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Abstract

In this study, we present a novel 2 T monolithic polymer/polymer tandem solar cell (TSC) model based on
experimentally validated sub-cell designs composed entirely of OSC/OSC polymers. The individual sub-
cells have been calibrated against experimental data, resulting in power conversion efficiencies (PCE) of
10.33% for the front cell and 21.72% for the back cell. The lower cell contains a PM6:Y6 active layer in an
ITO/Cu20/PM6:Y6/Sn02/Ag configuration, while the upper polymer cell is designed with a conventional
ITO/PEDOT:PSS/PM7:PIDT/PDINN/Ag structure, with PM7:PIDT as the absorber layer. Simulations
were performed using the 1D SCAPS tool to individually optimize the performance of each sub-cell.
Extensive investigation was carried out on band alignment, defect density, active layer thickness and the
selection of electron and hole transport layers (ETLs and HTLs). The effects of temperature, shunt resistance
and series resistance on the two sub-cells were also analyzed to improve stability and performance. The
resulting tandem structure exhibited a short circuit current density (Jsc) of 11.685 mA cm ™, an open circuit
voltage (Vo) 0f 2.0721 V, afill factor of 82.823% and a PCE 0f 20.054%, positioning it as a promising
candidate for flexible, green and highly efficient tandem solar cells. These results highlight the potential of
our design to advance the performance benchmarks of organic tandem solar cells.

Nomenclature table with units.

Nomenclature Meaning Units
HTL Hole Transport Layer

ETL Electron Transport Layer

Eg Energy Bandgap (eV)

X Electron Affinity (eV)

€ Relative Permittivity

N, Effective Density of States in Conduction Band (1/cm’)
N, Effective Density of States in Valence Band (1/cm?)
He Electron Mobility (em?/V-s)
h Hole Mobility (cm?/V-s)
Na Acceptor Concentration (1/cm?)
Ny Donor Concentration (1/cm?)
N, Trap Density (1/cm’)
PCE Efficiency (%)
Jsc Short circuit density (mA .cm )
FF Fill Factor (%)
Voc Open Circuit voltage V)
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1. Introduction

Recently, solar energy production has grown rapidly to become the most abundant form of renewable energy.
Against this backdrop, photovoltaic (PV) technologies have made great strides, leading to the development of
new materials and structures that improve efficiency and reduce processing costs [ 1-3]. A notable advance in
this generation of solar cells is the organic solar cell (OSC), which has attracted considerable interest from
researchers due to its unique properties. They offer low manufacturing costs, as well as being lightweight,
flexible, energy-efficient and suitable for large-scale printing [4—7]. The efficiency with which organic solar cells
convert electricity, known as power conversion efficiency (PCE), has improved significantly, rising from less
than 10% in 2017 to around 17% recently [8—11]. Despite these advances, OSCs still face challenges such as
relatively low current density (JSC) and high energy losses, which need to be addressed for their further
development [12]. In addition, the performance of associated cells remains limited because a single junction can
only absorb photons with energy equal to or greater than the bandgap energy of the photoactive materials used.
Due to the thermalization process, not every incoming photon is absorbed; higher energy photons end up losing
their excess energy to photons in the remaining spectrum [8, 13, 14] . A recent promising strategy developed in
thin films to meet the high demands of energy conversion efficiency and low fabrication cost is the use of multi-
junction architectures, where the structure of tandem solar cells is based on sub-cells using different absorber
materials to capture a large part of the incident spectrum. Tandems can be composed of two or more
complementary materials, allowing the power spectrum to be split between multiple absorbers. A typical two-
junction tandem configuration consists of an upper wide bandgap sub-cell, which absorbs short wavelength
photons, and alower narrow bandgap sub-cell, which captures long wavelength photons [15, 16]. Tandem cells
can be constructed with two different sub-cells using various techniques, including mechanical stacking of
devices with four terminals (4 T), spectrum splitting with three terminals (3 T) or two terminals (2 T) ona
monolithic device. These sub-cells are electrically connected by an intermediate layer called the recombination
layer, which can be an ultrathin film of a metal such as silver (Ag). In 2020, Yang et al [ 17] showed that the use of
Agimproved efficiency, stability and reduced voltage losses (0.04 V) thanks to good ohmic contact between the
ICL and the sub-cells. In 2 T tandem devices, the primary electrical constraint is current, as the power is limited
by the current corresponding to the sub-cells [18]. Furthermore, sub-cells connected in series can significantly
reduce electrical losses due to excessive current flow through the current collector [19]. Due to their sub-cell
composition, tandem solar cells outperform single-junction devices by efficiently absorbing a wider range of
wavelengths across the electromagnetic spectrum. Consequently, the use of tandem OSCs represents a potential
solution for improving PCE. All-polymer bulk heterojunction solar cells (all-OSCs) using polymerized small
molecule acceptors (PSMAs) have made significant progress due to their mechanical stability, thermal resistance
and environmental friendliness [20]. The first PSMA, PZ1, achieved an efficiency 0of 9.19% [21]. Since then, the
efficiency of all-PSCs has improved, recently reaching over 18%. Experimental studies of all-polymer tandem
solar cells have shown promising results, with efficiencies ranging from 6.70% to 17.87% across different
configurations and polymer combinations [22]. For example, in this configuration, the top sub-cell consisted of
awide bandgap polymer (PIDT) with a bandgap energy of 1.66 eV, while the bottom sub-cell used a narrow
bandgap polymer (PY-IT) with abandgap energy of 1.40 eV. The two sub-cells used polymer donors PM7 and
PMB6 respectively. The optimum power conversion efficiency (PCE) achieved for this tandem device was 17.87%
with the following structure: ITO/PEDOT/PM7:PIDT/C60/BPhen/PEDOT:PSS/PM6: PYIT/PDINN/
Agl[12].

Our research introduces a new tandem structure, where the two sub-cells are inspired by models already
studied experimentally. These models have been calibrated and validated against experimental data, using two
reference cells composed exclusively of OSC/OSC polymers. This innovative approach makes it possible to
explore new structural configurations to optimize the performance of organic solar cells, while building on
empirically verified foundations. The bottom cell is designed with the PM6 :Y6 as the active layer and is
configured with the following structure: ITO/Cu20/PM6:Y6/Sn02/Ag [23], Meanwhile, the top polymer cell
features a p-i-n structure that is comprised of ITO/PEDOT:PSS/PM7:PIDT/PDINN/Ag[12].

In this study we simulated the two sub-cells separately using the SCAPS 1D tool. The top cell showed a short-
circuit current of 11.47 mA cm ™2, an open-circuit voltage of 1.1455 V, a fill factor of 78.56% and a power
conversion efficiency of 10.33%, while the bottom cell showed a short-circuit current of 30.462 mA cm ™2, an
open-circuit voltage 0f 0.9257 V, a fill factor of 77.02% and a power conversion efficiency of 21.72%. We first
studied the band structures of the two sub-cells, in order to understand their interaction and optimize their
operation in the tandem cell. We then examined the impact of defect density and variation in active layer
thickness on the overall performance of the cell. In addition, an in-depth study was carried out on different types
of electron transport layers (ETLs) and hole transport layers (HTLs) to improve the performance of both the top
cell (Tcgrp) and the bottom cell (B¢ 1 ). We have also investigated the effect of temperature variations on the
efficiency of the tandem cell, as well as the influence of shunt and series resistances, two essential parameters for
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optimizing the performance and stability of tandem solar cells. The proposed tandem structure finally achieved
ashort circuit current of 11.685 mA cm ™2, an open circuit voltage 0f 2.0721 V, a fill factor 0f 82.823% and a
power conversion efficiency of 20.054%, results that compare favorably with those reported in the literature.

2. Simulation approach and device configuration

2.1. Simulation software
The SCAPS-1D simulator is used to calculate the photovoltaic (PV) characteristics of the organic solar cells
(OSCs) under investigation. The simulation is based on the fundamental principles of semiconductor physics, in
particular Poisson’s equation and the continuity equations for both electrons and holes. These equations
(Poisson’s equation as equation (1) and the continuity equations as equations (2) and (3)) are fundamental in
describing the behavior of charge carriers within the solar cell.

The simulation takes into account various loss mechanisms, including Shockley-Read-Hall (SRH)
recombination, which is critical to the accurate determination of PV parameters. The symbols used in these
equations are defined and explained to ensure a clear understanding of the calculations [24, 25].

2
82 4 Do) — nw) + No = Ni+ py+ p, 1=0 0
d
éf — Gyp(x) — R @
é% — Gy + RX) 3)

Where w and € represent the electrostatic potential and the permittivity, respectively, while p and g represent
density and elementary charge, respectively. N, is the concentration of donor-ionized doping, and N is the
concentration of acceptor-ionized doping. Pp> P> J1»and J, represent the electron and hole diffusion coefficients
and the electron and hole current densities, respectively.

2.2. Top and bottom sub cell calibration
The tandem cell created is based on sub-cells that have been practically designed and executed. for our proposal
design The front sub-cell is an OSC with a band gap of 1.76 eV, while the rear sub-cell has aband gap of 1.4 eV, as
shown in the following diagram in figure 1 [26] .The upper sub-cell cell was constructed with an ITO front
contact (work function = 4.6 V). For the hole transport layer (HTL), a layer of p-type doped PEDOT:PSS with
an energy bandgap (E,) of 1.60 eV, an electron affinity of 3.60 eV and an acceptor doping concentration (N) of
9 x 10** cm ™~ was used. The light absorption layer consists of a polymerized small molecule acceptor of PIDT,
combined with a polymer donor of PM7 (undoped, 100 nm thick, with an optical bandgap of 1.76 eV and an
electron affinity of 3.74 eV).The electron transport layer (ETL) is formed from n-type PDINN, 30 nm thick, with
an energy bandgap (Eg) of 2.24 eV, an electron affinity of 3.78 eV and a donor doping concentration (N5) of
9 x 10" cm . Finally, a silver (Ag) back contact with a work function of 4.2 eV was used due to its exceptional
electrical conductivity, high reflectivity, and chemical stability, which contribute to efficient charge collection,
enhanced photon management, and long-term device stability [2]. The lower sub-cell is based on a PM6:Y6 as
absorber layer, with an undoped bandgap of 1.27 eV, 100 nm thick, and an energy band gap (E,) of 1.4 eV, with
an electron affinity of 4.1 eV. This absorber layer enhances performance due to the minimal energy difference
between the highest occupied molecular orbital (HOMO) of the donor (PM6) and the acceptor (Y6) [27]. For the
electron transport layer (ETL), tin oxide (SnO,) is employed as the n-type material. SnO, has a high band gap of
3.4 eV, athickness of 150 nm, an electron affinity of 3.40 eV, and an acceptor doping concentration (N,) of
22x10"%em >

The hole transport layer (HTL) consists of Cu,O, having aband gap 0of 2.17 eV, p-type, with a thickness of
150 nm, an electron affinity of 3.20 eV, and an acceptor doping concentration (N) of 1 x 10'® cm ™. The
tandem sub-cells are cells are connected in series separated by an intermediate layer (ICL). This interlayer may be
either a very thin metal layer or a film of transparent conductive oxide in order to optimize absorption and
energy conversion, with each photoactive unit designed to exploit different spectral ranges [28, 29].

The spectrum transmitted from the front sub-cell to the rear sub-cell is described by (4), while the
absorption coefficient () of each material in the layer is specified by (5) [30].

S = SoN) - [T, ek (4)
a(E) = A - Jhv — Eg )
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Figure 1. (a) The Top sub-cell, (b) The Bottom sub-cell.

The physical and geometrical properties of the layers are derived from the latest experimental data and
previous studies and are detailed in tables 1 and 2. These tables include information on layer thicknesses, band
gaps, doping levels, defect densities and interface properties [31]. Defect types and layer densities are held
constant, while thicknesses and doping concentrations are adjusted for optimization, ensuring a precise match
between the lower and upper sub-cells. The simulations use an incident power density of 1000 mW cm ™~ with
an AM 1.5 spectrum.

3. Results and discussions

3.1. Independent simulation of Tcgyy and Bcgy; sub-cells

In this section, we simulated the two sub-cells, the Tcgp; and the Begy 1, separately under the AM1.5 spectrum.
In addition, the Bcgrp was simulated under a filtered spectrum, representing the light transmitted after
absorption by the T gy ;. The results of this simulation are presented in table 3 and are compared with previous
experimental and simulation works.

3.2. Band alignment of upper and lower sub cell

The alignment of energy bands is crucial for solar cell performance. Figure 2 displays the band alignment
diagrams for both the upper and lower sub-cells [33]. Essential to the effective operation of solar cells is the
conduction band offset (CBO) between the absorber and the electron transport layer (ETL) in a heterojunction.
Charge transfer and recombination mechanisms within the tandem cell are significantly affected by variations in
band alignment due to positive or negative CBO values. A negative CBOs increases the flow of electrons,
improving device performance, whereas a positive CBOs creates a barrier to electron transfer, reducing charge
extraction efficiency and increasing the probability of hole—electron recombination at the cell interface, leading
to reduced device efficiency. Similarly, the operation of tandem solar cells is greatly affected by the valence band
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Table 1. Different layer optoelectronic parameters input.

Bottom cell [23] Topcell [2,12]
Parameteres
HTL Active layer ETL HTL Active layer ETL

Materials Cu20 PM6:Y6 SnO2 PEDOT: PSS PM7: PIDT PDINN

Thickness (pm) 0.150 100 0.01 0.03 100 0.03

Eg(eV) 2.17 1.4 3.2 1.6 1.76 2.24

X (eV) 3.2 4.1 4.2 3.6 3.74 3.78

¢ (relative) 7.1 3.8 3.9 3 3 5

Nc(l.cm™3) 2 x 10" 2.5 x 10*! 2.2 x 10" le21 1 x 10* 1x 10"

Nv(l.em™) 1.1 x 10" 2.5 x 10! 22 %10 le21 1x10* 1x10"

He (cm?/Vs) 200 25%x10°* 20 4.5 x 10* 2.89x107* 2x107°

Hp (cm?/Vs) 80 25%x107* 20 9.9%x107° 2.89x 10~ 1x107°

N, (Lem ™) 1x10'® 0 0 9 x 10% 0 0

Np (l.em ™) 0 2.2 % 10" 0 0 1x10%

N((1.cm™) 1x10™ 0 1x10" 1x 10" 0 1x 10"
Table 2. Attributes of Tgry and Begrp interface defects.

Bottom cell Top cell
Parameters
Cu20/PM6:Y6 PM6:Y6/SnO2 PEDOT:PSS/PM7:PIDT PDINN/PM7:PIDT

Defect type Neutral Neutral Neutral Neutral
Electron capture cross-section (cm?) 1x107" 1x107" 1x107" 1x10°"
Hole capture cross-section (cm?) 1x107" 1x107" 1x107" 1x107"

Energylevel above Ev (eV) 0.6 0.6 0.6 0.6
Concentration (Ny) (cm ™) 1x 10" 1x 10" 1x10% 1x10%

Table 3. Performance metrics of top and bottom sub-cells compared to other experimental and simulation works.

PV Parameters Jsc(mA.cm?) Voc(V) FF(%) PCE(%) Tools References
Bottom Cell 37.497 0.9346 70.21 24.60 SCAPS-1D [23]

27.48 0.84 79.0 18.38 Experimental [32]

30.462 0.9257 77.02 21.72 SCAPS 1D This work
Top Cell 14 1.1 65.3 10.1 Experimental [12]

13.76 1.10 66.76 10.110 Tcad [26]

11.47 1.1455 78.56 10.33 SCAPS 1D This work

offset (VBO) between the absorber and the hole transport layer (HTL) in a heterojunction. Changes in VBO can
profoundly influence charge transfer and recombination processes within the device [22, 34].

The Anderson model can be used to calculate the conduction band offset (CBO) and valence band offset
(VBO) for the hole transport layer (HTL), electron transport layer (ETL), and the active layer. According to this
model, the offsets are determined by the following calculation:

CBO = (XActive layer — XETL) (6)
VBO = (XHTL ~ XActive layer) + (EgHTL - EgActive layer) (7)

In our tandem cell configuration, we selected PDINN as the ETL for the upper cell, with a CBO of —0.04 eV,
as shown in figure 2(a). Similarly, we used SnO, as the ETL for the lower cell, with a CBO of —0.1 eV, as indicated
in figure 2(b). This favorable band alignment enhances charge extraction and reduces recombination at the
interface between the upper and lower cells. For the VBO, we chose PEDOT:PSS as the HTL for the upper cell,
witha VBO of —0.03 eV, as depicted in figure 2(a). For the lower cell, we employed Cu,O as the HTL, with a
VBO of —0.43 eV, as shown in figure 2(b).

3.3. Effect of functional organic layer thickness and defect density

To optimize the performance of Tcgr 1 (1.73 eV) and Begpp (1.4 eV) cells, an in-depth study of photovoltaic
parameters was conducted using SCAPS-1D. we study the impact of different defect densities (10’ cm > to

10" cm %), with variations in thickness (0.1 to 0.8 pm) on the performance parameters: PCE, Vo, Jsc and FF.
Figures 3(a)—(d) illustrate the simultaneous variations in performance metrics of the Tcgy; as functions of active
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Figure 2. Energy band diagram of (a) Top cell, (b) Bottom cell.
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Figure 3. Impact of Tcgpp absorber thickness and defect density on (a) PCE, (b) Voc, (¢) Jsc, (d) FF.

layer thickness and defect density. For defects from 107 cm ™ to 10'° cm >, the efficiency increases with
thickness, reaching a maximum of around 15.6% for a thickness of 0.50 pm and 0.60 pm. From 10" em ™3, a
gradual decrease in efficiency is observed in figure 3(a), peaking at just 4.84% for a thickness of 0.70 ppm and 0.80
pmat 10" cm ™. The open circuit voltage (Voc) remains relatively stable between 1.15 and 1.22 V for defects up
t010'* cm . At defectlevels of 10'> cm ™ and 10" cm ™, Vo decreases slightly, reaching 1.12 V. The current
density Jsc increases with thickness for all defect levels up to 10" ¢cm . The maximum is reached at 20.62 mA
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Figure 4. Impact of gy 1 absorber thickness and defect density on (a) PCE, (b) Vo, (¢) Jsc, (d) FE.

cm 2 for a thickness of 0.60 pm from 10" cm™3,a gradual decrease in Jsc is observed, especially at 102 cm™3,

where the current density drops to 9.59 mA cm 2. The fill factor is high (around 78.67%) for small defects, but
decreases with increasing defects and thickness. For defects of 102 cm > and 10" cm 3, FF drops to 52.5% and
36.93%, respectively, at high defect levels, the ability of the material to perform its optimum functions is
compromised, which is reflected in a sharp drop in FF [35].

Figures 4(a)—(d) shows simulation results for the bottom cell, where shows a general tendency to increase
with thickness up to a certain point, followed by a noticeable decrease at high defect levels (from 10'* cm ™ and
above). Atlow defect levels (up to 10'" cm ), the efficiency is relatively stable and increases with thickness, but
drops drastically at very high defect values, especially for lower thicknesses. The Vo remains relatively stable for
lower defect densities (up to 10" cm ™) and increases slightly with increasing thickness. However, at very high
defect levels (from 10'* cm ), a significant drop is observed, suggesting that high defects reduce the open-
circuit voltage significantly. Jsc increases with thickness down to 0.8 pum at lower defect levels. However, at very
high defect densities (from 10'* cm ), it decreases sharply, particularly for large thicknesses. This parameter
seems more sensitive to high defect levels, with significant decreases for defect densities above 10'* cm ™. FF
decreases progressively with increasing defect density and thickness. This indicates that the quality of the device
degrades with higher defect densities. At the lowest defect levels (10" to 10" cm ), the FF remains relatively
stable but begins to fall rapidly for 10'* cm > and beyond. The performance improvement is attributed to the
increased absorber thickness, which enhances carrier generation due to higher photo-excitation. In contrast,
higher defect densities result in increased recombination, which decreases the number of charge carriers and
thus reduces performance [36].

3.4. Effect of ETLs and HTLs

A thorough investigation of different electron transport layers (ETLs) and hole transport layers (HTLs) has been
carried out to further enhance the T g1 and Begy 1, as described in this subsection. Here, 8 types of electron
transport layers and hole transport layers were simultaneously tested in the Tcgr 1, and Begy 1, the impact of these
variations was evaluated. All the electrical parameters utilized at this stage are detailed in tables 4(a) and (b).
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Table 4. (a) Electrical parameters for different ETLs. (b) Electrical parameters for different HTLs.

Parameters C60[37] TiO2[37] CdS[38] IGZO[38] PCBM [39] SnO2[40]  WS2[40] ZnO [40]
()

E, (eV) 1.7 3.2 2.4 3.05 2 3.6 1.8 3.3

X (eV) 45 4 45 4.16 4 4 4 4

¢ (relative) 10 9 10 10 3.9 9 9 9

Ne(lem™)  22x10"® 1.8x10” 18x10"”  5x10'% 2.5 x 10! 22x10"%  2.4x10" 3.7 x 10'®

Ny(Lem™) 1.8x10"” 1.8x10" 1.8x10" 5x10" 2.5 % 10*! 1.8x 10" 1.8x10" 1.80 x 10"

He (cm?/Vs) 0.1 20 100 15 0.2 100 100 100

pp (cm?/Vs) 0.1 10 25 0.1 0.2 25 100 25

N, (L.em ™) 0 0 0 0 0 0 0 0

Np(l.em™®) 1x10" 1x 10" 1x10"®  1x x10'® 1x10'® 1x10'® 1x10'%® 1x 10"

N(@.em™)  1x10" 1x10" 1x10" 1x10" 1x10"% 1x10" 1x10"% 1x10"

Parameters Cul [41] CuO[41] NiO [42] P3HT [42] PEDOT :PSS[43] MoO3 [44] GO [44] Spiro-Ometad [44]

(®)
E, (eV) 3.1 1.51 3.6 1.7 1.6 3.2 2.48 3
X (eV) 2.1 4.07 2.1 3.5 3.4 22 2.3 22
¢ (relative) 6.5 18.1 11.75 3 3 3 10 3
Ne(Lem™)  2.8x10% 22x10" 25x10°  2x10* 22x10"% 22x10%  1.8x10" 22x 10"
N,(lL.em™)  1x10®° 55x10% 25x10*°  2x10* 1x 10" 1.9%x10"®  22x10" 1.8 x 10"
He (cm?/Vs) 100 100 0.001 1.8x107° 45x10° 2x107* 26 21x107°
W (cm?/Vs) 43.9 0.1 0.001 1.86 x 1072 45%x1072 2x107* 23 2.16 x 107°
Na(lem™)  1x10"®  1x10" 1x 10" 1x 10" 1x10'® 1x10' 1x10'® 1x10'®
Np(1.cm ™) 0 0 0 0 0 0 0 0
N((lL.em™)  1x10% 1x10% 1x10" 1x10" 1x10"% 1x10" 1x10"% 1x10%

Figures 5(a)—(d) illustrate the effect of varying ETLs and HTLs on the power conversion efficiency (PCE),
open-circuit voltage (Voc), short-circuit current (Jsc), and fill factor (FF) on Tcgy 1. The highest Vo values
(1.26-1.34 V) are observed when SnO,, WS,, ZnO, and TiO, are used as ETLs in combination with HTLs such as
Cul and P3HT. This can be attributed to a favorable energy level alignment, which minimizes voltage losses and
enhances charge extraction [45]. MoO; with TiO, or WS, also achieves Vo values around 1.30-1.32 V,
indicating efficient carrier transport [45, 46]. The highest Js¢ values (10.48-10.73 mA cm ™ %) are recorded when
PEDOT:PSS is paired with C60 or PCBM as ETLs. This suggests that PEDOT:PSS allows superior hole
extraction, probably due to its high charge mobility and optimal energy level matching [46]. In contrast, CuO
results in a significantly lower Js¢ (~7.1-8.5 mA cm ™ 2), which can be explained by its poor charge transport
properties and non-ideal band alignment, leading to higher recombination losses [45]. The best FF values (up to
87%) are obtained when CuO is combined with PCBM and SnO,, highlighting good interfacial properties and
reduced recombination [45]. On the other hand, MoO3 in combination with the same ETLs results in lower FF
values (~79%-81%), suggesting that interface defects or charge mobility limitations may affect device
performance [45]. The most efficient Tcgr 1 configurations, reaching up to 11%, include SnO, and PCBM as
ETLs, combined with Cul or PEDOT:PSS as HTLs. These combinations provide a balance between high Vo,
Jsc, and FF. In contrast, CuO as an HTL gives the lowest efficiencies (~2.8%—4.4%), confirming its limited
suitability for high performance devices.

For a similar study carried out on the lower cell, figures 6(a)—(d) provide insight into the performance
variations of different ETL/HTL combinations for the Bcgr ;. Cul as an HTL provides the highest Vo values
(~0.85-0.95 V) when paired with PCBM, SnO,, or ZnO. This indicates strong energy level matching and
reduced recombination. Conversely, MoO; and NiO as HTLs result in lower V¢ values (~0.50-0.72 V), which
may be due to increased interfacial losses and higher series resistance [47]. The best Jsc values
(~32-36 mA cm™?) are observed when Cul or NiO are used as an HTL in combination with PCBM, SnO,, or
ZnO. These combinations enhance charge transport and minimize recombination. In contrast, CuO result in
the lowest Jsc (~16—20 mA cm ™ 2), further confirming its poor electrical properties [47]. The highest FF values
(~65%—73%) are achieved with Cul and PEDOT:PSS as HTLs in combination with PCBM and SnO,, indicating
improved charge extraction and minimal resistance losses. MoO; and NiO as HTLs result in lower FF values
(~40%—-55%), suggesting that these materials introduce higher series resistances [47]. The most efficient Bcgy 1
configurations achieve PCE values of ~21%-25%, particularly with Cul as the HTL and PCBM or SnO, as ETLs.
This highlights the superior performance of these materials in ensuring high charge transport and minimal
losses. In contrast, CuO-based configurations yield the lowest efficiencies (~0.5%—4.4%), indicating poor
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compatibility and high charge recombination [45]. The results suggest that for optimal performance, Cul/
PCBM and Cul/SnO, should be favored, as they provide the highest efficiencies (~24%—-25% in Bcgy 1, ~11%in
Tcgrr)- Conversely, CuO-based devices consistently exhibit the worst performance, with lower V¢, Jsc, FF, and
ultimately, reduced PCE. These findings emphasize the importance of selecting ETL/HTL pairs with optimal
energy level alignment, high charge mobility, and minimal recombination losses.

3.5. Effect of the temperature on the upper and lower sub-cells

The semiconducting materials have always been found to be dependent on the temperature [48] ,which
influences key photovoltaic parameters such as PCE, FF, Vo and Jsc by affecting the mechanism of carrier
generation, recombination and transport in the solar cell [49]. The relationship between Vo and Jsc and the
temperature is given by equation (8) [45]. In this section investigates the effect of the operating temperature on
the upper and lower sub-cells within the temperature range of 300 K to 400 K. This analysis aims to provide
valuable insight into the behavior of the cell under different thermal conditions [50].

Iipy+ 1
V,, = nVTln(w); Jiscy = Iipy ®)
{0}

The variation in performance of the two sub-cells as a function of temperature is illustrated in figure 7. For
the lower sub-cell, the results show that Vo and PCE increase significantly from 0.9257 V to 1.02784 V and
from 21.72% to 23.57% respectively, while FF decreases slightly from 77.02% to 75.73% and Jsc decreases
slightly from 30.46 mA.cm ™2 t0 30.28 mA.cm ™2 with increasing temperature. At higher temperatures, there is
sufficient thermal energy is provided to generate more charge carriers and excitons. However, as excitons are
neutral in nature, their higher concentration gradient leads to an increase in the series resistance of the device. As
aconsequence, Vo increases, whereas the FF decreases due to increased recombination and resistance losses
[51]. For the Tcgyy (figure 7(a)), the FF increases steadily with temperature, which can be attributed to enhanced
charge transport and reduced recombination at higher thermal energy levels. In addition, the PCE of the upper
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device showed a consistent increase of 0.016% over the entire temperature range, demonstrating its high
stability even at elevated temperatures. Notably, the PCE of the device showed a slight increase 0of0.01% ata
temperature as high as 400 K, as shown in the results. On the other hand, Vo showed only minor variations,
with an initial increase from 1.14555 V to 1.15425 V between 300 K and 360 K, followed by a slight decrease to
1.14364 V at 400 K. The reduction in the open circuit voltage at higher temperatures can be attributed to an
increase in the reverse saturation current density (J,). This increase is mainly due to two factors: a decrease in the
semiconductor bandgap and an increase in the intrinsic carrier concentration. These combined effects lead to
the slight decrease in Vo observed at elevated temperatures [52, 53].

The contrasting behavior of FF in the two sub-cells suggests that the top cell benefits from improved charge
extraction and reduced recombination with increasing temperature, while the bottom cell suffers from higher
resistive losses and interfacial degradation. This highlights the importance of optimizing the material interfaces
and transport layers in the bottom cell to mitigate the impact of thermal effects on device performance.

3.6. Effect of shunt and series resistance on sub cells

The design of high-performance solar cells requires minimizing the series resistance (Rs) and maximizing the
shunt resistance (Rgy). The series resistance (Rs) represents the internal resistance to current flow in the solar cell
and has a direct effect on the fill factor (FF) and short-circuit current (Jsc), The Shockley equations (10) and (11),
formulated by William Shockley, describe the current—voltage (J-V) behavior of an ideal solar cell taking into
account the effects of Rgand Rg; [10].

Voc = ( ﬂ]ln @ 1— Ve ©)
q Jo JonRsh

(V=JR;) —
W) VR

Jse = Jo — Jpule" kT (10)
Rsh
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Figures 8 and 9 shows the variation in performance of the two sub-cells as a function of series and shunt
resistance. The open-circuit voltages of the two sub-cells are not affected by variations in Rgy and Rs. The short-

circuit current (Jsc) of the two sub-cells remains relatively stable at high values of Rgyy, but decreases with
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v,

Figure 9. Impact of Series and Shunt Resistances on Bottom sub-cell Performance metrics.

increasing Ry, from 30.5 mA cm ™ > t0 8.92 mA cm ™ for the lower cell. This observation is consistent with
Shockley’s equations (9), (10).

The fill factor (FF) increases slightly with Rgy, rising from 76.8% to 77% for the lower cell and reaching
78.6% for the upper cell. On the other hand, it falls significantly with increasing Rg, from 76.8% to 19.3% for the
lower cell, and drops to 25.1% when Rg reaches 100 Q.cm? as confirmed by equation (11). The combination of
the decrease in Jsc and FF leads to a reduction in the overall PCE, as shown by equation (12). For the upper cell,
the efficiency remains stable at around 21.7% at high values of Ry, but drops to 1.59% with increasing Rs for the
lower cell. Efficiency reaches a relatively high level of 10.2% at high values of Rgyy, but drops to 2.85% as Rg
increases for the top cell. By minimizing Rs and increasing Rgyy, it is possible to improve short-circuit current
(Jsc), open-circuit voltage (Vo ), fill factor (FF) and power conversion efficiency (PCE), leading to more efficient
and higher performing solar cells [35].

4. Tandem cell simulation

This section describes the proposed structure for the polymer tandem solar cell (TSC) shown in figure 1.

The proposed design integrates a wide bandgap top cell with a narrower bandgap bottom cell. Table 5
presents a detailed overview of the photovoltaic (PV) performance parameters. Figure 10 show the simulation
results, including the J-V curves and EQE for the tandem solar cell (TSC) and the two sub-cells. The
corresponding PV parameters are as follows (Vo) 0f 2.0721 V, a short circuit current density (Jsc) of
11.685 mA cm ™2, a fill factor (FF) of 82.823% and a power conversion efficiency (PCE) of 20.054%. The results
indicate that the lower current between the sub-cells regulates the tandem current, while the tandem Vo is
almost equal to the sum of the Vo values of the individual cells.
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Table 5. Display of the PV metrics of various cells.
PV parameters Jsc (mA.cmz) Voc (V) FF (%) PCE (%)
Bottom Cell 30.462 0.9257 77.02 21.72
Filtred Bottom Cell 18.24 0.915 78.02 20.09
Top Cell 11.47 1.1455 78.56 10.33
Tandem 11.685 2.0721 82.823 20.054
Table 6. A state-of-the-art comparison between OSC/OSC TSC PV metrics and some TSCs.
Jsc [mA
PCE[%] Vocl[V] cm ™ FF[%] Bottom absorber layer Top absorber layer References
19 1.69 15 74.8  PTB7-Th:BTPSeV-4F (1.21 eV) PM6:01-Br (1.58 eV) [54]
17.3 1.64 14.4 73.3  PTB7-Th:06T-4F (1.24 eV) PBDB-T:F-M (1.72 eV) [55]
15.9 1.66 14.1 68 PM6: SFT8-4F (1.31) PCE-10:BT-CIC:BEIT-4F (1.64 V) [55]
15 1.6 13.6 69 PTB7-Th:PCDTBT:IEICO-4F (1.32 eV)  PBDB-T-2F:TfIF-4FIC (1.65 eV) [55]
19.5 1.912 14.2 72 PBDB-TE: ITCC(1.32 V) PBDB-TF:BTP-eCl11 (1.74 eV) [55]
18.7 1.883 14 70.9  PM6: CH1007: PC71BM (1.36 eV) D18: F-ThBr (1.73 eV) [56]
15.2 1.61 12.9 73 PM6:Y6(1.37 eV) PV2000: PCBM (1.73 eV) [55]
19.6 2.03 13 74.2  PBDB-TF:HDO-4CL:BTP-eC9 (1.39 eV) PB2:GS-ISO (1.78 V) [57]
17.9 2 11.7 76.3  PM6:PY-IT (1.45 eV) PM7:PIDT (1.76 eV) [12]
20.054  2.0721 11.685 82.823 PM6:Y6(1.4eV) PM7:PIDT (1.76 eV) This work

The quantum efficiency for the top cell starts at around 40% at 300 nm and increases with increasing
wavelength, peaking ataround 70% at around 600 nm. It then drops sharply after 700 nm, indicating that the
top cell is optimized to absorb light mainly in the lower part of the visible spectrum (300-700 nm).

The bottom cell shows high quantum efficiency over a wider range of wavelengths, particularly from around
600 nm to 1000 nm, with QE approaching 100%. This suggests that the bottom cell is designed to absorb light in
the higher part of the visible spectrum and into the near infrared (700-1000 nm). Its efficiency drops sharply
after 1000 nm. The top cell absorbs primarily shorter wavelengths, while the bottom cell absorbs longer

wavelengths, maximizing energy capture over a broader spectrum, demonstrating the complementary
absorption profiles of the tandem cells.

5. Comparison with experimental previous studies

We present a comparative study between our proposed tandem cell configuration and other contenders among
thin-film tandem solar cells, highlighting the state-of-the-art in various materials and cell architectures. Table 6
displays the performance metrics of tandem solar cells, with power conversion efficiencies (PCE) ranging from
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15% to0 19.6%. The highest performances are generally associated with cells featuring higher bandgaps for the
top layer (Eg, Tcgrr) and an optimal balance among other parameters. Cells with bottom layer bandgaps (Eg,
Bcgrr) ranging from 1.21 eV to 1.45 eV, and top layer bandgaps (Eg, Tcgrr) from 1.58 €V to 1.80 eV, indicate that
optimal performance is often achieved with well-matched bandgaps, which enhance light absorption and charge
transfer efficiency. Cells exhibiting high open-circuit voltages (Vo) 0of2.02 Vand 2.01 V respectively, along
with a superior fill factor (FF), demonstrate excellent band alignment and improved charge extraction efficiency.
Our proposed configuration stands out with exceptional performance, achieving the highest PCE, Vo, and FF,
while maintaining a competitive short-circuit current density (Jsc). These results underscore the remarkable
efficiency and potential of our design relative to the other listed tandem solar cells.

6. Conclusion

In this work, a 2 T monolithic polymer/polymer tandem solar cell (TSC) model was proposed, with individual
sub-cells calibrated based on experimental investigations. The calibration resulted in power conversion
efficiencies (PCE) of 10.33% for the front cell and 21.72% for the back cell. We conducted an in-depth study of
various factors affecting TSC performance, including the band alignment between the top and bottom cells, and
the thickness and defect density of the organic active layers. In addition, the effect of electron transport layers
(ETLs) and hole transport layers (HTLs) on the performance of both the top cell (T gy ) and the bottom cell
(Bcgrr) was analyzed.

Further investigations examined the effects of temperature, shunt resistance and series resistance on the two
sub-cells. The resulting model gave a short circuit current density (Jsc) of 11.685 mA cm ™2, an open circuit
voltage (Voc) 0f 2.0721 V, afill factor of 82.823% and a PCE 0f 20.054%. These results indicate that our
proposed design has the potential to advance flexible, environmentally friendly and highly efficient tandem solar
cells.

However, this work is limited by the assumptions made in the SCAPS-1D simulation, including the
uniformity of material properties and the idealized nature of the interfaces. Additionally, the absence of
experimental validation for the complete tandem structure represents a challenge for real-world
implementation, as practical considerations such as fabrication complexities, long-term stability, and scalability
were not fully addressed. Future research should focus on experimentally validating the proposed model and
exploring advanced materials and fabrication techniques to overcome these limitations.
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