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ABSTRACT Two-terminal tandem solar-cells have a high efficiency of power conversion. One of their main
limitations is the operating current density as the two-terminal tandem solar-cell is equivalent to electrically
connected series subcells. Increasing the top absorber layer’s thickness will lead to an increase in the top
subcell current and a decrease in the bottom subcell’s current. The subcell with the minimum current forces
the tandem cell to operate at its value, limiting the overall performance. In this paper, a proposed solution for
such a problem is introduced using a bottom subcell consisting of germanium-telluride (GeTe), which gives
a high current and matches the top subcell at a thicker absorber layer. A proposal of three different tandem
cells with perovskite (MAPbI3)/CIGS, perovskite (MAPbI3)/GeTe, and perovskite (MAPbI3−xClx)/GeTe
have been presented. The proposed perovskite (MAPbI3)/CIGS has an efficiency of 30.52%, whereas the
replacement of the CIGS bottom subcell by GeTe led to a significant enhancement of the efficiency to
reach 35.9%. High efficiency of 41.7% is obtained by replacing the perovskite (MAPbI3) top subcell with
perovskite (MAPbI3−xClx). A modified numerical algorithm is proposed to obtain the optimum thickness of
the top subcell to achieve higher power-conversion efficiency. The performance evaluation and simulation of
the designed tandem cells were carried out using SCAPS-1D. The temperature effects on the proposed cells
have been encountered in simulation. The results show that the proposed tandem solar-cells have comparable
performance and higher efficiencies relative to the published works.

INDEX TERMS CIGS, GeTe, high-current tandem-cell, optimized thickness, perovskite, two-terminal
tandem-solar cell, SCAPS-1D.

I. INTRODUCTION
The demand for energy has risen dramatically in the last
century. In the next few decades, it is expected that this
demand will be doubled. The main source of the used
energy now is fossil fuels, which has a terrible impact
on the environment and leads to global warming. Clean
energy devices are promising for the commercial market,
especially photovoltaics, due to their advantages of pro-
viding clean energy, converting sunlight into electricity
without pollution, and operating for a long time without
maintenance [1].

Nowadays, the different forms of crystalline silicon (Si)
solar cells dominate the market of photovoltaic. More than
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25 % efficiency can be achieved by the silicon solar cells [2].
Copper indium gallium selenide (CIGS) is considered to be
one of the most promising and efficient thin-film solar cells
with a thin window layer of tungsten disulfide (WS2) to have
a simulated efficiency of about 26.4% [3], also perovskite
solar cells have demonstrated fast development and opened
new ways for photovoltaic as it is reported efficiency has
increased in the recent few years up tomore than 30% [4]. The
reasons behind the increase of perovskite cells’ performance
are their lower recombination rates, broad absorb spectrum,
long diffusion lengths, high open-circuit voltage, and band-
width tuning.

The performance of this type of solar cells is limited as it
can only absorb the photons with the energies greater than
or equal to the energy gap of the used material, while the
other part of the incident spectrum will be lost, and even
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photons with higher energies will lose the energy difference
as a thermalization loss.

This limit can be overcome by the promising tandem
(multi-junction) photovoltaic devices as they consist of sub-
cells, each of which absorbs different wavelengths of the
incident spectrum [5].

In this work, three different proposed tandem solar
cells are tested and simulated at different conditions using
SCAPS-1D (SC Capacitance Simulator-one dimension) [6].
High efficiency of 30.5% is obtained using (MAPbI3)/CIGS
tandem cell.

The replacement of the CIGS bottom subcell by GeTe
subcell with the same doping level and thickness has solved
the current limiting problem, which improved the efficiency
to reach 35.9%. Then, the perovskite (MAPbI3) top sub-
cell is replaced with the perovskite (MAPbI3−xClx) sub-
cell, which has higher performance parameters, as the mixed
iodide/chloride perovskite have higher thermal stability and
better carrier diffusion lengths, which led to a very high
efficiency of about 41.7%.

In addition, the performance of the three tandem cells are
tested at different temperatures, and the results show that the
tandem cells with GeTe as a bottom subcell is more immune
to temperature variations than the tandem cell with the CIGS
as a bottom subcell.

The rest of this work is structured as follows: themethodol-
ogy is discussed in section II; section III presents the simula-
tion results and discussion; section IV shows the effects of the
temperature on the performance parameters; a comparison
of the results of this work and the recently published results
are presented in section V; finally, section VI provides the
concluding remarks.

II. METHODOLOGY
A. CELL STRUCTURE
Through the investigation of the performance of the tandem
solar cells, the top and bottom subcells are simulated indepen-
dently. Following the widely used approach in simulating the
tandem cells, it is assumed that the tunnel junction is ideal,
and the electrical losses and optical losses in each interface
are neglected [7]–[12].

The current matching condition is achieved by adjusting
the thickness of the top subcell while fixing the thickness
of the bottom subcell. The structure of perovskite (MAPbI3),
perovskite (MAPbI3−xClx) top subcells and CIGS, and GeTe
bottom subcells are shown in Fig. 1.

In the perovskite (MAPbI3) subcell, copper oxide (Cu2O)
is used as a Hole Transport Layer (HTL), PCBM (fullerene
derivative of the C60 buckyball) is used as an Electron
Transport Layer (ETL), and the MAPbI3 as an active
layer.

In the perovskite (MAPbI3−xClx) subcell, the CuO is used
as HTL, the ZnOS is used as ETL, and the MAPbI3−xClx is
the active layer. Transparent Conductive Oxides (TCO) and
two Interface defect layers (IDLs) are used. The TCO oper-
ates as an optically-transparent electrode that allows photons

FIGURE 1. Cross section of (a) perovskite (MAPbI3), (b) perovskite
(MAPbI3−xClx), (c) CIGS, and (d) GeTe subcells.

to penetrate the cell and carry the generated electrons to the
external terminals of the cell. In contrast, the IDLs are used
between the active layer (MAPbI3−xClx) and the HTL layer,
and between the active layer (MAPbI3−xClx) and the ETL
layer to make the device more practical. In the CIGS and
GeTe subcells, zinc oxide (ZnO) and Cadmium sulfide (CdS)
are used before the absorption layer.

The simulation parameters of the top and bottom subcells
are based on the models used in [4], [7], and [13], which are
listed in Tables 1, 2, and 3.

VOLUME 9, 2021 49725



M. Mousa et al.: Simulation of Optimized High-Current Tandem Solar-Cells

TABLE 1. Simulation parameters of perovskite (MAPbI3) top subcell.

TABLE 2. Simulation parameters of perovskite (MAPbI3−xClx) top subcell.

The power density of the light spectrum transmitted from
the top subcell to the bottom subcell, S(λ) (W/m2), is given

TABLE 3. Simulation parameters of bottom CIGS and GeTe subcells.

by (1) [8];

S (λ) = So (λ) .
∏n

x=1
e−αxdx (1)

where So is the incident spectrum (AM 1.5), x is the layer
number, n is the total number of layers of the subcell, d is
the thickness of each layer (cm), and α is the absorption
coefficient (cm−1) of each material (with a pre-factor Aα)
given by [14];

α (E) = Aα
√
hν − Eg (2)

where Eg is the energy gap of the material (eV), h is the
Plancks constant (eV.sec), and ν is the spectrum frequency.

B. THICKNESS OPTIMIZATION OF THE TOP SUBCELL
In this subsection, a modified numerical method based on the
concept given by [36] is proposed. The proposedmodification
in the algorithm uses two phases for thickness (ts) optimiza-
tion with two steps: course step tcs of 50 nm, and fine step tfs
of 5 nm. The flowchart of the proposed algorithm is shown
in Fig. 2. In each step, all the performance parameters of the
junction is calculated based on the resulting thickness.

This proposed change leads to faster response in finding the
optimum top subcell thickness for the two junction tandem
cell, as the number of total calculations decreases. Moreover,
it can find more accurate optimum thickness as the step of
the second phase is reduced to 5 nm. The bottom subcell layer
thickness must be thick to absorb as much as possible from
the transport photons from the top subcell and was not taken
into considerations in the optimization process, but the overall
thickness of the tandem structure must not be greater than
50 µm (an assumed diffusion length to ensure free charge
transport to electrodes) [36].
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FIGURE 2. Flowchart of optimization technique of top subcell thickness
for two junction tandem solar cells.

III. SIMULATION RESULTS AND DISCUSSION
A. PEROVSKITE (MAPbI3) SUBCELL
In this section, the study of simulating perovskite (MAPbI3)
subcell is performed. The Cu2O layer valence band maxi-
mum is −5.05 eV, i.e., higher than the Highest Occupied
Molecular Orbital (HOMO) energy level of the MAPbI3layer
(−5.5 eV), thus leading to the extraction of the holes at the
interface between MAPbI3 and Cu2O layers. Furthermore,
the edge of conduction of the Cu2O film is (−2.60 eV),
which is much higher than the Lowest UnoccupiedMolecular
Orbital (LUMO) level of the MAPbI3 (−3.9 eV). This blocks
electrons from MAPbI3 to reach the Cu2O layer effectively.
On the other side, the HOMO level of the PCBM layer is
lower than that of the MAPbI3 layer, and PCBM shows a
slightly deeper LUMO level than MAPbI3. This causes the
holes and electrons to be successfully drifted to the contacts.
The perovskite (MAPbI3) subcell performance is studied for
different active layer (MAPbI3) thickness range of 50 nm
to 600 nm. The variation of Power Conversion Efficiency
(PCE), open-circuit voltage (VOC ), short-circuit current den-
sity (JSC ), and Fill Factor (FF) with MAPbI3 thickness vari-
ations are shown in Fig. 3.

B. PEROVSKITE (MAPbI3−xClx) SUBCELL
In this section, the study of simulating perovskite
(MAPbI3−xClx) subcell is performed. The variations of
PCE, VOC , JSC , and FF with (MAPbI3−xClx) thickness are
shown in Fig. 4. The perovskite (MAPbI3−xClx) subcell is
more complicated than the perovskite (MAPbI3) subcell;
however, the simulation results show higher PCE, JSC , and
FF at any absorber layer thickness. On the other hand,
the VOC of perovskite (MAPbI3−xClx) is lower than per-
ovskite (MAPbI3) at a small layer thickness. However, unlike

FIGURE 3. Characteristics of perovskite (MAPbI3) with absorber thickness
(T is 300 K, AM 1.5; electron and hole thermal velocities of 107 (cm/s)):
(a) PCE, (b) VOC , (c) JSC , and (d) FF.

the perovskite (MAPbI3) subcell, the VOC of the perovskite
(MAPbI3−xClx) subcell does not decrease by increasing the
absorber layer thickness; instead, it increases until reaching
saturation.
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FIGURE 4. Characteristics of Perovskite (MAPbI3−xClx) with absorber
thickness (T is 300 K, AM 1.5; electron and hole thermal velocities
of 107 (cm/s)): (a) PCE, (b) VOC , (c) JSC , and (d) FF.

C. CIGS SUBCELL
Figure 5 presents the CIGS subcell’s simulated J/V curve;
the other used simulation conditions are the same as those

FIGURE 5. J/V simulated curve of CIGS cell (T is 300 K, AM 1.5; electron
and hole thermal velocities of 107 (cm/s)).

FIGURE 6. J/V simulated curve of GeTe cell (T is 300 K, AM 1.5; electron
and hole thermal velocities of 107 (cm/s)).

used for the previous simulations. The simulated CIGS sub-
cell exhibits a PCE = 21.57 % with FF = 81.94%, VOC =
0.621 V, and JSC = 42.38 mA/cm2.

D. GeTe SUBCELL
Figure 6 shows the simulated J/V curve of the GeTe subcell.
The simulated GeTe subcell exhibits a PCE = 26.21% with
FF = 81.92 %, VOC = 0.6 V, and JSC = 53.3 mA/cm2.

The results show that GeTe is a promising material as it has
a high short-circuit current density; which is the key to solve
one of the main limitations of the two-terminal tandem solar
cells; as the current density of the two-terminal tandem solar
cells is limited by the lowest current of the subcells (mostly
the bottom subcell). Therefore, GeTe is a better choice, espe-
cially for the bottom tandem subcells (low incident power
spectrum). In addition to its electrical conductivity, the reason
that GeTe has high current density is it has a low energy
gap, which leads to the ability to absorb more of the incident
spectrum.

E. TANDEM PEROVSKITE (MAPbI3)/CIGS CELL
To perform the simulation of the optimized perovskite
(MAPbI3)/CIGS two-terminal tandem solar cell, the
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FIGURE 7. Perovskite (MAPbI3)/ CIGS tandem cell efficiency with top
subcell absorber layer thickness.

FIGURE 8. JSC of perovskite (MAPbI3) and CIGS subcells with top subcell
absorber layer.

proposed numerical method was used, and the tandem out-
put efficiency with top subcell absorber layer thickness is
shown in Fig. 7. The results show the optimum (highest)
tandem cell efficiency is 30.52% at top subcell absorber layer
thickness 230 nm. Also the current density of both subcells
was examined with varying the thickness of the absorbing
layer of the top subcell and the results shows the matching
point at perovskite thickness of 230 nm as shown in Fig. 8;
the perovskite (MAPbI3) subcell with this absorber layer
thickness exhibits a PCE = 20.58% with FF = 82.67 %,
VOC = 1.2143V, and JSC = 20.5 mA/cm2.
Then the highest efficiency of the tandem cell is at the

matching point of the current density of both subcells with
a top subcell absorber layer thickness of 230 nm.

FIGURE 9. Perovskite (MAPbI3)/CIGS tandem solar cell as AM1.5 and
filtered AM 1.5 is illuminated on the subcells.

FIGURE 10. Band diagrams of Perovskite (MAPbI3)/CIGS top and bottom
subcells.

The structure of perovskite (MAPbI3)/ CIGS tandem cell
with AM1.5 incident spectrum to the top subcell and filtered
AM1.5 to the bottom subcell (after part of the spectrum is
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FIGURE 11. J/V curves of perovskite (MAPbI3), CIGS subcells, and
perovskite (MAPbI3)/ CIGS tandem solar cell.

FIGURE 12. The absorbed spectrum of perovskite (MAPbI3), CIGS
subcells, and perovskite (MAPbI3)/CIGS tandem cell.

FIGURE 13. EQE of perovskite (MAPbI3) and CIGS subcells.

absorbed by the top subcell) is shown in Fig. 9. The Fig-
ure shows that most of the AM 1.5 spectrum (up to 826 nm)
is absorbed by the top subcell, and the rest of the spectrum is
transmitted to the bottom subcell. The band diagrams of top
and bottom subcells are shown in Fig. 10 a and b, respectively.

FIGURE 14. Perovskite (MAPbI3)/GeTe tandem cell efficiency with top
subcell absorber layer thickness.

FIGURE 15. JSC of the top perovskite (MAPbI3) and bottom GeTe subcells
with top subcell absorber layer.

J/V curves of perovskite (MAPbI3), CIGS subcells and
perovskite (MAPbI3)/CIGS tandem solar cell are shown
in Fig. 11. CIGS subcell with incident filtered AM 1.
5 spectrum exhibits a PCE = 19.67% with FF = 81.19
%, VOC = 0.603 V, and JSC = 20.5 mA/cm2. Per-
ovskite (MAPbI3)/ CIGS tandem solar cell exhibits a PCE
= 30.52% with FF = 81.98 %, VOC = 1.817 V, and
JSC = 20.5 mA/cm2. Figures 12 and 13 show the spec-
trum absorbed by perovskite (MAPbI3), CIGS subcells
and perovskite (MAPbI3)/CIGS tandem solar cell, and
the external quantum efficiency (EQE) of both subcells,
respectively.
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FIGURE 16. The perovskite (MAPbI3)/GeTe tandem solar cell as
AM1.5 and filtered AM 1.5 is illuminated on the subcells.

FIGURE 17. The band diagrams of Perovskite (MAPbI3)/GeTe top and
bottom subcells.

F. TANDEM PEROVSKITE (MAPbI3)/GeTe CELL
In the perovskite (MAPbI3)/ GeTe tandem solar cell, the
bottom CIGS subcell of the previous tandem cell was

FIGURE 18. Fig.18. J/V curves of perovskite (MAPbI3), GeTe subcells, and
perovskite (MAPbI3)/GeTe tandem solar cell.

FIGURE 19. The absorbed spectrum of perovskite (MAPbI3), GeTe
subcells, and perovskite (MAPbI3) GeTe tandem cell.

replaced by a GeTe subcell with the same doping level and
thickness.

The thickness of the top subcell absorber layer (685 nm)
is obtained using the proposed optimization numerical
method, which results in 35.9% efficiency for the perovskite
(MAPbI3)/GeTe tandem cell, as shown in Fig. 14. The current
densities of both subcells are examined with the top subcell
thickness variation showing that the matching point is located
at the optimum thickness obtained by the proposed algorithm,
as shown in Fig. 15.

The perovskite (MAPbI3) subcell with this absorber layer
thickness exhibits a PCE = 23.87% with FF = 78.71%,
VOC = 1.1657 V, and JSC = 25.88 mA/cm2. It is clear
replacing the CIGS bottom subcell by the GeTe bottom
subcell allows the top perovskite (MAPbI3) to operate at a
higher current density, which, in turn, improves the overall
performance parameters of the tandem cell.

The structure of perovskite (MAPbI3)/ GeTe tandem cell,
with AM1.5 incident spectrum to the top subcell and filtered
AM1.5 to the bottom subcell, is shown in Fig. 16.

The band diagrams of top and bottom subcells are shown
in Fig. 17a, and b respectively. As expected, the spectrum
absorbed by the top subcell (with 685 nm) is greater than
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FIGURE 20. EQE of perovskite (MAPbI3) and GeTe subcells.

FIGURE 21. Perovskite (MAPbI3−xClx)/GeTe tandem cell efficiency with
top subcell absorber layer thickness.

that whose absorber layer thickness is about 230 nm. The new
AM 1.5 filtered spectrum transmitted to the bottom subcell is
lower than the previous tandem cell. However, because of the
GeTe properties, the bottom subcell generates a higher cur-
rent density of about 25.90 mA/cm2, which almost matches
the top subcell current density.

J/V curves of perovskite (MAPbI3), GeTe subcells and
perovskite (MAPbI3)/ GeTe tandem solar cell are shown in
Fig. 18. GeTe subcell with incident filtered AM 1. 5 spectrum
exhibits a PCE = 29.79% with FF = 81.11 %, VOC =
0.581 V, and JSC = 25.9 mA/cm2, perovskite (MAPbI3)/
CIGS tandem solar cell exhibit a PCE = 35.9% with FF =
79.40 %, VOC = 1.747 V, and JSC = 25.88 mA/cm2.
Figures 19 and 20 show the spectrum absorbed by per-

ovskite (MAPbI3), GeTe subcells and perovskite (MAPbI3)/
GeTe tandem solar cell, and the external quantum effi-
ciency (EQE) of both subcells, respectively.

FIGURE 22. JSC of the top perovskite (MAPbI3−xClx) and bottom GeTe
subcells with top subcell absorber layer.

FIGURE 23. The perovskite (MAPbI3−xClx)/ GeTe tandem solar cell as
AM1.5 and filtered AM 1.5 is illuminated on the top and bottom subcells.

G. TANDEM PEROVSKITE (MAPbI3−xClx)/GeTe CELL
The perovskite (MAPbI3−xClx)/GeTe tandem solar-cell is as
the previous tandem cell with the top perovskite (MAPbI3)
subcell replaced by the optimized perovskite (MAPbI3−xClx)
subcell [4]. The thickness of the top subcell absorber layer
(525 nm) is obtained using the proposed optimization numeri-
cal method, resulting in a higher efficiency of 41.7% as shown
in Fig. 21. At this thickness, both subcells’ current densities
are found to be almost the same as shown in Fig. 22.

As the perovskite (MAPbI3−xClx) has a higher open-circuit
voltage relative to perovskite (MAPbI3), the overall
open-circuit voltage of the perovskite (MAPbI3−xClx)/GeTe
tandem cell is greater than perovskite (MAPbI3)/ GeTe tan-
dem cell.
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FIGURE 24. The band diagrams of Perovskite (MAPbI3−xClx) subcell.

FIGURE 25. J/V curves of perovskite (MAPbI3−xClx), GeTe subcells, and
perovskite (MAPbI3−xClx)/GeTe tandem solar cell.

FIGURE 26. The absorbed spectrum of perovskite (MAPbI3−xClx), GeTe
subcells and perovskite (MAPbI3−xClx)/ GeTe tandem cell.

The perovskite (MAPbI3−xClx) subcell with this absorber
layer thickness exhibits a PCE = 29.61% with FF =
88.99%, VOC = 1.254 V, and JSC = 26.54 mA/cm2. It is
clear that replacing the perovskite (MAPbI3) top subcell
with the perovskite (MAPbI3−xClx) top subcell leads to a
higher matching current density point and higher open-circuit

FIGURE 27. EQE of perovskite (MAPbI3−xClx) and GeTe subcells.

FIGURE 28. J/V curves of the three tandem cells MAPbI3/CIGS,
MAPbI3/GeTe, and MAPbI3−xClx/GeTe with PCE 30.52%, 35.9%, and
%41.73%, respectively.

voltage. As expected, this improves the overall performance
parameters of the tandem perovskite (MAPbI3−xClx)/GeTe
cell.

The structure of perovskite (MAPbI3−xClx)/GeTe tandem
cell, with AM1.5 incident spectrum to the top subcell and
filtered AM1.5 to the bottom subcell, is shown in Fig. 23.
The spectrum absorbed by the top perovskite (MAPbI3−xClx)
subcell is almost of the same wavelength (826 nm) as per-
ovskite (MAPbI3). The band diagram of top subcell is shown
in Fig. 24.

The J/V curves of perovskite (MAPbI3−xClx), GeTe sub-
cells and perovskite (MAPbI3−xClx)/GeTe tandem solar cell
are shown in Fig. 25. GeTe subcell with incident filtered AM
1. 5 spectrum exhibits a PCE = 29.79% with FF = 81.14
%, VOC = 0.582 V, and JSC = 26.57 mA/cm2. perovskite
(MAPbI3−xClx)/GeTe tandem solar cell exhibits a PCE =
41.7% with FF = 85.66 %, VOC = 1.836 V, and JSC = 26.54
mA/cm2. Figures 26 and 27 show the spectrum absorbed
by perovskite (MAPbI3−xClx), GeTe subcells and perovskite
(MAPbI3−xClx)/ GeTe tandem solar cell spectrum, and
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TABLE 4. Performance parameters of three tandem cells.

the external quantum efficiency (EQE) of both subcells,
respectively.

H. PERFORMANCE COMPARISON OF THE THREE
PROPOSED TANDEM CELLS
This section shows a comparison between the proposed three-
tandem cells. First, the J/V curves of the three-tandem cells
are given in Fig. 28, then a comparison between the perfor-
mance parameters of the proposed three- tandem solar cells
are given in Table 4.

The results show that replacing the CIGS bottom subcell in
MAPbI3/CIGS tandem cell by GeTe subcell leads to increas-
ing the current density by almost 25%. This, in turn, improves
the overall performance of the MAPbI3/GeTe tandem cell,
and the power conversion efficiency increases from 30.5% to
35.9%, but at the same time, the MAPbI3/GeTe tandem cell
has a lower open-circuit voltage than MAPbI3/CIGS tandem
cell by about 0.07 V.

This can be attributed to the fact that the short-circuit
current density matching point using GeTe as bottom subcell
occurs at a thicker absorber layer of top MAPbI3 subcell,
and as shown in Fig. 2(b) the open-circuit voltage of the
MAPbI3 top subcell decreases as the absorber layer thickness
increases.

To increase both the voltage and current, and optimize the
performance of the tandem cell, an optimized MAPbI3−xClx
cell [4] is used as a top subcell with GeTe bottom subcell.
This, in turn, increases the cell’s overall efficiency and makes
it closer to the ideal cell.

The efficiency increases to be 41.73%, and FF becomes
85.66%. To the best of our knowledge, this cell has one of the
highest performance’s parameters.

IV. THE EFFECTS OF THE TEMPERATURE VARIATION ON
THE PARAMETERS OF PERFORMANCE
Temperature change has a significant impact on the perfor-
mance of solar cells, so this section is dedicated to the study
of this effect on the main parameters of the proposed cells.

Figures 29 and 30 show the performance parameters of
the subcells and tandem cells with temperatures varying from
260K to 360 K, respectively. The temperature variation effect
is examined by changing the temperature by step 5K on
SCAPS-1D simulator.

The results show that increasing the temperature decreases
the PCE of subcells and tandem cells in a linear manner.
It is clear that both perovskite (MAPbI3 and MAPbI3−xClx)
subcells are more immune to the temperature variation than
CIGS and GeTe subcells.

The degradation of tandem cell efficiency is dominated by
the effect of the bottom subcell, which is more affected by the
change in temperature.

The open-circuit voltage and fill factor decrease with tem-
perature; MAPbI3−xClx and GeTe subcells are more immune
to temperature variations than MAPbI3 and CIGS subcells,
especially at high temperatures. The short-circuit current
density of MAPbI3−xClx and GeTe subcells have higher
immunity to temperature variations than MAPbI3 and CIGS
subcells. This enables the tandem cell MAPbI3−xClx/GeTe to
have almost the best performance parameters relative to the
other proposed tandem cells.

V. COMPARISON WITH THE RECENTLY REPORTED
RESULTS
This section is dedicated to comparing the results of the
recently published tandem solar cells and the results of
this research; this comparison focuses on the tandem cell

TABLE 5. Comparison of the recently published results with the proposed tandem cells.
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FIGURE 29. Performance of subcells with temperature: (a) PCE, (b) VOC ,
(c) JSC , and (d) FF. FIGURE 30. Performance of tandem cells with temperature: (a) PCE,

(b) VOC , (c) JSC , and (d) FF.
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main parameters of performance as listed in Table 5. It is
noticed that the efficiency of the tandem solar cells is doubled
in the last few years, and the new proposed tandem cells
(MAPbI3/CIGS, MAPbI3/GeTe, and MAPbI3−xClx/GeTe)
have high PCE relative to the other double junction
two-terminal tandem cells. The triple (and more) junction
solar cell shows high performance, but it is more compli-
cated with a higher cost.The proposed MAPbI3/GeTe, and
MAPbI3−xClx/GeTe tandem cells have one of the highest
PCEs, and best performance parameters for two-terminal
double junction tandem cells, which is comparable to those
of the conventional and the complicated (triple-junction and
more) one. Up to our knowledge, this work reports one of
the highest power conversion efficiency in recent years for
two-junction tandem cells using incident spectrum AM 1.5.

VI. CONCLUSION
Along the road to manufacture solar cells with high power-
conversion efficiency, multi-junction solar cells show a bet-
ter choice as they can absorb a broader spectrum than
single-junction solar cells. Increasing the number of junctions
enhances the ability to absorb a wide spectrum and have a
higher power-conversion efficiency. Still, at the same time,
this increases the complexity and the cost of the cell. Only
two-junction solar cells are used in this work and results in
high efficiency. This is achieved by solving one of the main
problems facing the two-terminal tandem solar cells, as the
subcell with a lower current (almost the bottom) forces the
tandem cell to operate at its current density. As the GeTe
is used as an absorber in the bottom subcell, this shows a
high current-density for the bottom subcells and allows the
tandem cell to operate at a higher current, and this, in turn,
increases the overall tandem cell performance. Also, a modi-
fied algorithm is proposed for optimizing the thickness of the
top subcell layer. The simulations of the proposed tandem cell
of MAPbI3/CIGS show an efficiency of 30.5%; then, GeTe
is used as a bottom subcell to replace the CIGS (with the
same doping and thickness), which increased the efficiency to
35.9%. Replacing the MAPbI3 top subcell by MAPbI3−xClx
shows a higher efficiency of 41.73%; which is one of the
highest power-conversion efficiencies reported for tandem
cells to the best of our knowledge. All the proposed cells have
the advantages of using only two junctions, which greatly
impact reducing the complexity and cost of solar cells.
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