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The photovoltaic energy is one of the most popular topics of research in the field of clean energy sources.
It benefits directly from the sun, and has been accepted as a promising technology for the future. To this end,
GaInP/GaInAs/Ge TJ solar cells, capable of being grown with the molecular beam epitaxy device, are designed
along with tunnel junction layers. In this work, the analytical solar cell model is used for the calculation of solar
cell performance. The calculation for the photo-response of the radiation spectrum of the solar cells includes
an analytical solution equation in the model, including the continuity equations based on both the minority and
majority carriers, the Poisson equation, and the current equation. For these calculations, Fortran programming
language is used with high data sensitivity. The J , Voc, and η values of the GaInP/GaInAs/Ge TJ solar cell are
calculated for the AM1.5G solar spectrum at temperatures in the range 200–450 K. The η of the solar cell at room
temperature under 1 sun is calculated as 35.114%. As a result, triple or higher junction solar cell structures need
to be designed in order to obtain greater efficiency.

DOI: 10.12693/APhysPolA.136.21
PACS/topics: multi-junction solar cell, modelling, GaInP/GaInAs/Ge, efficiency

1. Introduction

The need for energy of the human civilization being
is increasing rapidly, influenced by the growing popula-
tion and use of technology. Intensive studies are being
conducted in order to meet the increasing energy require-
ments, and to obtain environment friendly and renewable
energy sources as alternatives to the traditional ones.
Among these studies, solar cells have revealed themselves
to be an important option. Basically, the efficiency of
solar cells operating as a semiconductor diode depends
on the area of the cell, the angle of the radiation arriv-
ing on the cell, the humidity ratio in air, and the geo-
graphical location where the solar cell is installed [1, 2].
We attempted to increase the efficiency obtained from
multi-junction (MJ) solar cells by providing these
conditions [3–5].

Nowadays, MJ solar cell made of III–V compound
semiconductors is one of the most promising technolo-
gies for converting solar radiation into electrical energy.
Current and lattice matching constructions are signifi-
cant for MJ solar cells. Therefore, MJ solar cells have
top to down low wavelength to high wavelength se-
quencing [6–8]. Thus, a high efficiency is achieved in
the solar cells, owing to an optimized use of the so-
lar spectrum, and consequently, with less thermalization
loss. Every day, the sun provides us with 1.5 × 1022 J
charge-free energy, and, according to the literature, re-
search is being conducted to increase the performance
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of the MJ solar cells used in terrestrial and space applica-
tions that will ensure to obtain the most benefit possible
from this energy [9].

III–V MJ solar cells, such as GaInP/GaInAs/ Ge triple
junction (TJ) solar cells, have been commercially used at
the highest efficiency. When we examine the outstanding
solar cells in the literature, operating by the PV effect,
we see that Bertness et al. determined in their study in
1994 that the efficiency of GaInP/GaAs/Ge TJ solar cells
was 29.5% [10]. In 1995, Friedman et al. have obtained
an efficiency for the GaInP/GaAs dual junction solar cell
of 30.2% under 160 sun and the AM1.5D spectrum [11].
There have been many studies conducted in subsequent
years with the purpose of increasing the efficiency of solar
cells. As of 2006, an efficiency of over 40% was targeted
for the GaInP/GaAs/Ge TJ solar cells. Masafumi et al.
and Law et al. noted in 2008 that the efficiency of the
TJ solar cells could be between 40% and 50% [12, 13].
The highest efficiency under concentration is calculated
as 44.4% in the TJ solar cell studies that have been pub-
lished until now [14]. In the study of Fetzer et al., the
performance of triple junction GaInP/GaInAs/Ge solar
cells was found to be 31.3% [15]. Today, there are in-
tensive studies under 1 sun and under concentration, in
order to improve the efficiency of TJ solar cells.

It is known that point, line, and volume defects in par-
ticular, deteriorate the structural (like lattice deforma-
tion), magnetic (like mobility), electrical (like solar cell
performance), and optical (like energy band gap) features
of the structure [16]. The situation that has come to
the forefront, regarding structural defects in experimen-
tal studies, is that this constitutes a base for cracks in
the structure by wave movement in the c-direction due
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to high dislocation density. This situation results in a
situation where electron trappings or scattering mecha-
nisms have a negative effect on the structure [16]. Taking
these defects into consideration, the analytical solar cell
model suggested by Schilinsky et al. is a suitable model
for the J–V characteristics of solar cells [17, 18]. This
model provides absolute results for the calculation of the
photoresponse of the radiation spectrum of solar cells and
the performance of solar cells.

In this study, the electrical characteristic of the
GaInP/GaInAs/Ge TJ solar cell structure are examined
theoretically. Primarily, the energy band gap dependent
absorption coefficient, which appears in the definition of
the electrical property of the alloy at each lattice forming
the layers, is calculated theoretically. Correspondingly,
the temperature dependent (between 200 and 450 K) cell
out parameters (J , Voc, and η) of the GaInP/GaInAs/Ge
TJ solar cell under AM1.5G spectrum and 1 sun are
calculated by using the analytical solar cell model. In
addition, the conversion efficiency of this TJ solar cell
at room temperature under 454 sun is calculated. High
solar cell performance is observed in this TJ solar cell
at nanothickness, and in cubic structured layers with
its low mobility and high carrier concentrations. The
results are discussed within the parameters established
in the literature.

2. Solar cell structure

The high efficiency Ga1−yInyP/Ga1−xInxAs/Ge TJ
solar cell structure is designed in order to be used in ter-
restrial applications. Therefore, the direct and scattered
ray including AM1.5G (1000 W/m2) are taken as refer-
ence [19]. The modelling of Ga1−yInyP/Ga1−xInxAs/Ge
TJ solar cell structure is shown schematically in Fig. 1.
Three cells with Ga1−yInyP, Ga1−xInxAs and Ge alloy
are placed into the solar cell structure. These three cells
are connected to each other serially with thin and ul-
tra high doped tunnel junctions. These tunnel junctions
provide low resistance and high current density. In the
GaInP and AlGaAs structures, where a tunnel diode is
used between the top cell and the middle cell, Si and
Be may be added respectively in order to provide a high
doped structure. Si and Be may be added respectively
in order to establish a high doped n- or p-type GaAs
layer at the tunnel junction between the middle cell and
the bottom cell at intervals 1016 and 1019. The pa-
rameters for the input parameters of the analytical solar
cell method (which consists of quasi-experimental equa-
tions given in sections below) numerical solution, such
as additive densities, thicknesses, mobility for the base
and emitter layers, have been optimized. The thick-
nesses of the Ga1−yInyP, Ga1−xInxAs, and Ge cells in
the solar cells are optimized in order to ensure high effi-
ciency. The doped concentrations of the base and emit-
ter layers of the Ge bottom, Ga1−xInxAs middle, and
Ga1−yInyP top cells are determined to be nearly 1×1017,
1×1018, and 1×1016 cm−3, and nearly 1×1019, 1×1019,

Fig. 1. The device architecture of the Ga1−yInyP/
Ga1−xInxAs/Ge TJ solar cell.

and 1 × 1018 cm−3, respectively. The mobilities of the
Ga1−yInyP, Ga1−xInxAs, and Ge cells are calculated as
4000, 7600, and 3900 cm2/(V s), respectively.

The GaInP, AlGaInP, AlGaAs, GaInAs, GaAs, and Ge
structures used at the growth TJ solar cell have a stable
isotropic structure in a cubic structure. Structure defects
and the optical scattering mechanisms are unimportant
values in these pure structures [20]. The calculations
resulted in these values at values of one thousandth, and
the results of the J–V calculations did not change in this
study.

The first step in the design of cells like
Ga1−yInyP/Ga1−xInxAs/Ge TJ solar cells is to deter-
mine the lattice constant matching and the appropriate
energy band gap [20]. The indium (In) ratios of the
Ga1−xInxAs and Ga1−yInyP alloys are determined to be

x =
aGa1−xInxAs − aInAs

aGaAs − aInAs
, (1)

y =
aGa1−yInyP − aInP

aGaP − aInP
, (2)

by using Vegard-based Eqs. (1) and (2), respectively.
In this study the x and y values are the determined
ratios. These determined values are not random but
have values 0.17 and 0.65 in alloy, which increases the
performance of the TJ solar cell beyond 40%. These
values are indicated in the literature experimentally [21].
The lattice constant length is fixed in compliance with
these x and y values and high performance solar cells.
Using Vegard’s law the lattice constant lengths for
GaInP and GaInAs are determined to be 5.723 and
5.724 Å, respectively, by utilizing GaP, InP, GaAs, and
InAs alloys. The lattice constant of these two layers
seem to be matching, and these values are consistent
with the values in the literature [22].
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Fig. 2. The lattice constant lengths of the top and mid-
dle cell depending on the temperature.

The lattice constant length can be calculated as a
function of temperature. The lattice constant lengths
are calculated with the ∆a = α∆t equation by utilizing
the thermal expansion constant and the thermal strain
values. Departing from Vegard’s law, the GaInAs and
GaInP thermal expansion constants are calculated as
5.525 × 10−6 and 4.634 × 10−6/ ◦C, respectively, by the
thermal expansion constants of the GaP, InP, GaAs, and
InAs alloys. The lattice constant lengths of the top and
middle cell for temperatures between 200 and 450 K are
given in Fig. 2. As can be seen in Fig. 2, the crystal
lattice lengths of the GaInAs vs. GaInP layers increase
showing a linear behaviour along with the increase of
temperature.

Due to the In content value (x = 0.17 and y = 0.83)
determined for TJ solar cells with Eqs. (1) and (2), the
energy band gaps for GaInP and GaInAs are calculated
based on Vegard’s law as 1.67 and 1.18 eV, respectively.
The Ge energy band gap is 0.65 eV.

Electromagnetic radiation, including solar radiation,
consists of particles called photons, and the energy of a
photon is calculated, by the equation

E(eV ) =
1.24

λ(µm)
, (3)

and λ is the photon’s wavelength in µm. Photons with
a higher energy than the energy band gap are capa-
ble of generating energy when solar cells are exposed to
light [23]. Therefore, the spectral composition of the solar
radiation spectrum is important in the design of highly
efficient solar cells.

The photogeneration of the electron–hole pair cre-
ated in the semiconductor depends on the absorption
coefficient of the semiconductor (α) and the photon
flux (φ0) [24]. The Ge [25], Ga1−xInxAs [26] and
Ga1−xInxP [27] absorption coefficients are calculated by
the equation

αGe (λ) = 1.9
√
E − Eg/E, (4)

αGa1−xInxAs (λ) = 3.3
√
E − Eg (5)

αGa1−xInxP (λ) =

5.5
√
E − Eg + 1.5

√
E − Eg − 0.1 (6)

where E is the photon’s energy, and Eg is the energy
band gap. When the unit is taken as eV, unit of α will
be determined to be 1/mm.

3. Results and discussion
After the performance of the GaInP/GaInAs/Ge TJ

designed solar cell, modeling by using the analytical so-
lar cell model indicated that the temperature of the cell is
changed between 200 and 450 K, and changes to the cell
out parameters were observed [25, 28]. The change of the
energy band gaps of the GaInP, GaInAs, and Ge semi-
conductor structures used in TJ solar cells depending on
the temperature is calculated by the equation provided
by Varshni [29]:

Eg (T ) = Eg (0) − αT 2

T + β
, (7)

where Eg(0) is the energy band gap of the semiconduc-
tor structure at 0 K, T is the temperature in K, and the
α and β are the characteristic coefficients of the semi-
conductor. Figure 3 shows the change in the calculated
energy band gaps for GaInP, GaInAs, and Ge semicon-
ductor structures according to the temperature, and the
energy band gap of the structures decreases with increase
in the temperature. As shown in Fig. 3, the energy band
gap of the structures decreases in the arrow direction ac-
cording to the solar energy absorption sequence of the
GaInP/GaInAs/Ge TJ solar cell structure. This means
that the greater the energy band gap of a structure, the
higher the absorbed photon quantity is. Therefore, in
order to minimize current losses in MJ solar cell designs,
the structure with the highest energy band gap is pre-
ferred in the top cell [30].

The short circuit current density (Jsc) of the model TJ
solar cell was calculated from the equations given in our
previous work [31]. The J–V characteristics of the solar
cell is determined by Eq. (8):

Fig. 3. Energy band gap of Ge, GaInAs and GaInP
cells at different temperatures.



24 T. Ataser, M.K. Ozturk, O. Zeybek, S. Ozcelik

J = Jsc − J0

(
e

qVoc
kT − 1

)
. (8)

The open circuit voltage of the solar cell (Voc) is the max-
imum voltage, and the Voc is obtained by the equation
when J is taken to be zero in Eq. (8):

Voc =
kT

q
ln

(
Jsc
J0

+ 1

)
. (9)

The J–V characteristics of the GaInP/GaInAs/Ge TJ so-
lar cell at temperatures varying between 200 and 450 K
drawn under the AM1.5G solar spectrum is shown in
Fig. 4. The high-resolution view is given as an inset graph
within the graph since the current densities in the graph
are close to each other. According to the theoretical cal-
culations, the J and Voc of the solar cell were calculated
as 15.425 mA/cm2, 2.865 V at 200 K, 16.019 mA/cm2,
2.348 V at 300 K, and 16.575 mA/cm2, 1.558 V at 450 K,
respectively. As can be seen by these theoretical calcu-
lations, while the current density increases depending on
the energy band gap decreasing by the temperature, the
voltage decreases, with more increase in the temperature.
As the solar cell generates more photocurrent due to the
decrease in the energy band gap, the more the tempera-
ture of a semiconductor structure increases [32].

Fig. 4. Current density of the TJ solar cell at different
temperatures.

The efficiency of the GaInP/GaInAs/Ge TJ solar cell
is calculated by using Eq. (10):

η =
Pmax

Pin
= FF

VocIsc
Pin

. (10)

The fill factor in the equation is determined theoretically
with the equation provided by Green [24]:

FF =
υoc − ln(υoc + 0, 72)

1 + υoc
. (11)

υoc is the normalized Voc, and is determined by υoc =
Voc/VT and is VT = kT/q. Left axis of Fig. 5 indi-
cates the temperature dependent conversion efficiency of
the GaInP/GaInAs/Ge TJ solar cell. The Voc decreases
while the J increases depending on the narrowing en-
ergy band gap when the temperature of a solar cell is

Fig. 5. Conversion efficiency and power of the TJ solar
cell at different temperatures.

increased [33]. The decrease of the Voc is greater than
the increase of the J , and thus the η of the solar cell de-
creases with the increase of the temperature [34–36]. As
can be seen in the figure, the η of the GaInP/GaInAs/Ge
TJ solar cell decreases along with the increase of temper-
ature. While the calculated η was 35.114% under 1 sun,
this is calculated to be 42.69% under 454 sun at 300 K.
As can be seen in the results, η of the cell increases pro-
portionally to the increase of the solar concentration a
solar cell, and the studies in the literature are consis-
tent with this observation [37]. As can be seen in Fig. 5,
it is observed that the η increases at low temperatures.
The reason for this can be that the phonon influences
the optical characterization of the structure [19], because
the electron–phonon interactions weaken at low tempera-
tures, and the electron trappings are minimized. High ef-
ficiency at low temperatures provides an advantage in the
radiation determination by the Ge detectors [38]. The η
of the GaInP/GaInAs/Ge TJ solar cell reaches the max-
imum limit value under optimal growing conditions. In
order to exceed this value, it is possible to increase the
performance of the cell by new TJ and MJ solar cells.
Right axis of Fig. 5 shows the temperature dependent
power of the GaInP/GaInAs/Ge TJ solar cell. As ex-
pected, the temperature-dependent efficiency and power
curves give the same slope.

4. Conclusion

The parameters of the GaInP/GaInAs/Ge TJ solar cell
were calculated numerically, making use of the analyti-
cal solar cell model. The calculations were performed by
changing the temperature of the solar cell between 200
and 450 K. Pursuant to the calculations as the lattice
constant, the lattice constant length, energy band gap,
absorption coefficient, current density, open circuit volt-
age, and conversion efficiency of the GaInP/GaInAs/Ge
TJ solar cell were determined. The J , Voc and η of
the solar cell at room temperature were calculated as
16.019 mA/cm2, 2.348 V, and 35.114%, respectively.
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While the J increases depending on the decreasing en-
ergy band gap, the Voc decreases, and, consequently, the
η of the solar cell decreases when the temperature of the
cell is increased. The highest performance is seen at low
temperatures. As a result of this study, the design of
new solar cell structures can be carried out to increase
performance. This situation requires the design of triple
or multi-junction solar cells together with quaternary or
more alloys in order to be able to adjust the wavelength
to solar radiation better.
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