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Abstract

This study aims to analyze the performance of molybdenum trioxide (MoQOs) as an
inorganic hole transport layer (HTL) in perovskite solar cells (PSCs), taking advantage of
its high thermal stability, optical transparency, and well-aligned energy levels. A
comprehensive numerical simulation of a planar solar cell with the structure
(FTO/Ti102/Perovskite/MoQOs/Au) was conducted using COMSOL Multiphysics to
evaluate the effects of active layer thickness, MoOs layer thickness, series resistance (R;),
and operating temperature on photovoltaic performance. The results revealed that
parameters such as open-circuit voltage (V_oc), short-circuit current density (J sc), fill
factor (FF), and power conversion efficiency (PCE) are strongly influenced by these
variables. Increasing the MoOs thickness was found to enhance hole extraction and improve
V_oc, while high series resistance or elevated operating temperatures significantly reduced
efficiency. These findings provide a theoretical framework and design guidelines for
developing stable, high-performance PSCs employing MoOs as an inorganic HTL, thereby
advancing their potential for practical and commercial applications.

Key Words: Perovskite solar cells, Molybdenum trioxide (MoOs), Hole Transport Layer
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1. Introduction

Perovskite solar cells (PSCs) have witnessed remarkable progress over the past decade, with their
power conversion efficiency (PCE) soaring from 3.8% in 2009 to over 26% in recent lab-scale
research (Kojima et al., 2009; NREL, 2025; Park, 2021). This escalating interest stems from their
outstanding optoelectronic properties, such as a high absorption coefficient, excellent charge carrier
mobility, and the potential for low-cost, solution-based fabrication (Snaith, 2022). A perovskite solar
cell is composed of several layers, including the light-absorbing perovskite layer, an electron
transport layer (ETL), and a hole transport layer (HTL) (Chen et al., 2021). The HTL is a vital
component whose primary functions are to efficiently extract photogenerated holes from the
perovskite layer and transport them to the back electrode while simultaneously blocking electrons to
prevent recombination at the interface (Li et al., 2020).

Traditionally, organic materials like Spiro-OMeTAD have been widely used as HTLs. Despite their
high performance, they suffer from issues related to chemical and thermal instability and high cost,
which impede the commercialization of PSC technology (Kim et al., 2020). To overcome these
challenges, inorganic materials have emerged as promising alternatives (Wang et al., 2021). Among
them, Molybdenum trioxide (MoO:s) stands out as an ideal candidate due to its numerous advantages,
including excellent chemical and thermal stability, high transparency in the visible spectrum, and a
deep work function that aligns well with the valence band of perovskite materials, thereby facilitating
efficient hole extraction (Wang et al., 2024; Wu et al., 2023).

Objectives and Contribution of the Study:
This study primarily aims to achieve the following objectives:

Firstly, systematic Analysis: To conduct a numerical analysis of the performance of a PSC that
utilizes MoOs as an inorganic HTL. Secondly, parameter Optimization: To determine the precise
impact of key device parameters (active layer thickness, MoOs layer thickness, series resistance, and
operating temperature) on the cell's photovoltaic metrics. Lastly, design Guideline Provision: To offer
theoretical insights that contribute to the targeted optimization of MoOs-based PSCs.

The primary contribution of this work is to provide a detailed, quantitative understanding of how
these critical parameters affect cell performance. This offers a theoretical framework to guide
experimental efforts toward fabricating more efficient and stable solar cells, thereby accelerating the
transition from laboratory models to commercial applications (Yoo et al.,, 2021). Numerical
simulation is a powerful tool for understanding and optimizing photovoltaic device performance,
allowing a systematic study of various parameters while reducing the cost and time of experimental
work (Singh et al., 2023). COMSOL Multiphysics, based on the finite element method, provides an
integrated simulation environment for solving the coupled partial differential equations that govern
solar cell operation, such as the Poisson and charge carrier continuity equations (Zai et al., 2020).

2. Methodology and Modeling

A planar n-i-p perovskite solar cell was simulated using the Semiconductor Module within COMSOL
Multiphysics. The simulated device architecture consists of the following layers: Fluorine-doped Tin
Oxide (FTO) as the front transparent contact, a layer of TiO2 as the ETL, a CH3NH3PbI3 perovskite
layer as the active absorber, a MoO5 layer as the HTL, and a Gold (Au) back contact. Figure 1(a)
represents schematic structure of Perovskite Solar Cell made of FTO/TiO,/ CH;NH;Pbl;/Mo0; /Au.
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Figure 1.(a) Schematic structure of Perovskite Solar Cell made of FTO/TiO,/ CH;NH;Pbl;/Mo0O; /Au.
(b)The corresponding energy level diagram.

Figure 1(b) Shows the energy level diagram, which is crucial for explaining the device's operational
mechanism. The diagram demonstrates a favorable "cascade" alignment for charge separation and transport:

e Electron Extraction: The conduction band minimum (CBM) of the TiO2 ETL (-4.0 eV) is positioned
slightly below that of the perovskite layer (-3.9 eV), creating a small energy step that drives the
efficient extraction of photogenerated electrons from the perovskite into the ETL.

e Hole Extraction: The valence band maximum (VBM) of the MoO;HTL (-5.3 eV) is well-aligned with
the VBM of the perovskite layer (-5.4 eV). This near-perfect alignment minimizes the energy barrier
for hole extraction, facilitating their efficient transfer to the HTL.

e Charge Blocking: The deep VBM of TiO,and the high CBM of MoOscreate large energy barriers that
effectively block holes and electrons, respectively, preventing them from reaching the wrong electrode
and thus minimizing charge recombination at the interfaces. This selective charge transport is
fundamental for achieving high photovoltaic performance.

The carefully engineered band alignment is a key enabler for the high efficiency potential of PSCs using
MoO;as the HTL.

The device was illuminated under a standard AM 1.5G solar spectrum with an incident power of 100
mW/cm?. The model is based on solving the coupled Poisson’s equation and the drift-diffusion
continuity equations for electrons and holes.

VX (VXE)—ky’e,E=0 (1)
Where E, kj and ¢, are electric filed, wave number and relative permittivity respectively
The photogeneration rate G(x,y,z) was calculated by first solving Maxwell's equations using the
Wave Optics Module and then coupling the result to the semiconductor physics.

£'|E|?

Grate(x,y,2,1) = —— Q)

Where, €' is imaginary part of the relative permittivity and h is the plank constant (Ali et al.,
2023).

The generation rate of carriers in position (X, y, z) is calculated using the electric field inside each
layer of the cell and is shown in the following equation:

Integration of Gpqee(x,y,2,4) over the wavelength range is performed and the total photo generation
rate Geopq inside the solar cell is expressed as follows:

Amax
Gtotal = f Grate (x! Yz, A)dﬂ- (3)

Amin

by solving Poisson’s Equation and continuity equations describe the dynamics of electrons and holes, at each
mesh element in semiconductor module, the current voltage (J-V) Characteristics of the solar cell and the
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carrier concentration in the structure are obtained:

V.(&,V0) = —p 4)
a 1
5t =2 U+ Gn— Ry (5)
ap 1
> =cVpt+ Gy~ Ry (6)

Where ¢, is the relative permittivity of semiconductor, @ is the electrostatic potential, p is the total charge
density and g electric charge determined as follows equation:

p=@—-n+Ny—Np) ()
Where Npand Ny is the donor and acceptor doping concentration.

Gy and Gpare the generation rates, and R,and R), are the recombination rates of electrons and holes, that can
be calculated with the aid of Shockley Real Hall trapping model as follow:

R= np—-n?/ty(n+n)+1,(p+n) (8)

where n and p are the electron and hole concentration, 7,, and 7, are the life times of electron and hole, n;
intrinsic carrier concentration.

Jnand J,, are the electron and hole current density, expressed by the electron and hole drift-diffusion charge
transport equations as follows:

Jn = —quanVO + qD,Vn) )
Jp = —quppV0 + qD,Vp) (10)
Where p,and p, are the electron and hole mobility, D,and Dpare the electron and hole diffusion coefficient.

After obtaining the current density-voltage (J-V) characteristics of the solar cell, we can obtain the Power
conservation efficiency of the solar cell as follows:

_FF XVpe XJse _ Pn an

n
P; Py

Where V,. , J and FF are the open-circuit voltage, the short-circuit current density and fill factor,
respectively, P,, maximum power , P;, input power. The fill factor can be expressed as:

Vmp X ]mp
Voe X Jsc

Where J;upand Vi, current density and voltage at the maximum power point that are obtained from the J-V
characteristic. The parameters were taken from the materials library or manually from the relevant literature.
The physical parameters for each layer are given in Table 1, E; denotes the band gap, &,is the relative
permittivity N.and N, are effective conduction band and valance band densities, u,and u, are electron and
hole mobilities,  is electron affinity, NyandNp are acceptor and donor densities, and 7, and 7, are the life
times of electron and hole were defined based on values reported in recent scientific literature (Ali et al., 2023)

FF = (12)

Table 1: Material proprieties used in this work.

Parameter TiO, CH;NH;PbI; MoO;
Thickness(nm) 90 available 400
Eg(ev) 3.2 1.55 3
Er 9 6.5 12.5
x(ev) 4 3.92 2.5
N.(cm™3) 1x10%° 1x10%° 2.2 x 1018
N, (cm™3) 1x 1019 1 x 107 1.8 x 1019
N,(cm™3) - 3 x 1015 1x 1016
Np(cm™3) 2 x 1018 - -
Wn/Mp(cm™2/Vs) 20/10 50/50 25/100
Ty /Tp(NS) 5/2 8/8 5/5
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3. Results and Discussion

3.1. Effect of Active Layer Thickness on Cell Performance
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Figure 2. Effect of HTL thickness on cell performance, (a) V., /,. vs thickness; (b) PCE, FF vs thickness

Figure 2(a) shows that as the thickness increases from 100 nm to 1000 nm, the V,.increases monotonically,
while the Jg. first increases, peaks around 500-600 nm, and then decreases. The initial rise in Jg. is due to
enhanced light absorption. However, as the layer becomes thicker than the carrier diffusion length (~1 pm),
photogenerated carriers are more likely to recombine before being collected, causing Ji.and FF to drop. The
PCE, therefore, shows an optimal value at a thickness of around (500 nm), where the balance between
absorption and collection is maximized. The increase in V. is attributed to enhanced light absorption and a
higher density of photogenerated carriers in a thicker film. However, the drop in J;.suggests that charge carrier
collection becomes less efficient. As the layer thickens, the average distance carriers must travel to reach the
transport layers increases, elevating the probability of bulk recombination before collection.

Figure 2(b) demonstrates the net effect of these opposing trends on the FF and PCE. Both parameters exhibit a
significant decrease with increasing thickness. The decline is primarily driven by the reduction in Jg.and an
increase in the device's series resistance, which leads to a lower FF. This indicates that for this specific device
structure , efficient charge collection is more critical than maximizing light absorption beyond a certain point.
An optimal thickness exists that balances these factors, which, according to the graph, lies in the lower range
(e.g., 100-300 nm) to maximize overall PCE.

3.2. Effect of Mo0oOs Thickness on Cell Performance

The effect of varying the MoO; layer thickness on the solar cell's performance was investigated. The
results show that the thickness plays a dual role. On one hand, the layer must be thick enough to
ensure complete, uniform coverage of the perovskite film, preventing any short-circuiting between
the perovskite and the back contact. On the other hand, an excessively thick layer increases the
device's series resistance (R), which impedes hole transport and reduces the fill factor (FF) and
power conversion efficiency (PCE) .
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Figure 3. Effect of HTL thickness on cell performance, (a) V,., /,. vs thickness; (b), PCE, FF vs
thickness.

The thickness of the MoO;HTL plays a significant role, Figure 3(a) Shows that the J;. remains
almost entirely constant as the MoOsthickness varies from 100 nm to 400 nm. This is expected, as
Mo0Oshas high transparency in the visible spectrum and does not contribute to photogeneration. In
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contrast, the 1/, shows a clear linear increase with thickness. This improvement can be attributed to
the enhanced charge-blocking properties of a thicker HTL, which more effectively prevents electron
recombination at the Au electrode, thereby reducing the diode saturation current and increasing V...

Consequently, as shown in Figure 3(b), the PCE increases significantly with MoOsthickness, driven
almost entirely by the rise in V., while the FF remains stable at a high value of ~78%. This suggests
that a thicker MoOslayer, within this range, is beneficial. However, it is well-established that an
excessively thick HTL can increase series resistance, which would eventually lead to a drop in FF and
PCE. Therefore, an optimal thickness must be identified that maximizes V. without introducing
significant resistive losses.

3.3. Effect of Series resistance (Ry)
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Figure 4. Effect of Series resistance on cell performance PCE, FF vs thickness.

Figure 4. Shows highlights the detrimental impact of parasitic series resistance (Rs) on device
performance. As R increases from near zero to 30 ohm-cm? both the FF and PCE decrease
dramatically. Series resistance arises from the bulk resistivity of the layers and the contact resistance
at the interfaces. A higher R leads to increased ohmic losses (I°R), which dissipate power as heat
rather than contributing to the output power. This is primarily reflected in a reduction of the fill
factor, as the slope of the J-V curve at V. becomes less sharp. The direct consequence of a reduced
FF is a lower PCE. This result underscores the critical importance of high-quality material deposition
and interface engineering to minimize series resistance for fabricating high-efficiency solar cells.

3.4. Effect of Operating Temperature on Cell Performance

Studying solar cell performance under realistic operating conditions is essential, as the cell's
temperature naturally rises under solar illumination. The simulation results revealed that the
performance of the perovskite solar cell is adversely affected by an increase in temperature.
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Figure 5. Effect of operation thickness on cell performance, (a) V., J oc VS thickness; (b), PCE, FF vs
thickness.
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Figure 5. highlights the detrimental impact of parasitic series resistance .The thermal stability of
PSCs is a key concern for real-world applications. The figure demonstrates that as the operating
temperature increases from 300 K to 350 K, the device performance degrades. While the J;. remains
relatively stable, the V. exhibits a significant, near-linear decrease. This behavior is characteristic of
most semiconductor-based solar cells and is primarily caused by an increase in the intrinsic carrier
concentration (n;) and the diode saturation current with temperature. The temperature dependence of
V,c 1s a dominant factor in the thermal degradation of performance.

Consequently, both the FF and PCE decline as the temperature rises. The degradation of V,.and FF
combine to produce a negative temperature coefficient for the PCE, indicating that the cell is less
efficient at higher operating temperatures. This highlights the need for effective thermal management
strategies in PSC modules and the ongoing research into developing more thermally stable device
components.

4. Conclusion

In this study, the performance of a planar perovskite solar cell incorporating an inorganic MoOs hole
transport layer was systematically investigated through numerical simulation. The study successfully
achieved its objectives, as the analysis revealed that the device's photovoltaic parameters are highly
sensitive to the thicknesses of the active and hole transport layers, as well as to parasitic resistances
and operating temperature.

An optimal perovskite layer thickness was identified as a trade-off between maximizing light
absorption and ensuring efficient charge carrier collection, with thinner layers proving more effective
in mitigating bulk recombination. Increasing the thickness of the MoOs; HTL was found to be
beneficial for enhancing V,. by suppressing interfacial recombination, thereby boosting the overall
PCE. Furthermore, the strong adverse effects of series resistance and elevated operating temperatures
were quantified, underscoring the critical need for high-quality interfaces and effective thermal
management.

The main contribution of these findings is the provision of a theoretical framework and valuable
guidelines for the design and fabrication of high-performance, stable perovskite solar cells based on
robust and cost-effective inorganic charge transport materials. These insights can guide researchers in
the field to reduce the necessary number of experiments and optimize device performance more
rapidly, supporting the advancement toward the commercialization of this promising technology.
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