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This study investigates the effect of charge transport layers on the efficiency of Poly[2-methoxy-5-(2-ethylhexyloxy)-1,4-
phenylenevinylene] (MEH_PPV) and Zirconium Disulfide (ZrS:) solar cells using Scaps-1D software. It was found that by increasing the
MEH-PPV thickness and decreasing its acceptor doping concentration, the efficiency (1%), fill factor (FF), and short-circuit current density
(Jse ) decreased. Conversely, increasing the thickness of the ZrS: electron transport layer and decreasing its donor doping density enhanced
the efficiency (1%) and short-circuit current density (Jsc) while maintaining a constant open-circuit voltage (Voc). These results can be
attributed to decreased charge separation and collection in MEH-PPV and reduced optical path length in ZrSz. On the other hand, the back
contact with work function is below 4.65 eV, the MEH-PPV/ZrS; solar cells produced the lowest efficiency compared to different types
of back contact. Under optimal conditions, MEH-PPV/ZrS: solar cell shows a high efficiency of 21% when the dopant concentration of
MEH-PPV and the value of the neutral defect density at the ZrSo/ MEH-PPV interface are 10%2cm and 10° cm™ respectively.
Keywords: SCAPS simulation, Solar cells; Doping density; Interface Defect; Work function
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1. INTRODUCTION

Over the past decade, scientists working on solar cells have explored various materials and techniques to create
solar cells that are both highly efficient and cost-effective [1-4]. One notable development is perovskite solar cells
(PSCs), which have garnered significant attention due to their impressive power conversion efficiency (PCE) and their
ability to address several existing limitations [1, 2]. In 2009, Tsutomu Miyasaka and his team published an article
demonstrating the achievement of 3.8% power conversion efficiency through a perovskite solar cell with a scaffold of
mesoporous TiO; [3]. Since then, the efficiency of PSCs has rapidly increased to reach 25%, providing an alternative
solar cell technology to the Si, CdTe, and copper indium gallium commercial solar cells [2]. In general, solar cells are
mainly composed of different materials that work as electron and hole transport layers (ETL, HTL). ETL materials can
be prepared from different materials, such as transition metal dichalcogenides (TMDCs) [5, 6]. For example, ZrS, is a
two-dimensional (2D) transition metal disulfide synthesized as a thin film for application in flexible transparent devices.
It has high electron mobility and a small energy gap. Therefore, they received significant attention due to their potential
as candidates for various applications, including solar cells. In our recent publication, zirconium disulfide (ZrS,) has
been used in studying the properties of Go/ZrS, solar cells. The device shows a high efficiency of 15% [6]. For hole
transport materials (HTL), organic materials have been widely used as HTL in fabricating organic light-emitting diode
OLEDs or flexible and lightweight organic photovoltaics, in addition to their easy fabrication features [7-9]. One
example of such materials is MEH PPV (poly[2-methoxy-5-(2-ethylhexyloxy)-1,4-phenylenevinylene]), which has the
absorption of light at a wavelength of 450-550 nm and orbital energy at 5.3 eV for the highest occupied molecular
orbital (HOMO) and the lowest unoccupied molecular orbital (LUMO) at 3.2 eV [10]. Moreover, the MEH-PPV layer
is interesting for light energy harvesting because it absorbs light in the 450—550 nm range, which has relatively high
photon energy and converts more sunlight into electricity [11, 12].

The performance of MEH-PPV solar cells is influenced by the characteristics of the MEH-PPV layer, including its
thickness, energy band gap, stability, and mobility [12, 13]. Optimizing these conduction properties is crucial for
enhancing the efficiency of organic solar cells. For instance, our previous research illustrates how the traits of nc-TiO;
grains impact the performance of organic-inorganic solar cells and how the rigidity of the thiophene ring affects dye-
sensitized solar cell efficiency [14]. The findings indicate that the film morphology developed during processing and the
structure of the polymeric chain can hinder the pore filling of the mesoporous layer, which in turn significantly impacts
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inter-chain hopping and overall device performance. This study intends to explore the elements that may influence the
performance of ZrS,/MEH-PPV by utilizing the capacitance simulator (SCAPS-1D) version 3.3.0, a software tool
developed by Burgelman et al. [15]. The factors considered include temperature fluctuations, variations in layer thickness,
doping levels, and series resistances of the solar cell components.

2. DEVICE SIMULATION

It has been known that numerical simulation can play a vital role in optimizing different structures of solar cells,
such as SCPAS. In the beginning, this simulation was used to simulate the efficiency of solar cells whose components are
CulnSe2 and the CdTe family [11]. Then, it was applied to identify the parameters that influence the performance of solar
cells. These parameters include the thickness, energy band gap, and charge carrier concentration of components of solar
cells. On the other hand, the results obtained from both the SCAPS-1D program and experimental measurements are very
close to each other. [16]. The SCAPS-1D software is based on solving the fundamental semiconductor equations essential
for modelling solar cell behavior. These include the Poisson equation e, the Poisson equation (1), and the continuity
equations for electrons and holes (2 and 3). [6.11]
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Where € represents the dielectric constant, q denotes the charge of an electron, NA and ND indicate the densities of
ionized acceptors and donors, respectively, W refers to the electrostatic potential, Jp is the current density associated with

holes, Jn is the current density associated with electrons, Gop signifies the rate of carrier generation, R is the overall

recombination rate, p represents the density of free holes, n stands for the density of free electrons, while pp and pn are
the distributions of holes and electrons, respectively.The following drift-diffusion equations (2) and (3) represent the
hole and electron carrier transport properties of the semiconducting material. In this work, the proposed solar cell is
composed of zirconium disulfide (ZrS,) and poly[2-methoxy-5-(2-ethylhexyloxy)-1,4-phenylenevinylene] (MEH-PPV)
and front contact (fluorine-doped tin dioxide, SnO;Fn) and back contact (Gold, Au). We studied the dependence of
the parameters of solar cells on the properties of charge transport layers. These parameters are power conversion
efficiency (1%, short circuit current density (Js), and fill factor (FF) extracted by drawing the current density versus
voltage of solar cells under different conditions and back contact (Gold, Au). Figure 1 shows schematic diagrams of
SnO,:F/ZrS,/MEH-PPV/Au solar cells. From previous literature (6,13,17), Tables 1 and 2 present the input parameters
used in SCAPS simulators for studying the performance of solar cells.

Front contact- AU

ZrS; Layer

Back contact - Sn02:F

L)

Figure 1. Schematic diagrams of SnO2:F/ZrS2/MEH-PPV/Au solar cells

Table 1. Simulation parameters of components of MEH-PPV/ZS solar cells

Material properties ZrSy MEH-PPV
Thickness(pm) Varying Varying
Bandgap (eV) 1.55 2.1
Electron affinity(eV) 4.7 2.8
Dielectric permittivity(relative) 16.4 3

CB effective density of states (1/cm?) 22¢' 2et?
VB effective density of states (1/cm?) 1.8 e 2et?
Electron mobility (cm3/Vs) 300 le?
Hole mobility (cm3/Vs) 30 le®
Shallow uniform donor density ND (1/cm?) 1.00 e*? 0

Shallow uniform acceptor density NA (1/cm?) 0 le'd
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Table 2. Simulation parameters of back and front contact of solar cells

Parameters Back contact (Au electrode) Front contact (SnOz:F electrode)
Surface recombination velocity of electrons (cm/s) 1.00E" 1.00E*
Surface recombination velocity of holes (cm/s) 1.00E"7 1.00E"7
Metal-work function(eV) 5.1 4.5

3. RESULT AND DISCUSSION
3.1. Effect properties of MEH-PPYV on the performance of solar cells
Figure 2 shows the effect of MEH-PPV thickness on the photovoltaic parameters of MEH-PPV/ZrS; solar cells. The
thickness of the MEH-PPV layer varied from 10 nm to 250 nm.
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Figure 2. Effect of MEH-PPV thickness on cell performance parameters

Figures 2a and 2b demonstrate that an increase in MEH-PPV thickness from 10 nm to 250 nm results in a decrease
in both efficiency and fill factor, from 20.66% to 6.71% and from 81.3% to 27.24%, respectively. This is attributed to
reduced charge separation collection at the MEH-PPV and ZrS; interface due to the bad matching of their atomic orbitals.
Besides, thicker HTL in solar cells increases the series resistance in the pathway of positive charge transport additions,
which introduces defects and traps, thus, leading to increased charge recombination. These drawbacks cause a decrease
in the performance of MEH-PPV solar cells, which agrees with the published work in [18]. On the other hand, Figures 2¢
and 2d show the open-circuit voltage (V) and short-circuit current density remain constant at approximately 0.87 V and
32.2 mA/cm?, respectively, because the built-in potential is not affected by the increase in thickness.

Figure 3 shows Jsc, Voo, FF, and efficiency of the MEH-PPV /ZrS; solar cell as functions of the acceptor doping
concentration of the MEH-PPPV layer. This concentration was changed over five orders of magnitude from 1x10'7 to
1x10%? cm 3. The results show that the low MEH-PPV doping level produces lower efficiency and fill factor compared to
the high MEH-PPV doping level in MEH-PPV/ZrS; solar cells. Figures 3a and 3b show the efficiency and fill factors
were enhanced with an acceptor doping concentration ranging from 0.66% to 21.32% and 22.38% to 83.95%, respectively.
Moreover, the open circuit voltage V. remains constant while the short circuit current density increases and reaches its
peak value with an increase in doping density (see Figures 3c and 3d). The JSC gets saturated with small changes when
the doping concentration reaches 10-2°cm™. Similar results are reported by Bradesko et al. who emphasized that a high
doping level effectively reduces the ohmic losses of the cell and minimizes free carrier recombination by enhancing the
electric field in the space charge region [19]. Therefore, increasing the doping level in the active region leads to extra
charge carrier generation and also controls the photocarrier transport path, and consequently, it leads to increased
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efficiency. A high doping level effectively reduces the ohmic losses of the cell and minimizes free carrier recombination
by enhancing the electric field at the space charge region.
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Figure 3. Effect of the doping concentration of MEH-PPV on cell performance parameters

3.2. Effect of properties of ZrS: on the performance of solar cells

Figure 4 shows the effect of the thickness of the electron transport layer, ZrS; on the performance of ZrS,/MEH PPV
solar cells. Its thickness varied from 0.25 um to 1.5pum and the values of acceptor density and thickness of MEH - PPV
are 0.05um and 10" cm~ respectively. The enhancement of efficiency is attributed to an increase in short-circuit current
density of around 30%, while the decrease in fill factor was approximately 14%. The advantage of having thicker ZrS,
improves electron-hole pair generation more than their recombination. This can be explained by the high electron mobility
in ZrS,, which minimizes the increase in series resistance in thicker materials [20]. The results present that the increase
in thickness of ZrS, leads to an increase in Jsc from 30.61 mA/cm?to 38.66 mA/cm? whereas the V.. remains constant,
which in turn enhances efficiency. This can be explained based on the fact that increasing the ZrS, layer thickness leads
to enhancing the optical path length of the light falling on the device and ionizing more atoms within the materials. This
causes the material to produce more electron-hole pairs, corresponding to a large amount of light absorption. Additionally,
the narrow bandgaps of the ZrS; layer enhance the photo-charge separation and consequently increase the short circuit
current density [21]

Figure 5 shows the effect of donor doping concentration in the ZrS: layer on the efficiency, Vo, Js, and FF of the
solar cells. The donor density was varied from 1x10'7 to 1x10% cm™. At a lower ZrS: doping level, the MEH-PPV/ZrS:
solar cells produced higher short-circuit current density and efficiency compared to a higher ZrS: doping level. As shown
in Figures 5-a and 5-b, the efficiency and Jsc decrease as the acceptor doping concentration increases, from 38.2 mA/cm?
to 35.11 mA/cm? and from 17.4% to 16.25%, respectively. Moreover, the open-circuit voltage (Vc) remains constant,
while the fill factor (FF%) increases and reaches its peak value with increasing doping density (see Figures 5-c and 5-d).
The doping concentration influences the electric field and the processes of charge generation, transport, and recombination.
For example, a study reported that low dopant concentrations (<10?° cm3) do not significantly affect the parameters of
bulk heterojunction cells, whereas higher doping levels decrease efficiency. These results are consistent with our results,
which attribute the increased efficiency at low doping concentrations to reduced recombination rates and improved charge
carrier mobility, combined with minimized parasitic losses. Additionally, low doping levels enhance the built-in electric
field strength, leading to more effective charge separation and collection [22, 23].
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Figure 4. Effect of ZrS: thickness on cell performance parameters
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Figure 5. Effect of dopin concentration of ZrSz on cell performance parameters
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3.3. Effect of interface defects (N«) on the performance of solar cells

It has been reported that the properties of interfaces play an important role in the permanence of solar cells [24]. In
general, the formation of these defects is related to structural imperfections of the active layer, inconsistent fabrication
techniques, mismatched energy levels, poor adhesion between ETL and HTL, and exposure to oxygen. In our solar cells,
an interface defect is created between ZrS, and MEH-PPV where charge generation and separation occur. Therefore, to
study the influence of defects on a solar cell’s efficiency, the neutral defect density at this interface was varied from
1x10° cm-3 to 10 ' m™. Figure 6 shows a reduction in u, FF, and V., while Js remains unaffected by an increase in defect
density at the ZrS,/MEH-PPV interface. These results can be attributed to enhanced recombination losses; Jsc remains
unaffected as it is more dependent on the generation of charge carriers than recombination, which agrees with some of
the previous reports [24]. At low defect density, the carrier diffusion length is high, resulting in lower recombination
processes, which contributes to improved photovoltaic performance.
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Figure 6. Effect of defect density at ZrSo/MEH-PPV interface on cell performance parameters

3.4. Effect of back-contact work function

The properties of back contact in MEH-PPV/ZrS, solar cells have been studied to enhance their performance and
thermal stability. This improvement can be achieved by selecting a suitable work function material as the back contact
may yield a reasonable built-in voltage between the metal and active layer. The built-in voltage affects the open-circuit
voltage of solar cells, which is accompanied by an increase in electric field. This field within solar cells serves as a driving
force for separating and collecting the photogenerated charge carriers from their corresponding electrodes before they
recombine and lose. It can also involve selecting appropriate materials with suitable energy levels, modifying the device
architecture, or using interfacial layers to adjust the energy level alignment [6]. Table 3 shows the parameters of
SnOs:Fn/ZrS,/ MEH-PPV/Au solar cells versus different back-contact work functions. It was observed that with the
decreasing of the back contact work function from 5.35 eV to 4.5¢V, the V. stayed constant around 0.66 V. While it
reduced to 0.5V when the work function decreased below 4.5 eV. However, both p and FF continued to decrease from
17.4% to 1.54% and 68.47 to 9.81 respectively. The short circuit current (Jsc) remained nearly unchanged despite
variations in the back contact work function. On the other hand, as the workforce of the back contact decreases, the
Schottky barrier at the MEH-PPV/back contact interface increases and impending hole transport from MEH-PPV to the
back contact. Consequently, both FF and PCE are also reduced.
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Table 3. The parameters of SnO,:Fn/ZrS,/MEH-PPV solar cells versus different back-contact metals.

Back contact work function(eV) Efficiency p% FF% Voe(Volt) | Jse(mA/cm?)

Platinum (Pt) 5.35 17.4 68.47 0.66 38.25

Gold (Au) 5.1 174 68.46 0.66 38.25

Copper (Cu) 4.65 1241 48.85 0.66 38.25

Iron (Fe) 4.5 7.47 29.45 0.66 38.25

Silver (Ag) 4.5 1.54 9.81 0.5 38.1
CONCLUSIONS

This work investigates the effect of properties charge transport layers on performance of MEH-PPV /ZrS: solar cells
using SCAPS software. The results reveal that Increasing MEH-PPV thickness and decreasing its doping concentration
reduce efficiency while increasing ZrS. thickness and decreasing its doping density improve efficiency. The optimal
values of the neutral defect density interface and the work function of back contact were is 10° cm™ and higher 4.65 eV
respectively.
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V wiit poGOTi JOCIIKY€ETHCS BIUTUB LIAPiB TPAHCIIOPTYBAHHS 3apsiay Ha e(eKTUBHICTh COHSYHUX EIEMEHTIB i3 moJi[2-meTokcu-5-(2-
eTuirekcuioken)- 1,4-peninensinineny] (MEH_PPV) i mucynsdiny twmpkosnito (ZrS:) 3a I0MOMOTr0I0 IPOrpaMHOro 3ade3neyeHHs
Scaps-1D. Byno BctaHOBJ€HO, 110 mpu 30inbienHi ToBiHn MEH-PPV i 3MeHIIIeHHI KOHIIEHTpALil HOr0 aKIEeNTOPHOTO JOIyBaHHS
epexTuBHICTE (11%), koedimient 3amoHeHHs (FF) i ryctmna ctpymy KkopoTkoro 3aMukaHHsS (Jsc) 3MeHIIyIoTeCcs. | HaBmakw,
301TBIIEHHS] TOBIIMHM IIapy TPAHCIIOPTYBAHHS €IEKTPOHIB ZrS: i 3MEHIICHHS HOTO IUIBHOCTI JOHOPHOTO JETYBaHHS IiIBHUIIHUIO
edextuBHICTH (1%) 1 IUIBHICTH CTPYMY KOpPOTKOTO 3aMuKaHHS (Jsc), 36epiraroum mocTiliHy Hampyry xomocroro xoxy (Voc). Li
pe3yabTaTH MOXKHA MOSICHUTH 3HIDKCHUM PO3MOALIOM i 360pom 3apsiiB y MEH-PPV i 3MEHIICHOO JOBKHHOK ONTHYHOTO LUISIXY B
ZrS;. 3 iHmoro OOKy, 3BOPOTHHI KOHTAakT i3 poOororo Buxoxy Hmwxkde 4,65 eB, comsuni enementn MEH-PPV/ZrS:; nokazanm
HaWHWKYY e(BCKTHBHICTh MOPIBHSHO 3 Pi3HUMH THIIAMH 3BOPOTHOTO KOHTAKTY. 3a ONTHMAJbHHX YMOB COHsuHa Oartapest MEH-
PPV/ZrS2 noka3ye Bucoky epexruBHicTs 21%, konu konuenrpauis ronantry MEH-PPV i 3naueHHs HeliTpanbHOT LIBHOCTI AedeKTiB
Ha Mexi ZrS/MEH-PPV cranosnsats 1022 cm-3 i 10° em™ Bianosiaso.

Kurouosi cinoBa: SCAPS modentoganms, coHAUHI eneMenmu,; WinbHicmy 1e2y8anis, oeghexm inmepgheiicy; poboua ¢hyHkyis





