm and size 2 × 4 cm2 obtained from Solar Panels Division, ISRO Satellite Centre, Bangalore, is used in
the present work. The GaAs cells are of p/n configuration, grown on Sb-doped
N-type Ge substrate having a thickness of 200 µm by metal-organic vapour phase
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epitaxy (MOVPE) technique. The structure has the following design: a Zn-doped
p-AlGaAs window with a thickness of about 0.1 µm; 0.3–0.5 µm-thick Zn-doped
p-GaAs emitter region, n-type base region doped with Se having thickness of 2–
4 µm and Se-doped N-GaAs of thickness 3 µm as a buffer layer. Au–Zn/Au/Ag
forms the back contact. The I–V characteristics of solar cells under dark and illumination were measured at room temperature using Keithley 236 SMU. The cells
were illuminated under AM (air mass) 1.5 condition (air mass according to IEEE
Standard Dictionary of Electrical and Electronics terms is the mass of air between
a surface and the Sun that affects the spectral distribution and intensity of sunlight). The intensity of the light source was adjusted to 100 mW cm−2 using the
light intensity meter, Suryamapi. Capacitance measurements of the devices at various frequencies were carried out under dark condition using a Keithley 3322 LCZ
meter. Solar cells were exposed to 8 MeV electrons at room temperature using
Microtron accelerator at Mangalore University. The features of the Microtron are
detailed elsewhere [14]. The cells were exposed to electrons of doses ranging from
1 to 100 kGy. The I–V characteristics and capacitance–frequency measurements
(in the range 100 Hz–100 kHz) of the solar cells were repeated after irradiation.
The temperature-dependent dark I–V characteristics of the solar cells were studied
under both forward and reverse bias in the temperature range of 270–315 K both
before and after irradiation.
3. Results and discussion
3.1 Variation of dark I–V characteristics with temperature
Forward I–V characteristics
Dark current of a p–n junction, considering a single diode model is given by [15]
I = IO [exp(qV /nkT ) − 1],

(1)

where n is the ideality factor, IO is the reverse saturation current, q is the charge,
V is the bias voltage, k is the Boltzmann constant and T is the temperature.
The intercept and the slope of the linear portion of the plot of ln(I) vs. V yield
IO and n respectively. An accurate knowledge of ideality factor as a function of
temperature is of vital importance for the characterization of current transport
mechanisms and interfacial properties. The ideality factor n is equal to 1 if the
diffusion current dominates and is equal to 2 when generation and recombination of
the electron–hole pairs in the junction depletion region dominates [15]. The forward
I–V characteristics of GaAs solar cells after irradiating with electrons at a dose of
100 kGy were measured over a temperature range of 270–315 K. The forward dark
I–V plots at different temperatures for the unirradiated and irradiated GaAs solar
cells with electrons of dose 100 kGy are shown in figures 1a and 1b. It is observed
in both the cases that the dark current in GaAs solar cell increases exponentially
with the increase in bias voltage. The ideality factor is calculated from the slope
of the straight line regions of log dark I vs. V graph. The value of n between
2.89 for 270 K and 2.01 for 315 K suggests that the dark current is due to the
generation-recombination of charge carriers within the depletion region.
Pramana – J. Phys., Vol. 74, No. 6, June 2010
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Figure 1. The forward dark I–V plots of the GaAs solar cell at different
temperatures (a) unirradiated, (b) irradiated with electrons of 100 kGy dose.

A small increase in the ideality factor is seen after irradiation and is found to
decrease with increase in temperature (figure 2). Decrease in the ideality factor may
be caused by the increase of saturation current Is which is due to the modification
of the current transport mechanism in the device. The decreasing diode ideality
factors can thus be interpreted as a relative increase of recombination in the bulk
of the material as compared to the recombination in the space-charge region [16].
A plot of ln(Is T −2.5 ) vs. 1000/T for unirradiated and irradiated GaAs solar cell
in the temperature range 270–315 K is shown in figure 3. The activation energy
determined from such a plot should be equal to approximately half the band gap
if the current is controlled by the generation-recombination in the depletion region
[17–20] and it should be close to the band gap if the current is controlled by diffusion
998
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Figure 2. Variation of ideality factor of electron-irradiated GaAs solar cell.

[19,20]. The activation energy calculated from the slope of the ln(Is T −2.5 ) vs.
1000/T is found to be 0.70 eV before irradiation and 0.68 eV after irradiation with
electrons at a dose of 100 kGy. Activation energy calculated in both the cases
is found to be nearly equal to half the band gap of GaAs. This suggests that the
generation-recombination of the carriers in the depletion region determines the dark
current. It is found that there is only a slight change in the current after irradiation
which suggests that there is no major change in the depletion region of the device by
electron irradiation. The primary defects which are formed by electron irradiation
might have been swept away before they formed stable complex defects.
Figure 4 represents the forward dark I–V characteristics of the GaAs solar cells
irradiated with different electron doses. The variation of saturation current and
the ideality factor with different electron doses is shown in figure 5. The saturation
current of the solar cell and the ideality factor increase as the electron dose increases.
It is found that there is no serious reduction in the diode saturation current and
ideality factor, and hence the damage caused to the solar cell is uniform, which
in turn means that there is a change in the minority-carrier diffusion length. It is
well known that recombination centres introduced by electron irradiation decreases
the minority carrier diffusion length and at low doses of electron irradiation, the
degradation is due to the decrease in minority carrier diffusion length [21]. It is
also reported that most of the defects introduced upon irradiation can be removed
by annealing [22]. Therefore, with increase in the electron dose, there is a slight
reduction in the dark current. Thus, GaAs solar cells used in the present study
are found to have sufficiently good tolerance against electron irradiation up to an
electron dose of 100 kGy. The device series resistance in the dark was determined
from the inverse of the slope of I–V characteristics.
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Figure 3. The plot of ln(Is T −2.5 ) vs. 1000/T for GaAs solar cell in the
temperature range 270–315 K (a) unirradiated, (b) irradiated with an electron
dose of 100 kGy.

Figure 4. Forward dark I–V characteristics of the GaAs solar cell irradiated
with different electron doses.

It can be observed from figure 6 that series resistance increases with increase
in electron dose. The increase in the series resistance may be due to the carrier
removal [23].
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Figure 5. Variation of saturation current and ideality factor of GaAs solar
cell as a function of dose.

Figure 6. Variation of series resistance of GaAs solar cell with electron dose.

Reverse I–V characteristics
The reverse dark I–V characteristic of the GaAs solar cell at various temperatures
and electron doses is shown in figure 7 and 8. The reverse current does not show
any saturation in the whole applied voltage range. This indicates that the dark
current is governed by generation-recombination of carriers in the depletion region.
As the Arrhenius plot (log IR vs. 1000/T ) (figure 9) appears to exhibit thermally
activated behaviour, the reverse current can be expressed as
Pramana – J. Phys., Vol. 74, No. 6, June 2010
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Figure 7. Reverse dark I–V characteristics of the GaAs solar cell in the
temperature range 270–315 K.

IR (T ) ∝ exp(−Ea /kT ),

(2)

where Ea is the activation energy, k is the Boltzmann constant and T is the absolute
temperature. The activation energy determined from such a plot should be equal
to approximately half of the band gap if the current is controlled by the generationrecombination in the depletion region [15]. The activation energy calculated from
the Arrhenius plot of the reverse current at −0.5 V is 0.69 eV before irradiation and
0.68 eV after irradiation. Both these values are close to half of the band gap of GaAs
which suggests that the generation-recombination of carriers in the depletion region
which determines the dark current has not changed much after electron irradiation.
3.2 I–V Characteristics under illumination
Figure 10 shows the illuminated I–V characteristics of the GaAs solar cell subjected
to electron irradiation with dose 1–100 kGy under AM1.5 illumination condition.
The solar cell parameters like open circuit voltage (VOC ), short circuit current (ISC ),
fill factor (FF) and efficiency were calculated from the I–V characteristics.
The current flowing in a solar cell under illumination is given by [15]
I = IO [exp(qV /nkT ) − 1)] − IL ,

(3)

where n is the diode ideality factor, IO denotes the dark saturation current of
the GaAs/Ge junction, n is the diode ideality factor and IL is the photogenerated
current in the GaAs layer. The open circuit voltage is related to the saturation
current given by [15]
1002

Pramana – J. Phys., Vol. 74, No. 6, June 2010

Temperature and 8 MeV electron irradiation effects

Figure 8. Reverse dark I–V characteristics of the GaAs solar cell irradiated
with different electron doses.

Figure 9. Arrhenius plot of the reverse current of a GaAs solar cell at a bias
of −0.5 V (a) unirradiated and (b) irradiated with electrons of 100 kGy.

VOC = (nkT /q) ln[(ISC /IO ) + 1].

(4)

It can be seen that VOC depends on the properties of the semiconductor by virtue
of its dependence on IO . Fill factor (FF) of the solar cell is defined by [15]
Pramana – J. Phys., Vol. 74, No. 6, June 2010
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Figure 10. I–V characteristics of GaAs solar cell at various doses of 8 MeV
electrons under AM1.5 illumination conditions.

FF = (VMP IMP )/(VOC ISC ),

(5)

where IMP and VMP are the current and voltage at the maximum power point on
the I–V curve. The energy conversion efficiency of a solar cell can be written as
[15]
η = IMP VMP /Pin A,

(6)

where Pin is the incident solar power density and A is the area of the solar cell.
The parameters for the unirradiated GaAs solar cell under AM1.5 illumination
condition are: Efficiency = 13.23%, VOC = 0.80 V, ISC = 84.24 mA and FF = 55.55%.
Figure 11 shows the changes in the solar cell parameters of the GaAs solar cells,
normalized to their initial value, as a function of electron dose. There is no considerable variation in the fill factor and the open circuit voltage. Even after electron
irradiation of 100 kGy dose, the normalized values of FF and VOC remain at 96 and
97% respectively. The decrease in the efficiency of the solar cell is mainly because
of the decrease in the values of ISC . However, the short circuit current is found to
decrease slightly from 84.24 to 69.55 mA when the dose is increased up to 100 kGy.
The decrease in the short circuit current may be due to decrease in the minority carrier diffusion length because of the introduction of radiation-induced defects. The
decrease in the efficiency is even more conspicuous, from 13.23 to 9.48% indicating
degradation of the cell performance due to irradiation-induced defects.
3.3 Capacitance–frequency measurements
The variation of capacitance with frequency is used to determine the density of
interface states in the devices. The interface states in the devices can be examined
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Figure 11. Normalized solar cell parameters as a function of 8 MeV electron
dose.

in two subgroups. At first, they are in equilibrium with the metal and in the second
situation, with the semiconductor. In general, the interface states in equilibrium
with the semiconductor do not contribute to the capacitance at sufficiently high
frequencies because the charge at the interface states cannot follow the AC signal. In this case, it is the space-charge capacitance only. At low frequencies, the
contribution of the interface states to diode capacitance decreases with increasing
frequency. Experimentally measured capacitance corresponding to low frequency
(100 Hz) in the data obtained from the C-F measurements is approximately equal
to the sum of the space charge capacitance (CSC ) and the interface capacitance
(CSS ). At a focussed bias of 1 V, values of the space-charge capacitance in a high
frequency region (100 kHz) of the experimentally obtained forward-bias C–F plots
are subtracted from the experimental junction capacitance C; thus, the interface
state capacitance CSS is obtained [24].
Variation of the interface state capacitance, CSS , with frequency is given by [25]
CSS =

AqNSS arctan(ωτ )
,
ωτ

(7)

where NSS is the density of interface states, A is the contact area, ω is the frequency,
and τ is the relaxation time of the interface state.
The variation of capacitance with frequency for GaAs solar cells irradiated with
8 MeV electrons measured under dark conditions at 1 V is shown in figure 12. The
capacitance is found to decrease with increase in frequency, indicating the presence
of deep levels near GaAs/Ge interface. The capacitance value varied from 1.59 to
1.30 µF for the frequency variation of 100 Hz to 100 kHz, for the unirradiated sample. The corresponding decrease in the capacitance value for the device irradiated
with electrons of dose 100 kGy is from 1.58 to 1.28 µF. The decrease in the capacitance values of irradiated and unirradiated samples is not too large indicating that
Pramana – J. Phys., Vol. 74, No. 6, June 2010
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Figure 12. Variation of capacitance with frequency at 1 V for unirradiated
and electron-irradiated GaAs solar cell.

electron irradiation has not contributed significantly to the concentration of deep
level defects. The interface trap concentration before and after irradiation were
1.14 × 1013 and 2.05 × 1014 eV−1 cm−2 (eq. (7)), indicating that irradiation has
not contributed significantly to the concentration of the deep level defects.
4. Conclusions
The dark I–V characteristics as a function of temperature and the effect of 8 MeV
electron irradiation on the electrical properties of GaAs solar cells under dark and
illumination conditions has been studied systematically and the following conclusions are drawn.
1. GaAs solar cells used in the present study are found to have sufficiently good
tolerance against electron irradiation up to an electron dose of 100 kGy. The
slight increase in the value of saturation current and ideality factor observed
with electron irradiation may be due to the generation of recombination
centres which decreases the carrier diffusion length.
2. In the measured temperature range, the dark current contribution is due to
the generation-recombination of the minority carriers in the depletion region
and there is no major change in the dark current after electron irradiation
suggesting that the depletion region of the device has not been affected much
by electron irradiation. The ideality factor is found to decrease with increase
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in temperature because of the relative increase of recombination in the bulk of
the material as compared with the recombination in the space-charge region.
3. The decrease in the efficiency of the solar cell after electron irradiation is
mainly because of the decrease in the values of ISC . The decrease in the short
circuit current may be due to decrease in the minority carrier diffusion length
due to the introduction of radiation-induced defects.
4. Capacitance variation with frequency indicates that electron irradiation has
not contributed significantly to the increase of deep level defects.
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