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Abstract: The primary purpose of recent research has been to achieve a higher power conversion
efficiency (PCE) with stable characteristics, either through experimental studies or through modeling
and simulation. In this study, a theoretical analysis of an efficient perovskite solar cell (PSC) with
cuprous oxide (Cu,0O) as the hole transport material (HTM) and zinc oxysulfide (ZnOS) as the electron
transport material (ETM) was proposed to replace the traditional HTMs or ETMs. In addition, the
impact of doping the perovskite layer was investigated. The results show that the heterostructure of
n-p PSC without an electron transport layer (ETL) could replace the traditional n-i-p structure with
better performance metrics and more stability due to reducing the number of layers and interfaces.
The impact of HTM doping and thickness was investigated. In addition, the influence of the energy
gap of the absorber layer was studied. Furthermore, the proposed PSC without ETL was used as a
top sub-cell with germanium-telluride (GeTe) as a bottom sub-cell to produce an efficient tandem
cell and boost the PCE. An ETL-free PSC/GeTe tandem cell is proposed for the first time to provide
an efficient and stable tandem solar cell with a PCE of 45.99%. Finally, a comparison between the
performance metrics of the proposed tandem solar cell and those of other recent studies is provided.
All the simulations performed in this study are accomplished by using SCAPS-1D.

Keywords: efficient PSC; ETL-free; GeTe; SCAPS-1D; tandem; ZnOS

1. Introduction

Nowadays, the need for energy is increasing at a very fast rate [1]. Clean energy,
especially solar energy, presents a promising solution [2]. Currently, the crystallized silicon
solar cells in multi-crystalline and monocrystalline versions dominate the photovoltaic
market. So far, the efficiency of crystalline silicon solar cells has surpassed 25% [3,4]. Copper
indium gallium selenide (CIGS) solar cells are very competitive thin-film solar cells and
have achieved a PCE of 23.35% [5]. Organic solar cells (OSCs) show promise for application
in indoor solar cells [6]; however, their spectrally inefficient light absorption ability and
photo-instability limit the performance of OSCs [7]. Consequently, indoor organic tandem
cells could be used, with a PCE exceeding 16.4% with good photostability [8,9].

PSCs have also developed recently and have demonstrated rapid progress, thus
providing new directions in photovoltaics. PSC devices now have a record efficiency of
around 25% [10], and the development of PSC in recent years has produced simulation
results of up to more than 30% [11]. Lower recombination rates, a broad absorption
spectrum, long diffusion lengths, a high open-circuit voltage, and bandwidth adjustment
are all factors that contribute to perovskite cells” improved performance.
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There is a maximum power conversion efficiency for a single-junction solar cell.
In 1961, Shockley and Queisser calculated a maximum PCE of 33.7% for a bandgap of
1.34 eV [12]. This type of solar cell has a limited performance because it can only absorb
photons with energies equal to or greater than the energy gap of the used material. At
the same time, the rest of the incident spectrum is lost, and even photons with higher
energies lose the energy difference due to thermalization loss. The promising tandem (multi-
junction) photovoltaic systems can overcome this constraint since they are composed of sub-
cells that absorb different light spectrum wavelengths and they show better performance
than single-junction solar cells [13]. A maximum of 68.2% has been found to be the
theoretical limit of multi-junction solar cells for an infinite number of sub-cells [14].

The two-terminal tandem cell can be a monolithic or mechanically stacked tandem
device. The two-terminal monolithic tandem device comprises a monolithically integrated
bottom and top cell with a single transparent conducting layer. A tunneling layer is
produced between the two sub-cells. The two-terminal mechanically stacked tandem
device comprises two distinct top and bottom cells coupled serially with two-terminal
outputs. The current is the fundamental electrical restriction in these devices. As the
matched condition limits the device performance, the sub-cell with the lowest current limits
the overall tandem cell current. The current matching condition can be eased by altering
different solar sub-cell thicknesses.

The tandem cells still have not reached their maximum PCE, and some materials
are more suitable for use as an absorber layer on the top, and/or the bottom sub-cells.
Additionally, there are a lot of possible combinations of top and bottom sub-cells, which
could provide effective structures for tandem cells if we can design them before fabrication
to save effort later. In this context, simulation tools are useful to simulate, evaluate, and
estimate the performance of solar cells. In addition, simulation tools assist designers in
optimizing various architectures and material’ parameters, thus saving time and money.
SCAPS-1D is recognized as a helpful tool for modeling various types of solar cells. In this
regard, it has been utilized and calibrated with experimental cells [12,15]. SCAPS-1D can
simulate up to seven layers of solar cells [16]. Almost all materials” parameters may be
rated, including energy gaps, affinities, thicknesses, and others [17].

Therefore, in this paper, an ETL-free PSC/GeTe two-terminal tandem solar cell will
be investigated. The proposed tandem cell uses GeTe in the bottom cell, which is a recent,
theoretically proposed absorber material with a narrow bandgap and high short-circuit
current. In addition, ETL-free PSC as a top cell instead of the traditional PSC is used, and it
shows higher efficiency and stability. It is mechanically stacked or equivalent to monolithic
with the well-defined approach whereby the tunnel junction is assumed to be ideal, and the
electrical and optical losses in each interface are neglected [18-22]. In addition, the impact
of doping and the thickness of the PSC layers is studied to enhance the output performance.
The impact of the energy gap and defect density in the absorber layer in the top sub-cell is
also investigated. An algorithm to enhance the PCE of the tandem cell depending on the
thickness of the perovskite layer is illustrated. A comparison between the performance of
the proposed PSCs, the optimized tandem cell, and other researchers” work is provided. In
this theoretical study, all simulations were performed by using the SCAPS-1D simulator
under 1.5 AM illumination. The models and physical and technological parameters, used
as inputs to SCAPS-1D, were extracted from experimental studies whenever possible.

The remainder of this work is organized as follows. The initially proposed tandem
solar cell and how it has been investigated are explained at the beginning of Section 2.
Section 2.1 presents an efficient n-i-p PSC, an efficient n-p PSC without an ETL, and the
optimization of this cell as a top sub-cell of the proposed tandem solar cell. Moreover, it
shows the effect of the temperature on the performance metrics, and makes a comparison
between the proposed cells and other researchers” works. The suggested bottom sub-
cell of the proposed tandem solar cell is presented in Section 2.2. Section 2.3 provides
an optimizing algorithm of the absorber’s thickness of the top sub-cell to enhance the
performance of the tandem cell. The optimized tandem solar cell is presented in Section 2.4.
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Section 3 provides a comparison between the proposed tandem cell and other researchers’
work. Finally, Section 4 concludes our work.

2. Tandem Solar Cell

The top and bottom sub-cells are simulated separately while investigating the perfor-
mance of tandem solar cells. According to the commonly used assumption in multi-junction
simulation, the tunnel junction is perfect, and the optical and electrical losses in both inter-
faces are neglected [18-22].

The proposed tandem cell consists of a PSC as a top sub-cell and a GeTe as a bottom
sub-cell, as shown in Figure 1a. The structure of the top sub-cell uses the perovskite material
sandwiched between the hole transport layer (HTL) and ETL. The TCO functions as an
optically transparent electrode, allowing photons to pass through the cell and deliver the
produced electrons to the cell’s external terminals. Before the absorber material, the bottom
sub-cell consists of zinc oxide (ZnO) and cadmium sulfide (CdS). Due to its properties,
especially the narrow E¢, GeTe is a good choice as an absorber of the bottom sub-cell;
besides, it provides a very high current [23,24].
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Figure 1. (a) The initial design of the proposed perovskite/GeTe tandem solar cell, (b) the energy
diagrams of the top sub-cell, and (c) the bottom sub-cell.

The transmitted spectrum of the top sub-cell to the bottom sub-cell is given by
Equation (1) [18]:

S(A) = S,(A) - f[ gl ey
x=1
and « is given by Equation (2) [18]:
o(E) = Axy/hv —Eg 2)



Crystals 2022, 12, 878

40f17

J (mA/cm?)

25

20

15

10

2.1. The Top Sub-Cell

The layers of the suggested top sub-cell design are a glass substrate, fluorine-doped tin
oxide (FTO) as a transparent conducting oxide (TCO), ZnOS as the ETL, CH3NH3Pbl3_Cly
as an absorber layer, CuyO as the HTL, and gold (Au) as a back contact. A common
phenomenon of OSCs incorporating these metal-oxide electron extraction layers is the
requirement to expose the devices to ultraviolet light to enhance the OSC performance,
known as the “light soaking” issue. This issue can be avoided by using Al-doped ZnOS as
electron extraction interlayers.

Figure 1b,c illustrate the energy band diagrams of the top and bottom sub-cells,
respectively. The conduction band minimums are the electron affinities (), and the valence
band maximums (VBMs) are given by Equation (3).

VBM = x — Eg 3)

The parameters of the materials used in the simulation are listed in Table S2. A flat
band model was employed for the interfaces between the semiconductor, TCO, and metal.
To address the practical concerns, a neutral defect with Gaussian distribution was used [25].
An illumination spectrum of air mass (AM 1.5) and a temperature of 300 K were utilized
for all simulations. All materials’” absorption coefficients (&) were calculated through
Equation (2). The used pre-factor (4,) was 10° cm leV—12 26].

Figure 2 depicts the output performance curves of the first proposed PSC using Cu,O
as the HTL and ZnOS as the ETL. Figure 2a shows the JV curve of the initial PSC. The values
of PCE, fill factor (FF), high short-circuit current (Js¢), and an open-circuit voltage (Vo) of
the initial PSC were extracted from the JV curve. The designed PSC achieved a promising
output performance. A PCE of 29.34% with FF of 84.88%, Js. of 24.38 mA/ cm?, and V. of
1.42 V were obtained. The use of ZnOS as the ETL in the cell structure is consistent with
the performance estimation given in [27]. These output performance metrics are achieved
when the conduction band offset (CBO) of the ETM is 0.3 eV higher than the corresponding
band of CH3NH3Pbls_«Cly, which is within the optimal range [28,29]. ZnOS has a tunable
energy gap and a high electron affinity. Consequently, it is an excellent replacement for
traditional ETMs such as titanium dioxide (TiO,).
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Figure 2. The simulated output performance curves of the proposed PSC (a) JV curve and
(b) QE curve.

The energy gap of ZnOS is in the range of 2.7-3.8 eV, which permits it to absorb
photons with higher energy and enhances the current density [30]. Moreover, ZnOS has
good transparency, which enhances photons absorption in the CH3;NH3Pbl;_ClIy layer,
thus enhancing the output performance. Figure 2b shows the proposed PSCs” quantum
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efficiency (QE) curve. The QE is almost constant in the range from 350 nm to 590 nm and
subsequently falls to 800 nm, when it disappears, as seen in the curve.

The conductivity of the materials in solar cells greatly influences the performance
characteristics. The conductivity of solar cell materials can be controlled by doping, either
n-type or p-type. The impact of doping concentrations on CH3NH3Pbl;_,Cly, ZnOS, and
Cu,O is investigated through Sections 2.1.1-2.1.3 to enhance PCE.

2.1.1. Optimization of the Doping Concentration Np of CH3NH3PbIz_CIy

The perovskite materials can be doped n-type or p-type [31]. The doping concentration
can be practically adjusted between N4 of 10'* cm~3 and Np of 7.6 x 102 cm~3 [31]. The
output performance metrics are constant in the N4 range from 0 to 10'> cm 3. Figure 3
depicts the effect of the absorber layer’s Np on the performance metrics. The output
performance metrics are constant in the Np range from 0 to 10!°> cm 3. This work suggests
a reasonable value of 1 x 10!® cm—3 for the perovskite layer’s Np, with a PCE of 32.19%, as
displayed in Figure 3a. The PCE is enhanced by 2.83% more than the initial design. This
improvement is mainly due to the enhancement in the fill factor and V., as depicted in
Figure 3b,d, respectively. The increase in FF is due to the decrease in the series resistance as
the doping rises. Additionally, it can be seen from Figure 3c that [ is almost constant with
the variation in the doping level. The performance metrics, FE, Voc, and Jsc, when the Np
of the perovskite layer is 1018 cm—3 are 90.88%, 1.45 V, and 24.38 mA /cm?, respectively.
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Figure 3. Performance metrics’ variations in the simulated cell depending on the Np of the perovskite
layer: (a) PCE, (b) FE, (c) Jsc, and (d) Voc.
2.1.2. Optimization of the Doping Concentration Np of ETM

The ETL does not affect the performance metrics once the absorber layer has been
doped [30]. As a result, a PSC without ETL has been recommended to replace the conven-
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PCE (%)

tional n-i-p PSC architecture with an n-p one to reduce the number of layers and interfaces.
Table 1 compares the performance characteristics of the PSC with and without the ETL.
Due to the imbalanced charge transfer rate and the lack of a permanent built-in field in
the absence of an ETL, ETL-free perovskite solar cells suffer from significant hysteresis
and unsteady stabilized-power output [32,33]. Surface modification of an FTO substrate
with a self-assembled fullerene monolayer (SAM), on the other hand, can improve device
performance and reduce PSC hysteresis [34,35]. FTO effects on cells can be treated by
different methods, one of which was produced for PSCs in a simplified configuration of
glass/FTO-TMAH/ perovskite /spiro-OMeTAD/ Au using a modified FTO surface with
tetramethylammonium hydroxide (TMAH). The increased device performance may be
attributed to the improved charge extraction/transport, lower trap density, and lower
charge recombination rate at the FTO/perovskite interface and in the perovskite layer,
which displays up to 20.1% efficiency experimentally [36].

Table 1. Performance metrics of the simulated PSCs with and without ETL.

ETM/HTM PCE (%) Jsc (mA/cm?) Voc (V) FF (%)

ZnOS/Cu,0 32.17 24.382 1.452 90.88
-/Cu0O 32.19 24.403 1.451 90.88

2.1.3. Optimization of the Doping Concentration N and Thickness of HTM

In a previous work, the doping concentration N4 of CuyO was increased from N4 of
10'7 em =3 to 10%° cm 3 [37]. The performance metrics were low because of the high series
resistance within the low doping concentration N4. When the doping in Cu,0O is increased,
the offset in energy bands between the perovskite layer and Cu,O layer increases, causing
the diffusion current to increase due to the gradient of carrier concentrations and particles
to flow from the highest concentration regions to the lowest according to random thermal
motion which is known as Brownian Motion. Figure 4a depicts the effect of CuyO N on
the PCE, while the rest of the performance parameters are illustrated in the Supplementary
Materials, Figure S1. The highest PCE was achieved in the range of N4 from 10" to
10'8 cm—3, as shown in Figure 4a. As a result, keeping N4 at a low level is preferable.
Furthermore, high N4 generates deep Coulomb traps and reduces hole mobility [38]. The
performance metrics, PCE, FF, V,, and Js,, when N4 of Cu,0O is 107 cm =3 are 32.19%,
90.84%, 1.45 V, and 24.41 mA /cm?, respectively.

32.2

32.18

32.16

3214 ¢

32.22

32.21

PCE (%)

32.2

32.19

32.12
1016

100 200 300 400 500 600

18 20
10 10 Thickness (nm)

-3
NAmm )
(a) (b)
Figure 4. PCE variation in the simulated PSC depending on HTM: (a) doping and (b) thickness.

Following that, the effect of the HTL thickness was investigated. Figure 4b depicts
the effect of CupO thickness on the PCE, while the rest of the performance parameters are
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illustrated in Figure S2. It can be shown that as the thickness of Cu,O grows from 100
to 400 nm, the PCE is almost constant. The PCE is constant for thicknesses greater than
400 nm. As a result, a thickness of 400 nm with a PCE of 32.22%, Jsc of 24.44 mA /cm?, FF
of 90.83%, and no change in Voc was chosen.

2.1.4. Impact of the Eg and N; of CH3NH3Pblz_,Clx

The energy gap of the perovskite layer has a significant impact on the performance
characteristics. PSCs benefit significantly from an adjustable energy gap. Figure 5a depicts
the fluctuation in PCE caused by a change in E¢ from 1.5 to 1.63 eV [39,40]. Figure S3
illustrates the rest of the performance parameters. Reducing Eg boosts carrier generation.
As a result, the best performance was obtained at the lowest E;. When Eg is 1.5 eV; the
performance characteristics were as follows: PCE = 33.45%, FF = 90.58%, V,. =1.40 V, and,
Jse = 26.30 mA /cm? with a 3.12% increase in PCE.

1610 10l12
N, (1/cm?)
(a) (b)

Figure 5. PCE variation in the simulated PSC depending on the absorber layer: (a) Eg and (b) N;.

Energy gap (eV)

The defect density has a great effect on the performance of the solar cell. Section 2.1.4
discusses the study of the defect density of the perovskite absorber layer on the main
performance parameters of the PSC. The defect density was studied in the range from 10°
to 2 x 10'3 (1/cm?). The results show that the PCE decreases at a high rate with an increase
in the defect density, as shown in Figure 5b. The rest of the performance metrics with the
variation in the defect density are illustrated in Figure S4. The chosen defect density for
our design was 2 x 10! (1/cm?). The performance parameters at this value are: PCE is
33.45%, FF is 90.58%, Jsc is 26.30 mA /cm?, and Vo is 1.40 V.

2.1.5. The Initial PSC vs. the Optimized One

Decreasing the recombination rate at the CH3NH;3Pbl;_,CI, /ETL interface is a good
way to extract the carriers efficiently. To achieve this condition, the CBO of the CH3NH;3Pbl;_,CIy
layer should be 0-0.3 eV lower than the corresponding band of the ETL. The CBO is given
by Equation (4) [41].

CBO = (Xabs — XETL) 4

where X 1, is the affinity of the absorber layer and gty is the affinity of the ETL. According
to the above equation and the affinity of CH3NH3PbI3_Cly is 3.9 eV, the optimum affinity
of the ETL is in the range of 3.9-4.2 eV. This condition is not satisfied with ZnOS as an
ETL because its affinity is 3.6 eV. The CBO after removing the ZnOS layer will be in the
optimum range because the affinity of FTO is 4 eV, which illustrates the enhancement of
the performance metrics. As an additional physical explanation of the improvement of
the performance metrics, Figure 6a,b illustrates the energy band diagrams of the initial
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PSC and the optimized PSC without ETL. As shown in Figure 6a, the initial PSC with
ZnOS as an ETL has a conduction band spike, which results in lower PCE on the other
hand, the optimized PSC without ETL has a conduction band cliff, as shown in Figure 6b.
The variation in the performance metrics could be explained by the observation of the
recombination rate before and after optimization. Figure 6c shows the recombination rates
(in cm 3 s71) as a function of the PSC distance. As can be seen, the highest recombination
rate was at the interface between CH3NH3Pbl;_,CI,/ETL, which could be avoided in the
optimized PSC without ETL. Moreover, the recombination rate at the interface between
CupO/CH3NH;3PbI;_CIy was also decreased. The results support our choice of removing
the ETL from the PSC and show the importance of our optimization.
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Figure 6. Simulated energy band diagrams: (a) of the initial PSC, (b) of the optimized PSC without
ETL and (c) the recombination rates before and after optimization.

2.1.6. Temperature Effect and Comparison of PCEs

The transition from traditional to clean energy, that is, solar cells, is associated with
a set of concepts. One of these concepts is to improve the unit durability to extend their
lifetime [42]. PSCs still face significant commercialization challenges, including long-
term durability versus environmental triggers such as temperature [43]. The temperature
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stability of the initial design and the optimized one were investigated from 280 to 360 K.
The results show that the PCE of the optimized PSC without ETL is more stable and more
immune to temperature variations than the traditional PSC with a pin structure. Figure 7
illustrates the variation in the PCE of the proposed PSCs of the initial design and the
optimized PSC without ETL with temperature. At the end of this section, a comparison
between the PCE for single-junction PSCs of the initial design, the optimized PSC without
ETL, and other researchers’ work is shown in Table 2.

34
327
<
w 30
(&)
[
28 ¢ T
Initial Cell Y
26 After Optimization

280 300 320 3310 360
Temperature (K™)

Figure 7. Theoretical PCE of the two proposed PSCs with temperature variations: the blue line
is for the initially proposed PSC cell, and the red line is for the proposed cell after removing ETL
and optimization.

Table 2. Comparison of PCEs.

ETM/HTM PCE (%)
TiO, /Cul [44] 21.32
TiO, /Cul [45] 21.76
ZnOS/Cul [45] 26.11
ZnOS/Cu,0 [11] 25.71
Zn0OS/Cu,0 [11] 30.82
PCBM/Cu,0 [46] 19.61
PEDOT:PSS/HATNT [47] 18.1%
PEDOT:PSS/TDTP [48] 18.2%
TiO, /- [49] 25.15
Zn0S/Cu;0 [initial] 29.34
-/Cuy0 [optimized] 33.45

2.2. The Bottom Sub-Cell

Figure 1 illustrates the energy band diagram of the proposed bottom GeTe sub-cell.
The materials parameters used in the simulation are listed in Table S3. All materials’
absorption coefficients () were calculated via Equation (2). The used pre-factor (A,) was
10° em1eV—Y2[26]. The JV curve using AM 1.5 incident spectrum at 300 k is shown in
Figure 8a. A PCE of 26.21% with FF of 81.92%, Js. of 53.3 mA/cm?, and V. of 0.6 V were
achieved. The defect density effect on the GeTe bottom sub-cell performance was tested
in the range of 10'? to 10'® (1/cm?). The results show enhancement in the performance
parameters with a decrease in the defect density but no significant decay below 10'# (1/cm3),
as shown in Figure 8b of the PCE. The thickness of the GeTe layer is 2000 nm, which is
quite a large thickness, to produce a defect-free film to be exploited in PV applications.
Consequently, the chosen value of the designed GeTe sub-cell defect density was 10'4
(1/ecm3), which is a relatively high and more practical value.
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Figure 8. (a) The simulated GeTe sub-cell JV curve, and (b) PCE variation in the simulated GeTe as a
function of the N; of the absorber layer.

2.3. Optimizing Algorithm of the Absorber’s Thickness of the Top Sub-Cell to Achieve an
Optimized Tandem Solar Cell

Two-terminal tandem solar cells have a restriction in regard to current density. The
top and bottom sub-cells must have the same current density and the sub-cell with the
minimum value (usually the bottom) will force the other sub-cell and the overall tandem cell
to operate at its minimum current density. This, in turn, limits the overall performance of
the tandem cell. The matching current density process of sub-cells is applied by changing
the absorber’s thickness of the top sub-cell, as the bottom sub-cell must be as thick as
possible to absorb the transmitted spectrum from the top sub-cell after a part of it is already
absorbed by the top sub-cell. This section shows the proposed modification of an algorithm
that optimizes the top sub-cell absorber’s thickness to get the best possible performance
from the two-terminal tandem solar cells [46]. The previous algorithm uses one stage for
the optimization of the thickness with one step (10 nm).

The proposed modified algorithm uses three steps: fcs (50 nm), {57 (20 nm), and the fine
step, {2 (10 nm). The main difference between the proposed modified algorithm relative to
the previous one is the ability to start from a high value rather than from zero, as the range
of the optimum thickness range can be estimated for a tandem cell from the previous ones.
Using this algorithm can decrease the number of steps to obtain the optimum thickness of
the top sub-cell for the studied tandem cell, with the same accuracy of finding the thickness.
This in turn decreases the processing time. The algorithm flowchart is shown in Figure 9a.
It must be noted that the tandem structure’s overall thickness should not be more than the
diffusion length to ensure free charge transport to electrodes, 50 um [50].

2.4. The Optimized Tandem Solar Cell

Based on the previous results, the used top sub-cell consists of a glass substrate, TCO,
N-type CH3sNH3Pbl;_,ClIy as an absorber layer, and Cu,O as the HTL, respectively. The
output spectrum from the HTL of the top sub-cell is the incident spectrum to the bottom sub-
cell. The used bottom sub-cell uses GeTe as an absorber layer. The GeTe chosen to be used
in the bottom sub-cell shows a high current density; this impacts the overall performance
of the tandem cell current density and the tandem cell power conversion efficiency.

The top sub-cell thickness optimization algorithm explained in Section 2.3 was used
to find the optimum top sub-cell absorber thickness and the highest power conversion
efficiency of the tandem cell. As shown in Figure 9b—d, the tandem cell has an efficiency of
45.99% at the top sub-cell absorber layer thickness of 520 nm. A PCE of 33.61% with an FF
0f 90.63%, Js; of 26.44mA / cm?, and Ve of 1.40 V were achieved by the top sub-cell using
AM 1.5 incident spectrum. A PCE of 29.76% with an FF of 81.13%, Js. of 26.67 mA/ cm?,
and V. of 0.58 V were achieved by the bottom sub-cell using filtered AM 1.5 incident
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spectrum. The structure of the optimized tandem solar cell with complete details of the
thickness and doping concentration for each layer is illustrated in Figure 10. The JV curves
of both sub-cells and the tandem cell are shown in Figure 11a. Figure 11b illustrates the
QE curves of both sub-cells and tandem cells. As shown in Figure 11b, the maximum
light-harvesting of the tandem cell started at the wavelength of 360 um and vanished after
1550 um. Figure 11c shows the absorption coefficients of the materials used in the tandem
cell using Equation (2), while Figure 11d shows the incident AM 1.5 with the absorbed
spectrum of both sub-cells. The results show that using GeTe as a bottom sub-cell can
absorb most of the transmitted spectrum up to 1540 nm. This is greater than most of the
other materials that can be used as absorbers of the bottom sub-cell. This explains the
improvement in the tandem cell performance.

d, PCE
d;z0
PCEx0
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)
458 o
w
O
o
4561
°
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500 520 540 560
Perovskite Thickness (nm)
(b)
45.9 46 *
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o o 45.7
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45.5 45.5
480 500 520 540 500 510 520 530
Perovskite (nm) Perovskite Thickness (nm)

(©) (d)

Figure 9. (a) Flowchart of an optimization technique for the thickness of the top cell of two junctions’
tandem cell, (b) first stage with course step (50 nm) assuming start with 500 nm thickness, (c) second
stage with fine step 1 (20 nm), and (d) the third stage with course step 2 (10 nm).
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Figure 10. (a) The final simulated tandem cell after optimization, (b) as AM 1.5 illuminated on the
top sub-cell, and (c) filtered AM 1.5 is illuminated on the bottom sub-cell.
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Figure 11. The output performance curves of the simulated top, and bottom sub-cells, tandem cell
(a) JV curves, (b) QE curves, (c) absorption coefficients of all layers of the final tandem cell, and
(d) AM 1.5 spectrum with the absorbed spectrum of top and bottom sub-cells.

3. Comparison with the Latest Published Results

This section outlines the recently reported results of tandem solar cells from the last
few years. A comparison between this work and other published results is presented in
Table 3. The proposed tandem cell has one of the highest efficiencies for double-junction
tandem cells and even the more complex tandem cells with more than two junctions.

Table 3. A comparison of the latest published findings with the optimized tandem cell.

PCE (%) Jsc (mA/cm?) Voc (V) FF The Material of Top/Bottom Sub-Cells Ref.—Year Type of Analysis
30.2 224 1.94 68.90 Se/CZTSSe [51]—2019 Exp.
30.5 20.49 1.81 81.90 MAPbI; /CIGS [46]—2020 Exp.
31.1 17.04 2.07 88.00 GalnP/Si [52]—2020 Exp.
33.3 12.7 3.127 83.50 Triple-junction (Gag 51 Ing 49 P/GaAs/Si) [53]—2018 Exp.
359 13.6 2.52 87.50 Triple-junction (GaInP/GaAs/Si) [54]—2017 Exp.
35.9 25.88 1.747 79.40 MAPDI3/GeTe [55]—2021 Sim.
39.2 8.457 5.549 83.50 Six junction (monolithic) [56]—2017 Exp.
41.73 26.54 1.835 85.66 MAPbI;_,Cly/GeTe [57]—2021 Sim.
45.99 26.44 2.02 86.11 MAPbI;_,Cly without ETL/GeTe This work Sim.

4. Conclusions

The performance of these tandem solar cells surpasses single-junction cells due to their
ability to absorb a broader spectrum. The simulation of perovskite solar cells is presented
in this work with ZnOS as the electron transport material and Cu,O as the hole transport
material to introduce good candidates to replace the traditional materials. The perovskite
solar cell without an electron transport layer was introduced to improve the stability of the
top sub-cell. It has a simple design and shows excellent performance parameters. The main
material parameters of the proposed Cu,O/MAPbI;_,Cly perovskite solar cell without an
electron transport layer were investigated to improve the performance metrics. The results
obtained from the SCAPS-1D simulator show a higher open-circuit voltage of 1.404 V
relative to the other recorded perovskite solar cells, which, in turn, improves the tandem
cell’s overall voltage. In addition, a proposed GeTe was used as the bottom sub-cell of the
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tandem cell as it shows a high current density, which allows the top sub-cell to operate at a
higher current density and enhances the overall two-terminal tandem cell. An optimizing
algorithm was used to find the optimum top sub-cell absorber thickness. All the proposed
modifications on both the top and bottom sub-cells are reflected in the power conversion
efficiency of the proposed tandem cell of 46%, with an open-circuit voltage of 2.02 V and
a short-circuit current density of 26.44 mA /cm?. To consider the practical concerns, the
impact of a neutral defect with Gaussian distribution was investigated. This density is
higher than more complicated tandem cells. To our knowledge, the proposed tandem cell
shows one of the best-recorded results of the tandem cells in literature, and it is simpler
than many of them.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/ cryst12070878/s1, Figure S1: Performance metrics variations of
the simulated PSC depending on the N4 Cu,O: (a) FF, (b) Jsc, and (c) Voc; Figure S2: Performance
metrics variations of the simulated PSC depending on the thickness of HTM: (a) FE, (b) Jsc, and (c) Voc;
Figure S3: Performance metrics variations of the simulated PSC depending on the Eg of the absorber
layer: (a) FF, (b) Jsc, and (c) Voc; Figure S4: Performance metrics variations of the simulated PSC
depending on the N; of the absorber layer: (a) FF, (b) Jsc, and (c) Voc; Table S1: Physical parameters of
the incident, transmitted spectrum definitions, and their units; Table S2: Materials parameters of the
top sub-cell used in SCAPS-1D simulator; Table S3: Materials parameters of the top bottom-cell used
in SCAPS-1D simulator. References [3,25,30,31,45,46,57-62] are cited in the Supplementary Materials.
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