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In this work, an optimization of the InGaP/GaAs dual-junction (DJ) solar cell performance is presented. Firstly, a design for the DJ
solar cell based on the GaAs tunnel diode is provided. Secondly, the used device simulator is calibrated with recent experimental
results of an InGaP/GaAs DJ solar cell. After that, the optimization of the DJ solar cell performance is carried out for two
different materials of the top window layer, AlGaAs and AlGaInP. For AlGaAs, the optimization is carried out for the following:
aluminum (Al) mole fraction, top window thickness, top base thickness, and bottom BSF doping and thickness. The electrical
performance parameters of the optimized cell are extracted: JSC = 18:23mA/cm2, VOC = 2:33V, FF = 86:42%, and the
conversion efficiency (ηc) equals 36.71%. By using AlGaInP as a top cell window, the electrical performance parameters for the
optimized cell are JSC = 19:84mA/cm2, VOC = 2:32V, FF = 83:9%, and ηc = 38:53%. So, AlGaInP is found to be the optimum
material for the InGaP/GaAs DJ cell top window layer as it gives 4% higher conversion efficiency under 1 sun of the standard
AM1.5G solar spectrum at 300K in comparison with recent literature results. All optimization steps and simulation results are
carried out using the SLVACO TCAD tool.

1. Introduction

There has been a trend for shifting energy production by
renewable energy resources especially solar energy which is
considered the most favorable resource as it is safe and clean
[1, 2]. There are many emerging technologies to capture the
energy from the sun [3, 4]. Photovoltaic technology is the most
widely used technology [5–8]. Among photovoltaic technolo-
gies, the multijunction solar cell gives higher efficiency in com-
parison with the silicon-based solar cells [9]. The multijunction
solar cells’ idea depends on stacking p-n junctions with differ-
ent bandgaps which permits the absorbance of a wider range
of wavelengths [10, 11]. Among the multijunction solar cells,

the III-V semiconductor compound-based solar cells are the
commercially available cells with the highest reported efficiency
[12, 13] reaching 46% under high solar concentration [2, 3]. In
this regard, the InGaP alloy is a vital material for high-
efficiency solar cells as it absorbs the visible part of the solar
spectrum [14–16]. Besides, the GaAs compound (1.42 eV)
absorbs the Near-Infrared Region (NIR) of the spectrum.
Therefore, the lattice-matched In0.49Ga0.51P grown on the
GaAs substrate has great technological importance as the
InGaP/GaAs solar cell structure absorbs a substantial part of
the spectrum [15, 17]. So, InGaP/GaAs DJ solar cells have been
widely studied due to their superb bandgap arrangement in
lattice-matched systems [18].
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In 2006, Lueck et al. designed a dual-junction InGaP/GaAs
solar cell exhibiting an efficiency of about 23.6% at 1 sun con-
centration [19]. A few years later, Leem et al. modeled and
simulated InGaP/GaAs dual-junction solar cells using the
InGaP/InGaP tunnel junction having an efficiency of 25.28%
at AM1.5G [20]. In 2011, Singh and Sarkar developed an effec-
tive approach for highly efficient solar cells using virtual wafer
fabrication (VWF) tools. The maximum conversion efficiency
achieved from such an approach is 32.20% and 36.67% at 1
sun and 1000 suns, respectively. Such efficiencies were
obtained under AM1.5G illumination [21]. Singh and Sarkar,
in 2012, devised an ARC-less InGaP/GaAs cell having an
optimized In0.5(Al0.7Ga0.3)0.5P bottom BSF layer. Regarding
this structure, the cell parameters JSC = 16:09mA/cm2, VOC
= 2:66V, and FF = 89:50%were found under AM1.5G illumi-
nation and the maximum efficiency was 32.196% and 36.678%
for 1 sun and 1000 suns, respectively [22]. In 2015, a GaInP/-
GaAs DJ cell was simulated employing the SILVACO TCAD
device simulator tool by Nayak et al. The simulation gave
JSC = 17:33mA/cm2, VOC = 2:66V, and FF = 88:67% reveal-
ing a maximum efficiency of 34.52% and 39.15% at 1 sun
and 1000 suns, respectively [23].

In recent research studies, a double-layer back surface field
(BSF) is included in both the top and bottom layers of the DJ
solar cell. Thus, the performance of the InGaP/GaAs cell is
enhanced due to the improvement in the collection of photo-
generated minority carriers. In addition, the efficiency of such
a cell was optimized to 40.879% (1000 suns) by varying the
thicknesses of the top BSF layer [24]. In addition, Chee and
Humodeled and numerically simulated an InGaP/GaAsDJ cell
[25]. The mentioned study focused on varying some design
parameters like tunnel junctionmaterials and back surface field
layer composition and thickness yielding JSC of 20.71mA/cm2,
VOC of 2.44V, and FF of 88.6% and guaranteeing a maximum
efficiency of 32.4% under 1 sun AM0 illumination. Also,
Djaafar and Hadri studied the variation of thickness and
doping concentration of the emitter and the base in addition
to the molar fraction of the emitter to optimize the perfor-
mance of InGaP/GaAs. The optimization at 300K led to JSC
of 15.19mA/cm2, VOC of 2.53V, FF of 91.32%, and an effi-
ciency of 25.43% [26]. In 2019, Hungyo et al. optimized the
InGaP/GaAs DJ solar cell by varying the emitter and base
thicknesses alongside temperature variation [27]. Furthermore,
Oshima et al. inspected experimentally the growth of InGaP on
the GaAs substrate by Solid-Source Molecular Beam Epitaxy
(SS-MBE). They found an increase in the open-circuit voltage
of InGaP from 1.243V to 1.311V. Using such a design, the
highest 25.57% efficiency could be obtained for the InGaP/-
GaAs DJ solar cell [15]. Moreover, InGaP/GaAs DJ solar cells
have been fabricated using hydride vapor phase epitaxy
(HVPE) [28]. The open-circuit voltage was measured as
1.339V and 0.978V for individually InGaP and GaAs subcells,
respectively. Hence, the total VOC is 2.318V yielding 21.89%
conversion efficiency.

As mentioned above, many research works have been
conducted to increase the efficiency of the InGaP/GaAs DJ
cells; however, more efforts are still required to get higher
efficiencies. The complexity of the DJ cell structures, due to

their many layers parameters, makes it difficult to optimize
the performance experimentally. So, numerical TCAD simu-
lations are very helpful to optimize the cell performance and
to understand the major physical behaviors, thus decreasing
the development time and cost. An effective window layer
is a crucial structural element for a high-efficiency multijunc-
tion cell. The main contribution of this work is to optimize
the InGaP/GaAs DJ solar cell performance for two different
top window layers, AlGaAs and AlGaInP. We give a compre-
hensive comparison between the two materials to show the
criteria for choosing the best top window layer material.
Thus, the optimum top window layer, which gives the
maximum efficiency, is determined.

The remainder of the paper is arranged as follows. Firstly,
in Section 2, the design of our InGaP/GaAs DJ solar cell is
illustrated. Besides, the simulation models and calibration
vs. measurements are provided. Then, in Section 3, the
optimization of the InGaP/GaAs DJ solar cell performance
is accomplished numerically considering the two different
materials of the top window layer: AlGaAs and AlGaInP.
For each window layer case, the optimization technique is
organized as follows: the composition of the top window
material is optimized. Using the optimized value of the com-
position, the top window layer thickness is optimized and
then the top base thickness is tuned. Furthermore, the
bottom BSF optimum doping and thickness are investigated
to obtain the maximum allowable conversion efficiency.
Next, the I-V characteristic, P-V curve, and external quan-
tum efficiency (EQE) of the two optimized InGaP/GaAs DJ
solar cells are provided. In addition, the electrostatic poten-
tial and photogeneration rates are presented. Finally, a com-
parison between the performances of the two optimized
InGaP/GaAs DJ solar structures is utilized and the optimum
material for the top window layer is selected. Moreover, in
Section 4, the performance of the optimum InGaP/GaAs DJ
solar cell structure is compared with the recent previous
studies. Finally, a summary of the essential findings and con-
clusions of this work is drawn in Section 5. All simulations
are performed using SILVACO TCAD.

2. Design of the InGaP/GaAs DJ Solar Cell

In this section, firstly, the design of the InGaP/GaAs DJ solar
cell structure is presented. Secondly, the required physical
models for the solar cell design are explained. Finally, the
selected materials with their required parameters used for
the solar cell design are illustrated.

2.1. The InGaP/GaAs DJ Solar Cell Structure. Figure 1 shows
the basic structure of the InGaP/GaAs DJ solar cell.
Figure 1(a) shows the different layers of the structure while
Figure 1(b) illustrates the cell structure using the SILVACO
TCAD tool. As shown in Figure 1(a), the structure consists of
the InGaP top cell and GaAs bottom cell. Both the top and
bottom cells consist of five layers: window, p-type emitter, n-
type base, and two BSF layers. To enhance the performance
of the structure, the top and bottom cells are connected
through aGaAs/GaAs tunnel diode whichmust be transparent.
It has not absorbed any part of the input solar radiation
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spectrum from the bottom side. Such requirements are achieved
by satisfying two designing conditions. The first condition is
that the diode has to be heavily doped. The second condition
is that both the n-side and the p-side of the diode have to be
very thin, in the nanometer range [29].

2.2. Physical Models for the Design of the InGaP/GaAs DJ
Solar Cell. The simulation of the DJ solar cell is performed
by using the SILVACO ATLAS tool. In order to optimize
the solar cell effectively, the physical models incorporated
in the simulation should be selected carefully. The main
physical models used for the design of any solar cell are
concentration-dependent low field mobility, optical recombi-
nation, Shockley-Read-Hall, Auger recombination, and
Fermi statistics. Regarding the DJ cell, the nonlocal band-
to-band tunneling should be enabled in order to model the
tunneling through the tunnel junction between the top and
bottom cells. Table 1 summarizes the physical models used
for designing the DJ solar cell in the SILVACO ATLAS
simulator [30].

2.3. The Selected Materials for the Design of the InGaP/GaAs
DJ Solar Cell. To design an optimized DJ solar cell, the mate-
rials used for each of its five layers should be selected and
their parameters have to be determined. For both the top
and bottom window materials, its lattice constant should be
matched with the emitter material. In addition, it must have
a wide energy gap compared with the emitter material [31].
There are different materials used for the design of the top

window layer such as Al(x)Ga(1-x)As and (Al(x)Ga(1-x))(1-y)InyP.
These materials satisfy the design requirements.

For the top and bottom cells, the emitter and base mate-
rials are InGaP and GaAs, respectively. These materials are
selected such that the energy gap of the top cell is higher than
that of the bottom cell. Therefore, the top cell absorbs the
short wavelengths and the bottom cell absorbs the long wave-
lengths of the input solar radiation spectrum [23, 32]. The
material of the two BSF layers is selected to passivate the
surface recombination among the base of the top cell and
the emitter of the GaAs tunnel diode. Also, it has to passivate
the tunnel diode contact and the substrate of the bottom cell
[23, 24]. The materials of the two BSF layers must be lattice-
matched with the GaAs of both the top and bottom cells
having a higher energy gap compared with the base of the
bottom cell. Both (Al0.7Ga0.3)0.5In0.5P and GaAs satisfy the
design requirements of the BSF. Table 2 summarizes the
main required parameters of the optimum selected materials
which are used for the design of the InGaP/GaAs DJ solar
cell. The materials’ parameters shown in the table are the
used parameters for the simulation of the DJ solar cell using
the SILVACO ATLAS device simulator.

2.4. SILVACO ATLAS TCAD Tool Calibration. Before start-
ing the optimization procedure for the InGaP/GaAs cell
performance, the used device simulator, SILVACO ATLAS
TCAD tool, is calibrated with recent experimental results of
an InGaP/GaAs cell [36]. The tool is calibrated by using the
same parameters of the reference solar cell. Thus, the tool
calibration includes the same materials, thicknesses, and
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Figure 1: Schematic diagram of the InGaP/GaAs DJ solar cell structure. (a) Different layers showing the used materials with their thicknesses
and doping levels. (b) Presented solar cell structure output from the SILVACO TCAD tool.
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doping concentrations for all layers. Also, the calibration
procedure utilizes the same physical models for the reference
InGaP/GaAs cell. Table 3 shows that the simulation results
for the calibrated solar cell are close to the measurements
presented in the reference solar cell [36].

3. Performance Optimization of the
InGaP/GaAs DJ Solar Cell Using Two
Different Top Window Layers

The top widow layer of the InGaP/GaAs DJ solar cell
effectively affects its overall performance significantly. There
are different materials used as the top window layer. Both
Al(x)Ga(1-x)As and (Al(x)Ga(1-x))(1-y)InyP used as these mate-
rials satisfy the design requirements and allow the perfor-
mance enhancement of the InGaP/GaAs cell [31, 37, 38].

In this section, the InGaP/GaAs DJ solar cell perfor-
mance is optimized regarding the two different materials of
the top window layer: AlGaAs and AlGaInP. For each top
window layer, the optimization of its parameters required
for enhancing the DJ solar cell performance is illustrated. A
comparison between using AlGaAs and using AlGaInP as
the DJ solar cell top window layer is presented. Thus, the

layer which achieves better performance and gives higher
efficiency is selected as the optimum top window layer for
the DJ solar cell.

3.1. Using AlGaAs as the Top Window Layer. In this section,
simulations are carried out by utilizing AlGaAs as the mate-
rial for the top window layer. Firstly, the optimization of the
mole fraction for Al is investigated. Secondly, the optimization
of the top window layer thickness is inspected. Then, the top
base layer thickness is adjusted. After that, the optimization
of the bottom BSF layer doping and thickness is performed.
Then, the optimum performance of the DJ solar cell using
AlGaAs is compared with the results of the optimized struc-
ture used for calibration. Finally, the I-V characteristic, P-V
curve, external quantum efficiency (EQE), and generation
rates of the optimized cell are reported.

3.1.1. Al Mole Fraction Optimization. It is important to select
the best mole fraction (x) value for the compound semicon-
ductor to satisfy the lattice matching between the different
alloys [39, 40]. The refractive index (n) and the extinction
coefficient (k) of the compound semiconductor vary based
on its mole fraction [41]. Thus, to achieve the best values of
such parameters which enhance the solar cell performance,

Table 1: Basic physical models used in SILVACO ATLAS simulation.

Model Syntax Description

Mobility CVT To enable transverse field, doping, and temperature-dependent parts of mobility

Optical recombination OPTR To enable band-to-band recombination for direct band semiconductors

Shockley-Read-Hall SRH To enable recombination. It uses fixed minority carrier lifetimes

AUGER recombination AUGER To enable direct transition of three carriers. Important at high current densities

Fermi distribution Fermi To enable carrier statistics. Suitable for highly doped regions

Nonlocal band-to-band tunneling BBT.NONLOCAL To enable the spatial tunneling occurring through the top and bottom cells

Table 2: Main required parameters of the optimum selected materials used for designing the InGaP/GaAs DJ solar cell [33–35].

In0.49Ga0.51P GaAs Al0.8Ga0.2As (Al0.7Ga0.3)0.5In0.5P

Lattice constant (Å) 5.65 5.65 5.65 5.65

Energy band gap (eV) 1.9 1.42 2.09 2.4

Permittivity 11.62 13.2 11.7 11.7

Affinity (eV) 4.16 4.07 3.53 4.2

MUN (cm2/Vs) 1945 8800 212.2 2150

MUP (cm2/Vs) 141 400 67.6 141

NC300 (/cm3) 1:3e20 4:35e17 1:58e19 1:2e20
NV300 (/cm3) 1:28e19 1:29e19 1:5e19 1:28e19
TAUN (s) 1e − 9 1e − 9 1e − 9 1e − 9
TAUP (s) 1e − 9 2e − 8 2e − 8 1e − 9

Table 3: TCAD simulation results for the calibrated cell in comparison with measurements.

VOC (V) JSC (mA/cm2) FF (%) η (%)

Reference solar cell results [33] 2.392 16.1 87.52 32.196

TCAD calibration results 2.29 16.12 87.42 32.17
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the mole fraction of the compound semiconductor has to be
optimized. Six values of the AlGaAs mole fraction are
studied, and the efficiency of the InGaP/GaAs DJ cell is
extracted for each value as shown in Figure 2. It can be
inferred from the figure that the maximum efficiency of
35.22% occurs at x equals 0.8. Thus, the optimum compound
of the AlGaAs which gives the maximum efficiency of the DJ
solar cell is Al0.8Ga0.2As.

3.1.2. Optimization of the Top Window Layer Thickness.
There are two main objectives of using the top window layer
in the DJ solar cell. Firstly, it is used to reduce the surface
recombination of the solar cell [7, 42]. Secondly, it must be
transparent to enable the absorption of the whole input solar
radiation spectrum [7, 31]. The first objective is achieved by
optimizing the doping concentration of the top window
layer. The optimum doping concentration for such a layer
is 3 × 1018 cm−3 [20–24]. The second objective is satisfied by
optimizing the layer thickness. Figure 3 shows the efficiency
of the presented cell at different studied values of the top
window layer thickness. The optimum thickness is 0.01μm
which gives 35.22% efficiency.

3.1.3. The Optimization of the Top Base Layer Thickness.
Generally, in the solar cell design, the optimum base thick-
ness should be less than the carrier diffusion length. So, the
light-generated carriers are separated and collected by the
solar cell p-n junction before recombination [6, 42]. The
same concept is applied for the InGaP/GaAs DJ solar cell.
The top base in the solar cell structure is n-type with
1018 cm-3 doping. Figure 4 presents the efficiency of the DJ
solar cell vs. the variation in the top base thickness. Based
on this simulation, the thickness of 0.4μm is chosen as an
optimum thickness as it gives 35.9% efficiency.

3.1.4. Optimization of the Bottom BSF Layer Doping and
Thickness. The main objective of the bottom BSF layer is
the passivation of the solar cell back surface to reduce its
surface recombination [43]. There are two main require-
ments for achieving such an objective. Firstly, the thickness

of the BSF layer has to be relatively high to enhance the light
absorption. Theoretically, there is a certain thickness of the
BSF layer at which all the light will be absorbed. At such
thickness, the DJ solar cell efficiency can reach its maximum.
Beyond this thickness, there is a negligible change in the solar
cell efficiency [35]. Figure 5(a) shows the efficiency of the DJ
solar cell for different values of the bottom BSF layer thick-
ness. As can be depicted, the efficiency increases when the
layer thickness varies from 0.3μm to 1μm. Then, the
efficiency is nearly fixed to its optimum value, 36.6%. Thus,
the optimum bottom BSF layer thickness is 1μm.

Further, the doping of the bottom BSF layer should be
high [44]. Figure 5(b) illustrates the efficiency of the DJ solar
cell variation w.r.t the bottom BSF layer doping concentra-
tion. The optimum doping concentration is 3 × 1019 cm−3,
which is the highest doping that gives an efficiency of 36.7%.

3.1.5. Electrical and Optical Performance. The simulated J-V
characteristic and P-V curve using Al0.8Ga0.2As as the top
window material are presented in Figure 6(a). The extracted
electrical performance parameters of this optimized DJ solar
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Figure 2: DJ solar cell efficiency for the six values of the Al mole
fraction.
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cell from its J-V characteristics are VOC = 2:33V, JSC =
18:23mA/cm2, FF = 86:42%, and a conversion efficiency ηc
= 36:71%. Moreover, from the P-V curve, the maximum
power is 36.74mW/cm2. Also, the voltage at which the max-
imum power occurred is 2.1V. At this point, the maximum
current density is 17.49mA/cm2.

In order to measure the optical performance, the external
quantum efficiency (EQE) is presented [23]. For the pre-
sented DJ InGaP/GaAs cell, the InGaP top cell is responsible
for the collection of the first part of the input solar radiation
spectrum while the GaAs bottom cell is responsible for the
absorption of the long wavelengths based on its energy gap
[20]. Figure 6(b) illustrates the simulation of the optimized
DJ solar cell EQE under AM1.5G illumination. It is obvious
that the InGaP top cell absorbs the photons for the wave-
length in the range of 0.3 to 0.65μm. Regarding the GaAs

bottom cell, it absorbs the wavelengths between 0.65 and
0.9μm.

To give physical insight into the behavior of the cell,
Figure 7(a) shows a cutline view of the electrostatic potential
whereas Figure 7(b) depicts a detailed photogeneration rate
across the device length. The electrostatic potential is maxi-
mum at the tunnel junction region. Also, the maximum photo-
generation rate occurs at the surface of the device as it is
exposed to the maximum solar radiation.

3.2. Using AlGaInP as the Top Window Layer. In this section,
the performance optimization of the InGaP/GaAs DJ cell is
carried out by using AlGaInP as the top window layer. The
same optimization steps of the previous section are carried
out except that the optimumAl mole fraction is selected from
a recent research work [24, 44], (Al0.7Ga0.3)0.5In0.5P. The

0 0.5 1 1.5 2 2.5 3
Bottom BSF thickness (𝜇m)

34

35

36

37

Effi
ci

en
cy

 (%
)

(a)

0 1 2 3
Bottom BSF doping conc (cm−3)×1019

36

36.2

36.4

36.6

36.8

37

Effi
ci

en
cy

 (%
)

(b)

Figure 5: Optimization of the bottom BSF parameters. (a) Cell efficiency vs. thickness. (b) Cell efficiency vs. doping concentration.
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Figure 6: Simulation results of the optimized DJ solar cell using Al0.8Ga0.2As. (a) J-V characteristic and P-V curve. (b) EQE curve.
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window layer thickness, top base thickness, bottom BSF layer
thickness, and doping are optimized to get the maximum
possible efficiency. Then, the I-V and P-V characteristics
are presented along with the EQE and the electrostatic poten-
tial and photogeneration rate.

3.2.1. Optimization of Different Layers. Figure 8 shows the
impact of the top window layer thickness on efficiency. The
maximum efficiency is 35.726% which occurs at an opti-
mized thickness of 0.03μm. Further, Figure 9 shows the
influence of the top base thickness on the efficiency. It is
obvious from the figure that the optimum top base thickness
is 0.4μm at which the efficiency is 36.5%.

Regarding the bottom BSF layer, its thickness and doping
are to be optimized as in the previous section. Figure 10
shows the influence of the bottom BSF layer thickness
(Figure 10(a)) and doping (Figure 10(b)) on the efficiency.
As indicated in Figure 10(a), the efficiency increases as the

layer thickness varies from 0.2μm to 1μm. Beyond the thick-
ness of 1μm, the efficiency is nearly unchanged. Thus, an
optimum thickness of the bottom BSF layer is 1μm at
38.15% efficiency. As can be deduced from Figure 11(b), the
efficiency rises as the doping of the bottom BSF layer
increases. So, the optimum doping concentration is 3 × 1019
cm−3, which is the maximum allowable doping concentra-
tion of n-type [45, 46], which gives 38.53% efficiency.

3.2.2. Electrical and Optical Performance. Figure 11(a) shows
the simulated J-V characteristic and P-V curve of the opti-
mizedDJ cell using (Al0.7Ga0.3)0.5In0.5P. The extracted electrical
performance parameters are VOC = 2:32V, JSC = 19:84mA/c
m2, FF = 83:9%, and ηc = 38:53%. From the P-V curve, the
maximum power obtained is 38.56mW/cm2. Also, the voltage
at which the maximum power occurred is 2.1V and the maxi-
mum current density is 18.81mA/cm2. Finally, Figure 11(b)
shows the simulation of the optimized EQE using
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Figure 7: Cutline view of (a) electrostatic potential and (b) logarithmic distribution of the photogeneration rate in the cell.

10 20 30 40 50
Top window thichness (nm)

35

35.2

35.4

35.6

35.8

36

Effi
ci

en
cy

 (%
)
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Figure 9: DJ cell efficiency vs. top base thickness.
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(Al0.7Ga0.3)0.5In0.5P under AM1.5G illumination. The InGaP
top cell absorbs the photons for the wavelength in the range
of 0.3 to 0.65μmwhile the GaAs bottom cell absorbs the wave-
lengths between 0.65 and 0.9μm.

For a physical understanding of some phenomena occur-
ring inside the DJ cell, the electrostatic potential and photo-
generation rate through the cell length are plotted in
Figure 12. Figure 12(a) shows a cutline view of the electro-
static potential in the different layers where the maximum
potential is at the tunnel junction region and it decreases
when moving away from the tunnel junction. Figure 12(b)
shows a cutline view of the photogeneration rate along with
the cell depth. Regarding the BSF layers, they reduce the
scattering of charge carriers; this means there is an accumu-
lation of charge carriers near the BSF layers. Thus, the photo-
generation rate increases at the BSF layers as can be depicted

in the figure. So, these layers passivate the surface recombina-
tion between the base of the top cell and the emitter of the
tunnel diode as well as the tunnel diode contact and the sub-
strate of the bottom cell.

3.3. Comparison between Using Al0.8Ga0.2As and
(Al0.7Ga0.3)0.5In0.5P as the Top Window Layer. Table 4 shows
a summary for the extracted electrical performance parameters
for both the optimized InGaP/GaAs DJ cells using the two dif-
ferent top window layers, Al0.8Ga0.2As and (Al0.7Ga0.3)0.5In0.5P.
From the table, it is obvious that the overall performance of the
InGaP/GaAs cell is enhanced by using (Al0.7Ga0.3)0.5In0.5P over
Al0.8Ga0.2As as the cell efficiency increases by 1.82%.

Thus, the (Al0.7Ga0.3)0.5In0.5P is found to be superior to
Al0.8Ga0.2As as a top window layer material. The reason is
that it has a wider and direct bandgap (2.3 eV) rather than
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Figure 10: Optimization of the bottom BSF parameters. (a) Cell efficiency vs. thickness. (b) Cell efficiency vs. doping concentration.
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the indirect bandgap of Al0.8Ga0.2As (2.09 eV). Thus,
(Al0.7Ga0.3)0.5In0.5P has the advantage of being more trans-
parent to light. Moreover, it has less surface recombination
loss over Al0.8Ga0.2As. This result is clear in the EQE curve
using the two different top window layers (see Figures 6(b)
and 11(b)). It is obvious that the external quantum yield in
the short wavelength region of the spectrum is substantially
lower for the solar structure with Al0.8Ga0.2As as a top win-
dow compared to that having an (Al0.7Ga0.3)0.5In0.5P as a
top window. In addition, the JSC for the structure with
Al0.8Ga0.2As as a top window is more dependent on the
surface-state density than (Al0.7Ga0.3)0.5In0.5P [47]. This is
because the conduction band offset at the Al0.8Ga0.2As/InGaP
interface causes band bending in the InGaP emitter which
stimulates carrier recombination at the interface. This band
bending is less pronounced when using (Al0.7Ga0.3)0.5In0.5P
as a top window layer [47] which leads to less sensitivity to
surface-state density. This is the reason that the improvement

by using (Al0.7Ga0.3)0.5In0.5P as a top window is mainly
observed in the short-circuit current density and hence the cell
efficiency.

As a conclusion, the (Al0.7Ga0.3)0.5In0.5P proved to be a
superior choice for the top window layer for the InGaP/GaAs
cell exhibiting 38.53% efficiency, more than the Al0.8Ga0.2As
efficiency by 1.82%. Thus, the (Al0.7Ga0.3)0.5In0.5P is selected
to be the optimum top window layer material for the InGaP/-
GaAs DJ solar cell.

4. Comparing the Performance of the Optimum
InGaP/GaAs DJ Solar Cell Structure with the
Recent Research Studies

Table 5 summarizes the electrical performance parameters of
the optimized InGaP/GaAs DJ solar cell using Al0.8Ga0.2As
and (Al0.7Ga0.3)0.5In0.5P. As indicated, the efficiency out of
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Figure 12: Cutline view of the (a) electrostatic potential and (b) logarithmic distribution of the photogeneration rate in the cell.

Table 4: Summary of the extracted electrical performance parameters for the optimized InGaP/GaAs DJ solar cell using Al0.8Ga0.2As and
(Al0.7Ga0.3)0.5In0.5P.

InGaP/GaAs DJ solar cell VOC (V) JSC (mA/cm2) FF (%) η (%)

Top window layer Al0.8Ga0.2As 2.33 18.23 86.42 36.71

Top window layer (Al0.7Ga0.3)0.5In0.5P 2.33 19.84 83.9 38.53

Table 5: Comparison of simulated performance parameters of different DJ solar cells under 1 sun of the standard AM1.5G solar spectrum at
300K.

VOC (V) JSC (mA/cm2) FF (%) ηc (%)

Lueck et al. [19] 2.32 10.9 79.00 23.6

Leem et al. [20] 2.3 10.61 87.55 25.14

Singh and Sarkar [21] 2.39 16.1 87.52 32.196

Nayak et al. [23] 2.66 17.33 88.67 34.52

InGaP/GaAs DJ solar cell with (Al0.7Ga0.3)0.5In0.5P as the top window 2.32 19.84 83.9 38.53
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using (Al0.7Ga0.3)0.5In0.5P is superior to that of using
Al0.8Ga0.2As as it gives 1.82% higher efficiency. The compar-
ison between our simulation results and some corresponding
experimental and theoretical work [19, 20, 23, 36] is
included. Our optimized InGaP/GaAs DJ solar cell, with the
optimum (Al0.7Ga0.3)0.5In0.5P as the top window layer, gives
4% higher conversion efficiency under 1 sun of the standard
AM1.5G solar spectrum at 300K in comparison with Ref.
[23]. It should be pointed out here that the simulation study
in [23] was performed to optimize and design a double-layer
top BSF using the same lattice-matched In0.5(Al0.7Ga0.3)0.5P
layer. The optimization was carried out by varying the
thickness only. In our current study, we have tried not only
to optimize the window layer main parameters but also to pro-
vide the optimization of other important parameters to obtain
the maximum possible efficiency out of this design.

5. Conclusion

In this work, the InGaP/GaAs DJ solar cell is designed,
simulated, and optimized. As the window layer is a crucial
structural element in designing the DJ cell, it is important
to select the most appropriate material and its parameters
that give the highest efficiency. So, the device structure is
optimized by using AlGaAs and AlGaInP in the window
layer of the top cell. The efficiency has been optimized by
varying the thickness of the top window layer. Next, the top
base thickness, the bottom BSF thickness, and the doping
concentration of the bottom BSF are optimized. The simula-
tion results such as I-V characteristics, P-V characteristics,
and EQE are extracted and plotted. A comprehensive simula-
tion study is performed to compare the two materials
(AlGaAs and AlGaInP) to determine the best top window
layer material. The optimized top window material is found
to be (Al0.7Ga0.3)0.5In0.5P which is lattice-matched with
InGaP and GaAs. For the optimized DJ cell structure, VOC
= 2:32V and JSC = 19:84mA/cm2 are obtained with a signif-
icant enhancement of conversion efficiency up to 38.53%
under the illumination of 1 sun of the AM1.5G spectrum.
This efficiency is about 4% higher in comparison with a
similar simulation study. The efficiency improvement, in
our current work, is due to the optimization of some param-
eters along with the window layer main parameters. Finally,
the presented work sheds light on the optimization of the
InGaP/GaAs DJ solar cell and shows the importance of using
accurate numerical TCAD simulations in designing such
type of cells that has a lot of different parameters that cannot
be optimized experimentally.
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