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Abstract: The primary purpose of recent research on solar cells is to achieve a higher power conver-
sion efficiency with stable characteristics. To push the developments of photovoltaic (PV) technology,
tandem solar cells are being intensively researched, as they have higher power conversion efficiency
(PCE) than single-junction cells. Perovskite solar cells (PSCs) are recently used as a top cell of tandem
solar cells thanks to their tunable energy gap, high short circuit current, and low cost of fabrication.
One of the main challenges in PSCs cells is the stability issue. Carbon perovskite solar cells (CPSCs)
without a hole transport material (HTM) presented a promising solution for PSCs’ stability. The
two-terminal monolithic tandem solar cells demonstrate the commercial tandem cells market. Conse-
quently, all the proposed tandem solar cells in this paper are equivalent to two-terminal monolithic
tandem devices. In this work, two two-terminal tandem solar cells are proposed and investigated
using the SCAPS-1D device simulator. Carbon perovskite solar cell (CPSC) without hole transport
material (HTM) is used as the top cell with a new proposed gradient doping in the perovskite layer.
This proposal has led to a substantial enhancement of the stability issue known to be present in
carbon perovskite cells. Moreover, a higher PCE, exceeding 22%, has been attained for the proposed
CPSC. Two bottom cells are examined, Si and CIGS-GeTe solar cells. The suggested CPSC/Si and
CPSC/CIGS-GeTe tandem solar cells have the advantage of having just two junctions, which reduces
the complexity and cost of solar cells. The performance parameters are found to be improved. In
specific, the PCEs of the two proposed cells are 19.89% and 24.69%, respectively.

Keywords: carbon perovskite solar cell (CPSC); copper indium gallium sulfide (CIGS); double
absorbers; germanium telluride (GeTe); high voltage; SCAPS-1D; zinc selenide (ZnSe)

1. Introduction

Recently, significant growth in energy demand, which strongly required changing
conventional energy resources to green resources, has been reported. This transition is
restricted by several important factors among which is the increase in gadget dependabil-
ity [1]. PV technology appears to be a potential solution that produces clean energy [2].
Nowadays, the PV market is led by silicon-based technology where silicon-based cells
have PCEs that exceed 25% [2]. Thin film PVs, like dye-sensitized, CIGS, and PSCs, have
low-cost fabrication processes and contain various semiconductor materials, which can be
deposited on different substrates.

PSCs have simple fabrication techniques and great performance, allowing them to be
widely investigated and used [3] Moreover, they have a tunable energy gap, high short
circuit current (Jsc), long diffusion lengths, and low recombination rates. Consequently,
these cells can be considered good candidates for conventional solar cells. Recently, PSCs
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with PCEs up to 25% have been reported [4]. Because of these characteristics, PSCs are
excellent candidates for traditional solar cells. The perovskite substance has the composition
ABX3. A is organic ammonium, such as MA, and B is a metal cation, (e.g., Pb2+). X is
a halide anion (e.g., I, Br, Cl). In the crystal structure, the A ion is surrounded by eight
three-dimensional structures of corner-sharing octahedral BX6 units [5]. This structure is
the composition of calcium titanium oxide (CaTiO3), which was found in 1839 [6]. The first
photocurrent of barium titanium oxide (BaTiO3) was observed in 1956 [7]. From 2009 to
2016, PSCs manufactured from hybrid-halide materials of methylammonium lead-halides
(CH3NH3PbX3 = MAPbX3) by various designs, showed enhanced PCEs around 25% [8].
The development of PSC in recent years has produced simulation results of up to more
than 30% [9].

The traditional structure of the PSCs is the electron transport material (ETM)/perovskite/
HTM [10]. However, one of the critical problems is that conventional organic HTMs are
often expensive and unstable [11], which is one of the addressed problems in this paper.
Additionally, noble metal electrodes are likewise quite pricey [12]. It was noticed that
PSCs without HTMs might also work well since the unique conductivity feature of the
perovskite material allows it to function not only as absorbers but also as HTMs [13].
CPSCs without HTM show great potential for resolving the concerns mentioned above [14].
Carbon materials are abundant on the earth, low-cost, and stable [15]. The first CPSCs
were published in 2013 and had a record PCE of ≈6.6% [16]. In 2014, a CPSC was reported
with long-term stability and the highest PCE of 12.8% until 2016 [17]. In 2016, by using a
solvent engineering technique to monitor thermodynamics and conversion kinetics, a pure
perovskite was fabricated. The carbon/perovskite interface was enhanced by preparing
low defects absorber, and the PCE exceeded 14% [18]. In 2018, all introduced CPSCs had a
PCE that exceeded 15% [19]. Although significant improvements in CPSCs over the last few
years were encountered, the maximum recorded PCE of CPSCs was around 16% [20,21].

On the other hand, given that CIGS solar cells have a small share of the PV market, it
was appealing to examine this potential material for usage with other absorbers to offer a
competitive advantage over other alternatives. Also, GeTe is another interesting material
since its energy gap is 0.8 eV, and its absorption coefficient exceeds 2.7 × 104 cm−1. It is
expected that this promising material will be employed as an absorber for solar cells due
to its encouraging optoelectronic properties. In this paper, besides Si, CIGS and GeTe are
utilized as double absorbers back-cell of the simulated tandem solar cells.

The PCEs of single-junction cells are remarkably restricted since the absorbed photons
are only those having energies equal to or larger than the energy gap of the employed
absorbers [22]. It has been reported theoretically that the PCEmax. of single-junction solar
cells is 33.7% for absorbers with an energy gap of 1.34 eV [23]. The limitation of this PCE
can be surpassed by multi-junction (tandem) solar cells. Using different absorbers in an
infinite number of sub-cells to construct a tandem solar cell, has shown theoretically an
increased PCE to 68.2% [24]. In this case, the cell with the highest absorber energy gap is
used as the front cell, and the one with the lowest energy gap is the bottom cell [25]. The
most widely used tandem solar cell is the monolithic two-terminal type since it has the
lowest fabrication cost, as it uses the minimum number of transparent conducting oxide
(TCO). The main problem of this kind of tandem is the current matching of all the sub-cells.
In this paper, an optimization algorithm is employed to determine the thickness of the
absorber of the top cell.

Based on the previous discussion, CPSC is proposed as a top cell of the suggested
two-terminal tandem solar cells to provide a technique to alleviate the instability issue in
conventional PSCs. Although PSC/Si tandem solar cells may be a good choice due to the
availability of materials used, the high cost of fabrication can restrict the commercial spread
of these cells. Consequently, CPSC/CIGS-GeTe tandem solar cell is also proposed to offer
higher PCE with low-cost fabrication.

The rest of this article is structured as follows; the structure and materials of the
suggested solar cells are described in Section 2. In Section 3, the results of the CPSC/Si and
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CPSC/CIGS-GeTe tandem solar cells are discussed; and lastly, the conclusion is presented
in Section 4.

2. Materials and Methods

SCAPS-1D is a useful program to design and study various types of SCs, which has
been widely verified vs experimental solar cells [26]. It can simulate solar cells with up
to seven layers. Most materials parameters can be assigned such as thickness, energy
gap, affinity, permittivity, mobility, and concentration of doping and other physical or
geometrical parameters [27–29].

The numerical solution in SCAPS-1D solves the basic physical differential equations
in a steady state. The main equations are the continuity equations and Poisson’s equation,
which are solved self-consistently until convergence occurs. Firstly, the cell geometry
is inserted. Then, the materials parameters are defined [30]. Poisson’s equation and
continuity equations are discretized into different mesh points. Discretization is executed
by implying the finite difference method (FEM), and the current densities are modeled
using the Scharfetter–Gummel process [31]. In the assigned mesh points, ψ, n, and p are
iteratively computed by the Gummel method [32]. Physical models such as G, U, µn, and
µp are enhanced after each iteration. Finally, we can obtain J-V, C-V, C-F, QE, AC, G, U, and
energy diagrams [33].

In this work, two distinct two-terminal tandem solar cells are suggested. CPSC is
considered the top cell of the suggested tandem solar cells while Si cell and CIGS-GeTe
double absorber cell are used as the bottom cells to provide a comparative study between
the two types and to draw some recommendations about the most suitable path. Figure 1a,b)
illustrates the two proposed structures of the tandem solar cells, namely Si and CIGS-GeTe
bottom cells, respectively. The CPSC structure is composed of fluorine-doped tin oxide
(FTO) (4.6 eV) as the TCO, Zinc Selenide (ZnSe) as ETM, two perovskite layers with gradient
doping as a concurrent absorber and HTM, and Carbon (5 eV) as back contact. The bottom
cells consist of ZnO and CdS as n-type windows, while Si and CIGS-GeTe are used as p-type
absorber materials. The front cell is illuminated by AM1.5G irradiance, while the incident
spectrum to the rear cell is filtered AM1.5G after the front cell absorption. Filtered AM1.5G
is given by Equation (1) [34], while the absorption coefficient (α) is given by Equation (2) [35].

S(λ) = So(λ).
n

∏
x=1

e−αxdx (1)

α(E) = Aα

√
hν− Eg (2)

Table 1 presents the parameters employed in the mentioned equations as well as their
definitions. All simulations are performed by the SCAPS-1D device simulator [36] which is
widely used in simulating single-junction and tandem solar cells. A variety of photoactive
absorbers have been implemented employing this software package. In addition, numerous
studies have been performed and validated against practical work [9,25,30,37].

Table 1. Key incident and transmitted spectrum parameters.

Symbol Definition Unit

S(λ) The power density of the spectrum transferred
from the front sub-cell to the rear sub-cell W/m2

So(λ) The incident irradiance is AM 1.5G
x Layer number
n The overall number of layers in a sub-cell
α The absorption coefficient of the material cm−1

d The layer thickness cm
Aα A pre-factor of 105 cm−1.eV−1/2

h Planck’s constant eV.sec
ν Frequency Hz

Eg The energy gap of the material eV
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Figure 1. Illustration of structures of the proposed tandem solar cells (a) CPSC/Si, and
(b) CPSC/CIGS-GeTe.

2.1. The Top Cell

The CPSC structure is investigated and simulated using SCAPS-1D. The resulting
simulations have been validated and compared to published practical work [18]. The
structure of this work is FTO, titanium dioxide (TiO2) as ETM, MAPbI3, and Carbon as a
back contact, respectively [18]. The main material parameters are recorded in Table 2 which
are extracted from the appropriate literature. Figure 2 compares the experimental and
simulation of the current-voltage (JV) and external quantum efficiency (EQE) curves. The
key metrics of the simulation are in decent agreement with those experimentally reported.
The performance factors of the experimental and calibrated CPSCs are presented in Table 3.

Table 2. Material parameters of the proposed tandem solar cells.

Parameters Si CIGS GeTe [38] MAPbI3 TiO2 CdS ZnSe ZnO [39]

Thickness (nm) 2000 2000–3000 2000 Variable 400 400 400 400

Eg (eV) 1.12 1.04–1.67
[40] 0.8 1.5–1.63

[41,42] 3.2 [43] 2.4 [44] 2.81 [45] 3.3

χ (eV) 4.05 4.5 4.8 3.9 [35] 4.1 [18] 4.18 [44] 4.09 [46] 4
Er 11.9 13.6 [47] 36 6.5 [48] 9 [49] 10 [44] 8.6 [50] 9

Nc (cm−3) 2.8 × 1019 2.2 × 1018 1016 2.2 × 1018 [37,48,51]

Nv (cm−3) 2.65 × 1019 1.8 × 1019 1017 1.8 × 1019

[48] 1.8 × 1019 [37] 1.8 × 1019 [51]

vth,n, vth,p (cm/s) 1 × 107 [4]
µe (cm2 V−1s−1) 1450 100 100 2 [48] 100 [44] 400 [52] 100
µp (cm2 V- s−1) 500 25 20 2 [48] 1 [53] 25 [44] 110 [52] 25

NA (cm−3) 2 × 1016 1016–1019 0
ND (cm−3) 0 1 × 1018

Nt (cm−3) 1014 2 × 1015
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Figure 2. Validation of the simulated CPSC performance (a) JV curves and (b) EQE curves [18].

Table 3. Performance comparison of the experimental and calibrated CPSCs [18].

Voc (V) Jsc (mA/cm2) FF (%) PCE (%)

Experimental results 1.040 21.27 65.00 14.38
Simulation 1.041 21.23 65.01 14.38

Though significant improvements in CPSCs over the last few years were encountered,
the maximum recorded PCE of CPSCs is still around 16% [21]. As can be deduced from
the previous results, the performance is lower than the performance of PSCs with HTM.
Splitting the absorber layer into two layers with different doping can generate an additional
electric field that enhances the carriers’ extraction. This approach has been applied to
CZTS and silicon solar cells [54,55] and has been simulated for CPSC [56]. In this work,
NA of 1 × 1017 cm−3 is used for the low-doped perovskite film and 1 × 1019 cm−3 for the
high-doped perovskite film, as displayed in Figure 1. The thickness of the ZnSe layer is
30 nm, and an ND of 1 × 1019 cm−3. Here we employ ZnSe as a proposed ETM instead of
the traditional ETMs since it has higher mobility and a narrower band gap. Implementing
these modifications has led to a short circuit current density (Jsc) of 24.59 mA/cm2, an
open-circuit voltage (Voc) of 1.19 V, FF of 76.08%, and PCE of 22.22%, as deduced from
Figure 3a.
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2.2. The Bottom Cells

The Si cell architecture is illustrated in Figure 1a. The simulated JV curve of the Si cell
is illustrated in Figure 3b, with AM1.5G incident spectrum at 300 K temperature and the
other simulation settings are the same as in the previous simulations. The simulation shows
PCE = 16.35 % with FF = 79.06%, Voc = 0.496 V and Jsc = 41.65 mA/cm2. The output cell
results are in good agreement with the state-of-the-art thin film Silicon-based solar cells [57].

A potential method to enhance the tandem solar cell efficiency can be accomplished by
improving Voc via increasing the doping level. Germanium Telluride (GeTe) can be heavily
doped to increase the Voc. However, this technique limits the current because increasing
the doping results in deteriorating the minority lifetime, which consequently decreases
the diffusion length. This can be explained based on Equations (3) to (7) [58–61]. In the
mentioned equations, G is the generation rate, while Lp and Ln are the hole and electron
diffusion lengths, respectively. The diffusion constant and the lifetime of the photoexcited
carriers are denoted by D and τ, respectively.

JSsc = qG(Ln + LP) (3)

Ln =
√

Dτn (4)

Lp =
√

Dτp (5)

τn ≈
1

CnN2
A

(6)

τp ≈
1

CpN2
D

(7)

As can be inferred from the simple mathematical equations, high doping is responsible
for a huge reduction in the current density and accordingly the PCE. A proposed solution
is to reduce the GeTe layer thickness and add a Copper indium gallium selenide (CIGS)
layer with a smaller thickness just above the GeTe thin film. This technique facilitates an
increase in current flow and the bottom cell voltage as it serves as a series connection. The
drawback of this structure is that the obtained cell current density is limited to the lowest
current produced by the utilized absorbers.

Even though the small energy gap of GeTe declines VOC, GeTe material can be more
highly doped than CIGS, where the optimum doping concentration of the GeTe is in the
order of 1020 [62]. So, an improvement will result as qVOC depends on the energy variance
of the acceptor material LUMO (EA

LUMO) and the donor material HOMO (ED
HOMO) which

increases by doping. The Voc can be written as in Equation (8) [63],

qVOC = EA
LUMO − ED

HOMO − ∆Eloss = EDA − ∆Eloss (8)

where EDA is the donor-acceptor effective energy gap. The energy loss that may occur
when carriers are transferred to electrodes is denoted by ∆Eloss. This energy may be
caused by many sources like Coulombic interactions and bimolecular recombination [64].
Equation (8) can be also written as (9),

qVOC = EDA − kBTln (NC NV) + 2kBTln
√

np (9)

where n and p are the electron and hole density, respectively, T is the absolute temperature
and kB is the Boltzmann constant. NV and NC are effective densities of states for the
HOMO and LUMO of the donors and acceptors’ materials. As can be deduced from
Equation (9), the voltage loss can be reduced by raising the doping density of the GeTe
film. This ultimately increases the VOC of the CIGS-GeTe sub-cell, because of increasing
acceptor doping [63].

Now, the primary performance factors of the presented CIGS-GeTe sub-cell with
various CIGS thicknesses ranging up to 1500 nm by a step of 500 nm are demonstrated in
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Figure 4. The simulation results indicate that the maximum PCE occurs when the thickness
of CIGS is 500 nm. Additionally, at these thicknesses, an appropriate JSC is achieved. The
CIGS-GeTe cell VOC is higher than both CIGS and GeTe sub-cells. This can be explained
as GeTe has a narrow energy gap, making it more absorbent at longer wavelengths. As
illustrated in Figure 5a, the simulated JV curve of a CIGS-GeTe cell with an incident
spectrum of AM1.5G has a VOC of 0.784 V, a JSC of 42.27 mA/cm2, a PCE of 27.5 %, and
an FF of 82.96%. Figure 5b illustrates the EQE of the suggested cell, signifying the good
absorption in longer wavelengths up to about 1150 µm.
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3. Results and Discussion
3.1. CPSC/Si Tandem Solar Cell

The CPSC/Si tandem solar cell was analyzed when the top cell photoactive layer
thickness is varied by using the optimization algorithm explained in [22] as revealed in
Figure 6a. The cell output factors of the tandem at 250 nm are PCE of 19.89%, FF of 85.1%,
VOC of 1.66 V, and JSC of 14.08 mA/cm2, as the JV curve is shown in Figure 6b. The EQEs
of the top, bottom, and tandem are given in Figure 7a. Figure 7b illustrates the absorbed
spectrum of AM1.5G by the CPSC/Si tandem solar cell. The cut-off wavelength of this
tandem solar cell is about 1120 nm according to the energy gap of the silicon.
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of AM1.5G by the CPSC/Si tandem solar cell.

3.2. CPSC/CIGS-GeTe Tandem Solar Cell

Figure 8a shows the PCE variation of the CPSC/CIGS-GeTe tandem solar cell with
the front cell absorber film thickness. The results reveal that at 255 nm top cell absorber
thickness, the tandem solar cell can achieve the highest PCE of 24.69 %. In Figure 8b, the
JV curves of the top, bottom, and tandem are presented. VOC of the tandem solar cell is
1.92 V, JSC is 14.74 mA/cm2, and FF is 87.24%. Figure 9a shows the QE of the front, rear,
and tandem solar cells. Figure 9b illustrates the absorbed spectrum of AM1.5G by the
CPSC/CIGS-GeTe tandem solar cell. The cut-off wavelength of this cell is about 1558 nm,
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according to the energy gap of the GeTe. As a result, the enhancement of the tandem solar
cell is achieved.
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3.3. Temperature Impact on the Performance of CPSC Tandem Solar Cells

The carbon perovskite-based tandem solar cells show good stability and immunity
to temperature change. Figure 10 illustrates the performance parameters of CPSC-based
tandem solar cells under the variation of temperature. The PCE of tandem solar cells
using CPSC as the top cell changes by less than 4% when the temperature is changed from
260 K to 360 K. It has been proven that the short circuit current density increases a bit when
the temperature increases [65,66]. Testing the performance of the tandem solar cell with
temperature variations shows the stability of the current density. In contrast, the variations
of PCE and FF can be explained because of the voltage variation, which can be explained
based on Equation (9).
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3.4. Comparison with the Recent Published Results

The PCE of some recent tandem solar cells during the past several years is described in
this section. In this context, Table 4 compares the results of this study and other published
results. In addition to the good stability behavior of the proposed tandem solar cells, they
show comparative PCEs with state-of-the-art solar cells. It should be pointed out here that
the utilized Si bottom cell, in our work, is a thin-film-based cell. On the other hand, the
used bottom cell reported in [67] is Si wafer-based tandem in which the Si thickness is
280 µm. A thin film bottom cell is remarkably required for producing flexible solar cells
under perovskite top cells.

Table 4. A comparison of the proposed tandem solar cells with the recently published data.

PCE (%) The Material of Top/Bottom Sub Cells Ref.-Year

19.89 CPSC/Si This work
21.40 PSC/SHJ [68]
22.50 PSC/Si [67]
22.70 PSC/SHJ [69]
23.26 PSC/CIGS [70]
23.60 PSC/SHJ [71]
23.60 PSC/SHJ [71]
24.69 CPSC/CIGS-GeTe This work
25.00 Four-terminals PSC/CIGS [69]



Energies 2023, 16, 1676 11 of 14

4. Conclusions

Multi-junction solar cells have proven to be a better alternative than single-junction
solar cells as it guarantees a higher PCE than single-junction cells. The ability of multi-
junction solar cells to absorb a wide spectrum leads to better PCE which is improved as
the number of junctions increases. However, increasing the number of junctions raises the
cell’s complexity and expense. CPSCs without HTL and with carbon as a back electrode
stacked directly to the perovskite layer are introduced to enhance the stability of the top
sub-cell. The simulation of CPSC started with the validation of the proposed cell with a
practical published CPSC with a record PCE of 14.38%. CPSC with ZnSe as ETL shows
the best performance when compared with other ETMs, including the traditional one,
TiO2. The main material parameters of the proposed ZnSe/CPSC are optimized to enhance
performance. Splitting the absorber layer with an optimized doping gradient technique
enhances the performance of the CPSC with a PCE of 22.22%. This work uses two-junction
solar cells, which results in a higher PCE. This is accomplished first by increasing the
bottom cell open circuit voltage based on using two different absorber layers and then by
proposing a solution to one of the primary concerns with two-terminal tandem solar cells;
the sub-cell with the lowest current (usually the rear cell) pushes the tandem solar cell to
work at its current density. Using copper indium gallium selenide-germanium telluride as
absorbers in the back cell allows the front cell and the tandem solar cell to work at a greater
current density, resulting in an improvement of the overall tandem solar cell performance.
The proposed two-terminal CPSC/Si and CPSC/CIGS-GeTe tandem solar cells have PCEs
of 19.89%, and 24.69%, respectively. All the suggested cells have the benefit of just having
two junctions, which reduces the complexity and cost of solar cells. The simulation results
can provide design recommendations for possible tandem applications that are based on
high-stability PSCs.
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