
Performance simulation of perovskite solar cell with Ti3C2TX 
MXene as the HTL 

Margdaline Musanga Ligavo1, Sebastian Waita1, Francis Wanjala Nyongesa1 Mmantsae 
Diale2 

1Department of Physics, University of Nairobi, P. O. Box 30197 – 00100, Nairobi, Kenya 
2Department of Physics, University of Pretoria, Private Bag X20, Hatfield, 0028, South Africa 

Abstract 
Lately, the use of 2D transitional metal carbides (MXene) in perovskite solar cells (PSC) due to their favorable 
properties like high carrier mobility, high electrical conductivity and tunable work function, has gained 
significant attention. The use of Ti3C2Tx as HTL in perovskite experimentally has been reported. In this work, 
a simulation of perovskite solar cell incorporating Ti3C2Tx MXene as hole transport layer (HTL) using SCAPS-
1D software has been presented. A numerical investigation of the effect of ETL, HTL, and absorber doping 
concentration; absorber defect density; absorber/ETL and absorber/HTL interface defect density, and HTL 
thickness on the device photovoltaic performance has been explored. After optimization, the metric parameters 
obtained were; VOC = 0.9287 V, JSC = 21.43 mA/cm2, FF = 70.90 % and PCE = 14.11%. Comparing the 
simulated and experimental results reported shows that optimizing the MXene thickness, doping 
concentrations and defect densities improves the device’s photovoltaic performance. 

Keywords: MXene, SCAPS-1D, perovskite, photovoltaic performance  

1. INTRODUCTION 
Perovskite solar cells (PSCs) have gained extensive research attention due to their excellent optoelectronic 
properties like tunable band gap, high optical absorbency factor, low exciton binding energy, high carrier 
diffusion length and low manufacturing cost. Since PSCs were first reported in 2009, their PCE has 
tremendously risen from 3.8 % to an impressive value of 26.1 % for over a decade indicating their great 
potential as substitutes for the dominant silicon-based solar cells (Liu et al., 2023). Despite the remarkable 
PCE reported, the practical application of the PSCs is still inhibited by factors such as oxygen, light, and 
thermal stability, and large scale reproducibility and low PCE obtained by large scale modules (Diouf et al., 
2023; Yang et al., 2024). Several approaches have been employed to enhance the stability and hence efficiency 
of PSCs including incorporating stabilizing agents, fabricating devices in an inert environment and designing 
PSCs basing on  innovative device architectures (Baraneedharan et al., 2024). Lately, the application of 2D 
transitional metal carbides (MXenes) in PSCs has gained much attention. MXenes are prepared by selectively 
etching the A layer from the MAX (Mn+1AXn) precursors, where M is a transitional metal such as Mo, Zr, Ti, 
Cr, A stands for an A-group element like Al, Ge, Si, Ga while X takes oxygen or carbon or a mixture and n=1 
to 3 (Babar et al., 2023). The general formula for MXenes is Mn+1XnTx where n varies between 1 & 3 and T 
represents -O, -F and/or -OH functional groups which form due to the reaction with acids during the etching 
process. MXenes exhibits three lattice structures namely M2X, M3X2, and M4X3 comprising 3, 5 or 7 atomic 
layers respectively (Salim et al., 2019). MXenes exhibit distinctive properties like tunable band gap and work 
function, high optical transparency high charge mobility that make them suitable for production of more 
efficient large-scale PSCs. In addition, these 2D materials can inhibit moisture induced decomposition of the 
PSC boosting their stability. MXenes can be utilized as HTLS, ETLS, additives, interlayers and electrodes in 
PSCs to improve efficient charge extraction and film quality enhancing their photovoltaic performance (Qamar 
et al., 2022; Yang et al., 2023). 

TiC3Tx Mxene was the first to be discovered and is the most widely studied. It possess excellent properties like 
flexibility, hydrophilicity, high electrical conductivity and the ease of preparation from aqueous solutions (Du 
et al., 2022a; Yang et al., 2023). The use of TiC3Tx Mxene as an additive in the PSC absorber material was 
first reported by Guo et al. (2018). They found that due to its high electrical conductivity and charge mobility, 
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the Mxene, enhanced charge transfer improving the device’s PCE. In addition, they reported that the 
termination groups in the Mxene slowed down the crystallization process of the perovskite hence increasing 
the film’s crystal sizes. With 0.03 wt% TiC3Tx additive, a PCE of 17.41 %, VOC, FF, JSC of 1.03 V, 0.76 and 
22.26 mA/cm2 respectively were obtained outperforming the performance of the pristine device which 
produced a PCE of 15.54 %, JSC = 20.67 mA/cm2, VOC = 1.00 V and FF = 0.75. TiC3Tx Mxene demonstrated 
its potential to be used an ETL in PSC for instance, Wang et al. (2021) fabricated PSC with TiC3Tx ETL 
through the room temperature solution process followed by oxygen plasma treatment. They observed that 
modifying the surface of the Mxene via oxygen plasma treatment broke partly the Ti-C bonds randomly 
liberating the Ti-O bonds on the Mxene surface resulting in tunable work function, a decrease in trap states an 
enhanced transportation of electrons near the interface enhancing the device PCE. Pb-O interactions amid the 
perovskite and Mxene lead to improved device stability. The champion device was obtained for plasma 
treatment of 3 min producing a VOC, JSC, FF and PCE of 1.03 V, 24.17 mA/cm2, 80.0 % and 19.92 % 
respectively. The application of TiC3Tx Mxene incorporated with varying amounts of silane coupling agent 
(SCA) vinyltris i.e 2-methoxyethoxysilane  as HTL in PSC through spray coating technique was reported by  
Du et al. (2022).They observed that  introducing SCA in   TiC3Tx  films  by  spray coating enabled formation 
good quality films that enhanced device PCE from 11.12 % to 13.65 % due to enhanced hole extraction, hole 
transfer and  low mobility resistance at the HTL/perovskite interface.  

The PCE obtained for PSC with TiC3Tx Mxene as HTL is still relatively low, hence it is imperative to explore 
further on ways of optimizing parameters that would maximize the PCE obtained using this material. Hence 
in this work, we present a simulation of planar inverted PSC with TiC3Tx Mxene as HTL 
(ITO/Ti3C2Tx/MAPbI3/PCBM/Ag) and provide an optimization procedure for the device’s ETL, HTL, 
absorber doping concentrations, Mxene thickness, absorber and interface defect densities using the solar cell 
capacitance simulator (SCAPS-1D) software. 

2. NUMERICAL MODELLING AND SIMULATION 
Device structure and simulation approach 
Figure 1(a) &(b) depicts the simulated inverted p-i-n planar structure of perovskite solar cell and the 
corresponding energy band diagram, respectively. The planar structure consists of a transparent conductive 
oxide (TCO) layer, a hole transport layer (HTL), an absorber layer, an electron transport layer (ETL), and a 
metallic back contact. Indium-doped tin oxide (ITO) as the TCO, and silver Ag with a work function of 4.74 
eV (He et al., 2020) was used as the back metal contact. MASnI3 is the absorber layer sandwiched between the 
HTL and the ETL. Ti3C2TX MXene was used as HTL while [6,6]-phenyl-C60-butyric acid methyl ester (PCBM) 
is used as the ETL. 

 
Figure 1(a) Structure (b) Energy band diagram for the simulated device  

The solar cell capacitance simulator (SCAPS-1D) software, version 3.3.11, developed at the Department of 
Electronics and Information Systems (ELIS) at the University of Ghent in Belgium (Burgelman et al., 2000), 
was used to simulate the PSC and investigate the influence of doping concentration, defect density, and MXene 
thickness on the electrical properties of the perovskite. The software computes the solar cell’s outputs by 
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solving the Poisson equation and the electron and hole continuity equations shown in equation (1) and (2) 
(Nahid et al., 2024; Uddin et al., 2024): 
𝑑!𝜑(𝑥)
𝑑𝑥! =

𝑒
𝜀"𝜀#

(𝑃(𝑥) − 𝑛(𝑥) + 𝑁$ 	− 𝑁% 	+	𝜌& − 𝜌')																																																																																				(eq. 1) 

where 𝜑(𝑥) is the electrostatic potential, ie the potential energy that a test charge would have due to electric 
fields in the system, 𝑃(𝑥)	&𝑛(𝑥) represents the hole and electron concentration, respectively, 𝑁$&	𝑁% refer to 
donor and acceptor’s charge impurities respectively, 𝜌&		&	𝜌' are the holes’ and electrons’ density, e is the 
electric charge while 𝜀"	&	𝜀# refer to the vacuum permittivity and relative permittivity respectively. The 
continuity equations for holes and electrons are presented in equation (2) and (3) , respectively (Karmaker et 
al., 2024) 
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where Gp and Gn stand for the hole and electron generation rates, respectively, Dp & Dn refer to the hole and 
electron diffusion coefficients, respectively, and  𝜇*	&	𝜇' are the hole and electron mobilities respectively. 
The carrier transport of electrons and holes is described by equation (4) and (5), respectively (Karmaker et al., 
2024): 

𝐽'(𝑥) = 𝑞𝑛𝜇'𝐸 + 𝑞𝐷'
𝑑'
𝑑𝑥 	= 𝑛𝜇'
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𝑑𝑥 																																																																																																																(eq. 4) 

𝐽*(𝑥) = 𝑞𝑝𝜇*𝐸	 + 𝑞𝐷*
𝑑*
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𝑑𝑥 																																																																																																															(eq. 5) 

In the equations (4) and (5) EF represents the quasi-Fermi levels while p and n, holes and electrons respectively. 
 
Table1 shows the simulation parameters selected from published experimental work and other simulations. 
The simulation was carried out under illumination with A.M. 1.5 G and 1000W/m2 spectrum, scanning voltage 
0.5 V and 1 x 106 Hz frequency. 

Table 1  Device simulation parameters 

Parameters ITO 
(Bouderbal

a and 
Hamdi, 

2023; Dar 
and Sengar, 
2024; Yan 

et al., 2023) 

MXene  

(Bhattarai et 
al., 2023; 

Hossain et 
al., 2023; Teli 
et al., 2025) 

 

MAPbI3 

(Danladi et al., 
2023; Hoy et 

al., 2025; 
Husainat et al., 

2019) 

PCBM (Jayan 
K and 

Sebastian, 
2021; Sharma 

et al., 2024; 
Wang et al., 

2015) 

Thickness (µm) 0.200 varied 0.450 0.070 

Bandgap (eV) 3.5 2.0 1.55 2.1 
Electron affinity (eV) 3.9 3.84 4.0 4.8 
Dielectric permittivity 9.0 10.0 10.0 10.0 

CB density of states (cm-3) 1.8 × 1019 2.2 × 1018 2.2 × 1018 3.0 × 1021 
VB density of states (cm-3) 2.2 × 1019 1.8 × 1018 1.8 × 1019 3.0 × 1021 

Electron thermal velocity (cm/s) 1.0 × 107 1.0 × 107 1.0 × 107 1.0 × 107 
Hole thermal velocity (cm/s) 1.0 × 107 1.0 × 107 1.0 × 107 1.0 × 107 
Electron mobility (cm2/Vs) 2.0 × 101 1.0 × 104 1.0 × 100 1.0 × 102 

Hole mobility (cm2/Vs) 1.0 × 101 1.0 × 104 1.0 × 100 2.5 × 100 
Donor density, ND (cm-3) 9.0 × 1017 0 0 1.0 × 1017 

Acceptor density, NA (cm-3) 0 1.0 × 1015 1.0 × 1016 0 

Defect density Nt (cm-3) 1.0 × 1014 1.0 × 1014 1.0× 1014 1.0 × 1014 
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Table 2   depicts the input parameters for back and front contacts. 

Parameters Back contact Front contact 

Metal work function (eV) 4.74 Flat contact 
Surface recombination velocity of electrons (cm-2), se 1×105 1×107 

Surface recombination velocity of holes (cm-2), sh 1×107 1×105 

 

Table 3 indicates the interface properties set for this simulation. 

Table 2 indicates the interface properties set for this simulation 

Defect type ITO/HTL 
interface 

Absorber/ 
ETL interface 

Absorber/ 
HTL interface 

Capture cross section electrons (cm2) Neutral Donor Neutral 
Capture cross section holes (cm2) 1.00E-15 1.00E-15 1.00E-15 

Energetic distribution 1.00E-15 1.00E-15 1.00E-15 
Reference for defect energy level Et Single Single Single 

Energy with respect to EV (eV) 0.500 0.500 0.500 
Characteristic energy (eV) 0.1 0.1 0.1 

Total density (integrated over all energies) (cm-3) 1.0 ×1012 1.0 ×1012 1.0 ×1012 

 

3. RESULTS AND DISCUSSION 

Validation of simulated device with experimental work 
First, a simulation of a similar device with ITO/ TiC3Tx/MAPbI3/Ag architecture reported by Du et al., (2022b) 
experimentally was done. The experimental data was extracted using the digitizer tool in Origin 2018 software. 
Table 4 shows the comparison of the experimental and simulated solar cell parameters. 

Table 3 Comparison of the output parameters of the simulated and experimental device 

ITO/Ti3C2Tx/MAPbI3/PCBM/Ag 
Device 

VOC (V) JSC (mA/cm2) FF (%) PCE (%) 

Simulated  0.9118 20.88 69.20 13.18 
Experimental 0.9800 19.10 59.43 11.12 

 
The feasibility and validity of our simulation's material parameters and device configuration are demonstrated 
by the reasonably good agreement between the simulated and experimental results. 

Device optimization 
The optimization of the photovoltaic performance of the device with MXene as HTL was done by varying the 
ETL, HTL and absorber doping concentrations, absorber defect density, MXene layer thickness and the defect 
density at the interfaces. 

The effect of ETL doping concentration, ND on the device’s photovoltaic performance 
It has been reported that adding an n-type dopant in PCBM improves its conductivity and hence accelerates 
the extraction of electrons. This tends to reduce the accumulation of carriers at the interface, which in turn 
suppresses charge recombination (Wang et al., 2023). In this simulation, the ETL doping concentration, ND 
was varied from 1010 – 1020 cm-3, as depicted in Figure 2. 
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Figure 2 Variation of PSC metrics with ETL doping concentration, ND 

The VOC remained constant as ND increased from 1010 – 1015 cm-3, then dropped drastically to 0.7765 V at 1020 
cm-3. Similarly, JSC value remained constant as ND increased from 1010 – 1015 cm-3 before dropping drastically 
to 20.55 mA/ cm-2 at 1020 cm-3. On the other hand, the FF increased from 68.96 – 69.20 % when ND was varied 
from 1010 – 1017 cm-3 then dropped to 68.65 % as ND was further increased to 1020 cm-3. The device’s PCE was 
observed to remain constant as ND increased from 1010 – 1015, before dropping to 10.95 % at 1020 cm-3. The 
reduction of VOC, JSC, PCE  when ND exceeded 1015  and FF when ND exceeded 1016, emanates from the fact 
that too high ETL doping concentration shortens radiative lifetimes lowering carrier mobilities hence carrier 
diffusion length (Sinha et al., 2023). The optimal photovoltaic parameters were obtained for an ETL doping 
concentration of 1015; VOC = 0.9202 V, JSC = 20.90 mA/cm-2, FF = 68.97 % and PCE = 13.26 %. 

The effect of HTL doping concentration, NA on the device’s photovoltaic performance 
In perovskite solar cells, the HTLs are significant in ensuring efficient transfer of holes at the HTL/perovskite 
interface and also enhancing the film crystallization. Therefore, it is imperative to determine an ideal HTL 
material with a suitable acceptor doping concentration, NA for improved PSC performance. TiC3Tx Mxene has 
been reported to possess excellent properties like high hole mobility and superior metallic conductivity suitable 
to enhance hole extraction across the Mxene/perovskite interface which improves the device’s PCE (Palei et 
al., 2023). 
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Figure 3 Variation of the PSC metrics with Mxene doping concentration, NA 

In this simulation, the Mxene doping concentration, NA was varied in the range of 1010 – 1019 cm-3, as shown 
in Figure 3. The VOC, remained constant as NA increased from 1010 – 1014 cm-3, after which it declined up to 
NA= 1017 cm-3, increased slightly at 1018 cm-3 before dropping again at 1019 cm-3. However, JSC, FF and PCE 
remained constant as NA was raised from 1010 -1014 cm-3, after which they declined at higher values. The 
optimal parameters obtained at NA = 1014 cm-3 were VOC = 0.9205 V, JSC = 20.90 mA/cm2, FF = 68.97 % and 
PCE = 13.27 %. 

The influence of doping concentration in the absorber material 
The acceptor doping concentration, NA was varied in the range of 1010 – 1017cm-3. The VOC increased 
progressively as NA was raised from 1010-1016 cm-3, but decreased when NA reached 1017 cm-3. In contrast, JSC 
remained nearly constant between from 1010 – 1015 cm-3 before declining at higher doping levels, particularly 
at 1017 cm-3. The FF remained nearly constant as NA increased from 1010 – 1014 cm-3 after which it declined 
with further increases up to 1017 cm-3. PCE increased steadily as NA was raised between 1010 -1016, cm-3 but 
decreased at 1017 cm-3. Reportedly, very high doping concentration inhibits the transportation of holes from 
the HTL to the absorber due to increased recombination rate and impurity scattering in the absorber (Danladi 
et al., 2023). This explains the decline in JSC as NA was raised beyond 1015 cm-3. Additionally, it has been 
reported that increasing absorbers acceptor doping concentration raises the VOC and FF due to a stronger built-
in electric field (Danladi et al., 2023) , which explains the increase in VOC with NA. Generally, doping the 
absorber layer with an acceptor material improves its quality performance as was seen with the increase of the 
PSC parameters. The optimal metrics obtained at NA = 1016 cm-3 were a VOC = 0.9205 V, JSC = 20.90 mA/cm2, 
FF = 68.97 % and PCE = 13.27 %. 

The impact of absorber defect density, Nt on the device’s metric parameters 

The photovoltaic parameters of a perovskite solar cell are greatly impacted by defects in the absorber layer. 
Most common defects include vacancies, antisites, interstials, surface defects and grain boundaries due to their 
low formation energy (Ye et al., 2021). When the film quality is poor, the absorber develops a high density of 
defects that serve as trap sites for photogenerated carriers, thereby increasing non-radiative recombination and 
reducing both the VOC and PCE of the device (Li et al., 2020).  
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Figure 4 Variation of the device’s VOC, JSC, FF and PCE with the absorber defect density, Nt 

In this work, the effect of the absorber defect density was examined  in details based on the Shockely-Read-
Hall (SRH) recombination model (Goudon et al., 2007). Figure 4 depicts the variation of the solar cell 
parameters with absorber defect density. The absorber defect density was varied in the range of 1010 - 1016 cm-

3. The VOC, JSC, FF and PCE of the device were oberved to detororiate when the absober defect density 
exceeded 1014 cm-3. Nt = 1010 cm-3 was selected a s the optimal value giving VOC = 0.9135 V, JSC = 21. 07 
mA/cm2, FF = 69.16 % and PCE = 13.31 %.  

Impact of interface defect density, Nt (HTL-absorber)  
Interface defects serve as recombination centers for photogenerated carriers, reducing their collection 
efficiency and consequently degrading the overall device performance (George et al., 2025). The interface 
defect density was varied in the range of 1005 – 1016 cm-3, displayed in Figure 5. 
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Figure 5 Variation of VOC, JSC, FF and PCE with absorber-HTL defect density, Nt 

All the metric parameters remained nearly constant as Nt was raised from 1005 to 1011 cm-3 beyond which they 
declined. The optimal metric parameters obtained were; VOC = 0.9284 V, JSC = 21.46 mA/cm2, FF = 70.79 %, 
PCE = 14.11 % for Nt = 1005 cm-3.  

Impact of interface defect density, Nt (ETL-absorber) 
The impact of the defect density at the ETL-absorber interface was examined by varying the defect density 
from 1012 -1016 cm-3. The VOC, JSC, FF, and PCE were seen to deteriorate when Nt exceeded 1014 cm-3. The 
optimal Nt value was selected to be 1012 cm-3 which gave VOC =0.9284 V, JSC = 21.46 mA/cm2, FF = 70.79 % 
and PCE = 14.11 %. 

The influence of Mxene layer thickness on the metric parameters of the solar cell 
MXene thickness was increased from 10 – 50 nm in steps of 5 nm. The variation of VOC, JSC, FF and PCE with 
Mxene thickness is depicted in Figure 6. It was noted that as Mxene thickness increased, the VOC increased 
slightly from 0.9271 – 0.9294 V. This shows that the HTL thickness did not have a significant influence on 
the open circuit voltage. Conversely, the JSC decreased from 21.59 to 21.32 mA/ cm2 as the MXene thickness 
increased from 10 to 50 nm. This reduction can be attributed to the increased series and shunt resistances 
associated with the thicker HTL, which impede charge transport, enhance carrier recombination losses, and 
hinder efficient hole extraction from the perovskite absorber to the anode (Bouziane et al., 2025). The FF 
increased from 70. 38 -71.16 % as MXene thickness increased. However, the PCE of the device was observed 
to rise as MXene thickness was increased from 10 -35 nm, then it began to drop as the MXene thickness was 
further increased to 50 nm. The optimal thickness for the MXene layer, was selected to be 35 nm giving VOC 
= 0.9287 V, JSC= 21.43 mA/cm2, FF = 70.90 % and PCE = 14.11 %. 
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Figure 6 Variation of PSC VOC, JSC, FF and PCE with MXene layer thickness 

Photovoltaic performance of optimized device 
The optimal PSC parameters layers’ doping concentrations, absorber defect density, HTL thickness and 
interface defects are displayed in Table 5. 

Table 4 Device optimized parameters 

Optimized parameters ETL HTL Absorber HTL-
absorber 

ETL-Absorber 

NA (cm-3) – 1014 1016 1005 – 

ND (cm-3) 1015 – - – – 

Nt (cm-3) – – 1010 1005 1012 
Thickness (nm) – 35 – – – 

Figure 7(a) &(b) depicts a comparison of the J-V and EQE curves obtained at the start of the simulation and 
after optimization. The device’s metrics were significantly enhanced after optimizing the ETL, HTL & 
absorber doping concentrations, absorber defect density, interface defect density and the HTL layer thickness 
as shown in in Table 6. The EQE curve was used to show the effectiveness of the device photon conversion in 
the spectral range of 300 – 900 nm.  At the start of the simulation, the EQE increased to 64.36 % at 300 nm, 
reached a maximum of 94.09 % at 370 nm and then decreased to 0 % at 900 nm. After optimization, the EQE 
obtained at 300 nm was 71.03 %, then it increased to 98.26 % at 370 nm before dropping to 0 % at 900 nm. 
This shows that optimizing the device parameters improves the conversion of photon energy, enhancing the 
device’s performance. 
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Figure 7 Comparison of (a) J-V curves and (b) EQE curves obtained at the start of the simulation and after optimization  

A comparison of the simulated results at the start and after optimization process is shown in Table 6. 

Table 5 Comparison of simulated results at the start and after optimization 

ITO/Ti3C2Tx/MAPbI3/PCBM/Ag 
Device 

VOC (V) JSC (mA/cm2) FF (%) PCE (%) 

Simulated (start) 0.9118 20.88 69.20 13.18 
Simulated (optimized) 0.9287 21.43 70.90 14.11 

4. CONCLUSION 

In this study, a perovskite solar cell employing Ti₃C₂Tₓ MXene as the hole transport layer (HTL) with the 
configuration ITO/Ti₃C₂Tₓ/MAPbI₃/PCBM/Ag was simulated using SCAPS-1D software. The experimental 
performance of a comparable device has been reported in the literature, and our initial simulation results show 
good agreement with these findings, thereby validating the feasibility of the chosen simulation parameters. 
With the initial simulation parameters, the device gave a PCE = 13.18 %, VOC = 0.9118 V, JSC = 20.88 mA/cm2 
and FF = 69.20 %. The influence of absorber defect density, ETL, HTL & absorber doping concentrations, 
MXene thickness, and interface defect densities was also simulated and the results analysed in details. After 
optimization, the final simulation showed an improvement in the device metrics, giving a PCE = 14.11 %, VOC 
= 0.9287 V, JSC = 21.43 mA/cm2 and FF= 70.90 %. The simulated results suggest that optimizing the device 
parameters like doping concentrations, defect densities and MXene thickness could help enhance the 
performance of the PSC experimentally. 
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