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Abstract

The dual junction (tandem) cell structure (InGaP/GaAs) is depending on Indium gallium Phosphides (InGaP) as
the upper cell, Gallium Arsenide (GaAs) as the lower cell, and behaves as tunnel junction (TJ). The structure of the
(InGaP/GaAs) dual junction cell was simulated in this work using SILVACO program to obtain a high solar cell efficiency.
Firstly, the effect of doping concentration and thickness of window layer of the upper cell was investigated on the (InGaP/GaAs)
tandem cell performance. Then the GaAs /GaAs (TJ) is replaced by an InGaP/GaAs (TJ).A comparison of performance
parameters between the two types of tunnel diode (GaAs / GaAs) and (InGaP/GaAs) was studied. The parameters that have
been compared are open-circuit voltage (Voc), efficiency (1), the short circuit current density (Jsc), and Fill Factor (FF). Quite
high operating factors for tandem cell are achieved by taking into account the crucial number of cells as well as improving
layer parameters of the layers. All calculations and simulations of tandem cell are performed with the typical AM1.5 solar
spectrum light intensity of 1-sun at room temperature (300 K). Lastly, the findings illustrate that the optimum properties of the
suggested tandem cell are efficiency (1) = 34.37 percent, Voc = 2.449 V, Jsc = 21.69 mA/cm?, FF=89.33 percent.
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1. INTRODUCTION with a large bandgap that is lattice-matched to GaAs

In the latest years, the requirement for and Ge [4], which makes it an ideal material for the
renewable energy sources increased to decrease the upper cell of the tandem structure. The direct
emission of carbon dioxide and avoid using bandgap and high absorption rate are important
conventional energy sources such as Petrol, Coal, properties of InGaP and GaAs [5] [6].The tandem
and Oil that pollutes the environment, which is why cells are more efficient than their equivalents of a
solar cells have invented and it is the most promising single layer [7]. Because of their high
renewable energy [1]. One of the ways that used to industrialization cost [8], these devices which
harvest the sun's energy is by using the photovoltaic extremely efficient are still confined to high cost
impact of solar cells to convert this energy to applications, including space applications and high
electricity. The multi-layer solar cell that used to concentrated systems, Although their higher efficient
collect a broad range of wavelengths is the most compared to commonly accessible materials such as
efficient used technology. Multi-layer solar cell silicon cells. The Tandem solar cells were studied for
structure (tandem) consisting of a number of single the first time by the reference [9]. After that, in
junction built of several materials that have different reference [10] Fan conducted tandem cell research
band gaps [2] [3]. The purpose of each layer is to based on computer analysis. In reference [11] Solar
gather a part of the solar spectrum (InGaP) and cells were built from the homogenous dual junction
(GaAs) compounds are one of the main (DJ) by Hutchby in 1985. After that Lueck in
semiconductor materials used in the manufacture of 2006[12] was built a model of the dual-layer solar
tandem cells. (InGaP) is a semiconductor material cell with a performance of 23.6%. Then the tandem
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cell (GalnP/GaAs) was established at an efficiency
of about 25.15, Jsc=10.6mA/cm2, and FF=87.55%
of these cells [6].By modifying the (BSF) layer of a
dual-layer cell, other researchers attain an efficiency
of 32.19% [13].

In this paper Silvaco, atlas software was
used to simulate (InGaP/GaAs) cell and study the
impact of multiple factors like thicknesses, and
doping concentration level of layers in the
(InGaP/GaAs) multi-layer solar cell on the
parameters of solar cell shown, like, (FF), (Voc),
(Jsc), and (n).

2. The simulation design of tandem cell
2.1. Tandem structure

Silvaco Atlas TCAD is one of the more
numerical simulator programs that bring results
closed to reality. The tandem solar cell with high
efficiency was simulated and optimized through the
of the Silvaco program by using the theory drift-
diffusion transport which is the basis of the tandem
model. In addition, the main basic for designing the
tandem cell is using the continuity equations,
Poisson's equations and transportation equations
[14]. These equations usually describe the conduct of
the electron hole pair (EHP) because the of
generation and recombination operation. Many
models can be used to improve the structure of the
modeled tandem cell. For example the Concentration
Dependent Low Field Mobility model (CONMOB)
designs a tandem solar cell for the low-field mobility
of charge carriers that is based on doping, and other
models like Optical Recombination (OPTR)
,(AUGER),and Shockley Read Hall (SRH) that are
used for determining carrier generations and
recombination. The statistics of Fermi-Dirac have
been used for describing the carrier's action in
thermal balance [15].

The tandem (InGaP/GaAs) structure is
composed of (InGaP) as top cell and (GaAs) as a
bottom cell and the GaAs tunnel diode is used to link
the upper and lower cells of this model.

For better power harvesting [16], the band
gap energy (Eg) of the top cell (InGaP) must be about
1.84 eV. This cell operate with high energy photons,
and absorbs the majority of the wavelengths shorter
and transmitted to the lower cell the long
wavelengths this means lower cell operating with
low energy photons, and the band gap energy (Eg) of
the lower cell is around 1.42 to 1.43 eV [17]. In this
design, InAlGaP layers are used, as the window layer
and back surface field (BSF) layer. Typically, the
window layer is composed out of materials has a
wide band gap, allowing a maximum solar irradiance

to reach the device. The initial schematically
structure for the simulated tandem are illustrated in
Fig. 1. Moreover, Fig. 2 display the equivalent circuit

for the suggested tandem cell.
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Fig.1 schematically diagram of the simulated

tandem cell.
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Fig.2 the equivalent circuit for the tandem

modeling Proposed [18].

The equations that related to the equivalent

circuit are illustrated as the following [18]:

Jcell = Jph-Jd1-]d2 — Veell + Rs Jcell

Rp

@)
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(1,6 = ] ToGo (14T, (T-19)) @)

(Veen + Rs Jcell)
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Where Jeen is cell current density, Veen is

cell voltage, Ja is dark current density due to
diffusion of minority carriers and recombination in
the depletion region, Rs, Rp is series and shunt
resistance of the cell , Jen is reverse saturation
current density n is the ideality factor, T is the
temperature and G is solar irradiance energy that
received.
At T=300 the current density through the two
subcells must be equal to achieves current matching
as shown in eq.4 and the voltage of the cell is equal
to the sums of subcells voltage and tunnel diode
voltage in the cell as illustrated in eq.5

Jeen = ]gc = ]gc 4)

Veen = Vérc - V’Il‘)B + VSBC 5)

2.2. The impact of changing the thickness and
doping density for the window layer of
the top cell on the dual junction cell.

The first layer in the solar cell that facing
to the illumination is the window layer. InAlGaP is
used as a window layer and BSF layer that features a
wideband gap that permits optimal absorption in the
photovoltaic device [19]. The existence of a window
layer and a heavily doped region creates a potential
barrier in the base region to surround the minority
carriers in the region that lightly doped. To optimize
the performance of the tandem cell, the first step is a
variation the width of the window layer from 0.01
um to 0.06 um. The result show that the tandem cell's
efficiency has a maximum value at a thickness of
0.02 pm as given in Table 1. Figures 3-6 shows the
impact of window thickness on the efficiency of the
tandem cell, FF, Jsc, and Voc.

Table.1 Impact of changing the window layer width of
the InGaP top cell on the significant factors of the tandem
cell proposed.

Thickness Jsc Voc | FF Effi
(Hm) (mAlem?) | (V) | (%) | (%)
0.01 21.35 1.48 | 75.80 | 17.38
0.02 21.20 2.45 | 89.19 | 33.59
0.03 20.6 2.25 | 89.19 | 32.70
0.04 20.03 244 | 45.88 | 16.41
0.05 20.70 1.48 | 75.78 | 16.12
0.06 20.17 1.48 | 75.75 | 15.85

10 | I I i
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Thickness(ym)

Fig. 3 The variation Impact of window layer
thickness on the efficiency.
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Fig. 4 The variation Impact of window layer
thickness on the Fill Factor.
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Fig. 5 The variation Impact of window layer
thickness on the short-circuit current density.
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Fig. 6 The variation Impact of window layer
thickness on the open circuit voltage.

The second step is changing the window
layer doping density from (Na= 2e18 cm™ to Na=
1e18 cm), reduce doping concentration results to
enhancement the efficiency and make it equal to
34.24 %. Figures 7-10 illustrates the impact of
variation of the doping density of the top cell window
layer versus on the efficiency of the tandem cell, FF,
Jsc, and Voc.
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Fig. 7 The window layer doping concentration
variation effect on the efficiency.
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Fig. 8 The window layer doping concentration
variation effect on the Fill Factor
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Fig. 9 The window layer doping concentration
variation effect on Short-circuit current density.
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Fig. 10 The window layer doping concentration
variation effect on the open circuit voltage

2.3 Tunnel junction (GaAs) modeling:

A serial electric connection of the sub cells
is necessary for the solar multi-layer cell. The
tunneling diode is put into an inverse polarization
between the two cells [13] (see Fig. 11).

g (b) 5

GaAs Tunnel
Junction Mf,.

4

1nGP Top Cell Gahs Bottom Cell

Fig.11 (a). Tandem solar cell equivalent circuit,
(b). Tunnel band diagram [13].
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The less optic and electrical loss must be
used in links. This is why the best choice is to build
a tunnel intersection with a high impurity
concentration [20]. The temperature has a great
effect on the performance of the cell if the tunnel
junction has lower doping [21], [22], and [23].
Increasing the bandgap of the junction will improve
the performance of the cell [24]. As a result, GaAs is
being utilized as a tunnel diode since it has lower
optical absorption and lowers series resistance
trajectory among the upper cell (BSF) layer and the
window layer of the lower cell as display in Fig 1.
Which decreases the length of the depletion region
and increase the tunneling phenomena and electrons
can cross the depletion region easily [18].

2.4. Change in the tunnel junction

The tunnel junction thickness usually
determines the path of electrons whether it has high
or low resistance between the upper’s BSF layer and
the window layer of the lower cell[4] .the links must
show a simple path between the two cells in order to
have a small loss as minimum as possible. In order
to achieve this low path during the tunnel junction,
the impurity concentration must be increased, and
the bandgap of the tunnel junction must have a large
value [4] [18].The impact of the change in the tunnel
junction's materials on the tandem cell is gives in
Table 2. The performance of the InGaP/GaAs tunnel
diode is best from the performance of the GaAs
/GaAs tunnel diode because InGaP/GaAs tunnel
diode has a large current (tunneling) compared to
GaAs /GaAs tunnel diode. Also, InGaP material
more transparency than GaAs because it’s large band
gap, which leads to improving the overall
performance of the cell.

Table 2.  The impact of changing the tunnel
junction's materials on the suggested tandem cell
characteristics.

TJ Jsc Voc FF Eff
materials |(mA/cm?)| (V) | (%) (%)

GaAs/GaAs | 21.614 |2.448| 89.31 | 34.24

InGaP/GaAs | 21.690 |2.449| 89.33 | 34.37

3. Results and discussion

The structure of the suggested
tandem cell as simulated in SILVACO ATLAS
are shown in Fig. 12.

Fig.12 The tandem cell proposed structure.

The anode is located at the top of the
structure, while the cathode is located at the
bottom. The mesh grid upon which the equipment
is designed is the first factor selected in this
simulation. In order to define the device's
structure, a mesh grid has horizontal and vertical
lines with user-specified spacing. This cell's area
is determined by forming a series of triangles.
Results are more exact when the meshes are
smaller. The solar cell's electrical properties are
assessed at each cross for horizontal and vertical
lines specified in the mesh to determine the
overall performance of the solar cell. The device's
mesh construction is depicted in Fig. 13, and the
doping profile is depicted in Fig.14.
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Fig.13 Mesh profile of the designed structure.
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Fig .14 Doping profile of the proposed cell.

The spectral response of photocurrent sources,
accessible photocurrent, and cathode current is
another significant parameter giving an idea of
photon absorption. The standard AM1.5 spectrum is
used as a radiation intensity source to illuminate the
simulated tandem cell as shown in Fig 15.

sula‘rlgaléétmm

Spectral Irradiance (W/sqem)

(8
Viavdength ()

Fig.15 The standard spectrum AM1.5

The models such as CONMOB, SRH, and,
BGN are used in this modeling.
e CONMOB: standard concentration
dependent mobility model.
e SRH: Shockley-Read-Hall recombination.
¢ BGN: band-gap narrowing.

The design emulates the performance of
tandem cells under the conditions of standard AM
1.5 spectrum (1 sun).The suggested cell’s (I-V)
characteristics curve is drawn in Fig.16.
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Arode Votage (V)
Fig.16 (1-V) characteristics curve of the suggested cell.
Lastly, a comparison between main

parameters of the proposed tandem structure with
other works is exhibits in Table 3.

Table 3 Comparison between the proposed
structure with other works.

Tandem Jsc Voc | FF

cells (mA/cm?) | (V) | (%)
InGaP/GaAs

o 109 | 2.32| 79.00
'”Ga[Z;GaAS 106 | 2.30| 87.55| 25.14
InGaP/GaAs 16.1 239 87.52| 32.196

[13]
Proposed | 51 69 | 2.44| 89.33| 34.37
structure

As seen from above table, a high
conversion efficiency of 34.37% is achieved
compared to previous structures.

4. CONCLUSION

SILVACO ATLAS TCAD program is
utilized for designing and simulating a multi-layer
solar cell (InGaP/GaAs) structure. The two cells,
InGaP and GaAs, form this tandem cell. The
optimization process of the proposed structure was
performed by  modifying the  doping
concentration, and the thickness of the window
layer of the top cell. The material (InAlGaP) is
studied as a solar cell absorber layer in this paper,
and it is remains considered a promising solar cell
material. Firstly, the thickness and doping
concentration of the window layer of the top cell
on the tandem cell is improved .The results show
that in the event of a decrease in the thickness of
the window layers the efficiency is rising. In
addition, in this simulation by changing the doping
concentration the efficiency improved. Lastly, we
notice through changing the tunnel junction, the
efficiency increases too. The tandem model
demonstrates a good improvement in significant
properties of the solar cell because of more
transparency created in the junction of the tunnel,
and the collection of more carriers. The obtained
results from the dual junction cell are, (Jsc) of
(21.69 mA/cm2), and (Voc) is (2.44 V) FF is
89.33%, and (n) is about (34.37%). All the
findings of this research were performed under
standard AML.5 illumination. Finally, in
comparison with recent studies, the proposed
structure has a better result.
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