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ABSTRACT: The perovskite device, incorporating a modified
nanostructure of TiO2 as the electron transport layer, has been
investigated to enhance its performance compared to the pure
TiO2 device. Various materials undergo electrochemical doping or
treatment on TiO2 to improve their photocatalytic application,
thereby enhancing the current density, minimizing recombination,
and improving device stability. In this study, a numerical SCAPS
simulation was employed to validate experimental findings from
the literature. According to the literature, this marks the first
instance of doping Al3+ and Mg2+ on TiO2 due to their ionic radius
comparable to that of Ti4+, at different doping concentrations. The
device was modeled and simulated with the experimental
parameters of bandgap, series, and shunt resistances for pure
TiO2, aluminum-doped TiO2 (Al-TiO2), and magnesium-doped TiO2 (Mg-TiO2). From the validated results, the Al-TiO2 and Mg-
TiO2-based devices’ configurations with minimum percentage errors of 0.427 and 2.771%, respectively, were selected and simulated
across nearly 90 (90) configurations to determine the optimum device model. Optimizing absorber thickness, bandgap, doping
concentration, metal electrode, as well as series and shunt resistance resulted in enhanced device performance. According to the
proposed model, Al-TiO2 and Mg-TiO2 configurations achieved higher power conversion efficiency values of 19.260 and 19.860%,
respectively. This improvement is attributed to the reduction in recombination rates through the injection of a higher photocurrent
density.

1. INTRODUCTION
The performance evaluation of perovskite devices is receiving
significant attention in the field of solar cells. This attention is
attributed to their excellent charge transport properties, and
high absorption coefficient, which help minimize defects such
as recombination. As a result, perovskite solar cells exhibit high
photoconversion efficiency (PCE) and are considered suitable
for low-cost production.1−3 For almost a decade, SCAPS
numerical simulation has gained global recognition as one of
the best and most straightforward methods for assessing
perovskites in various configurations, including different
tunable bandgaps, thicknesses, and other essential material
characterizations. These evaluations would otherwise be
challenging, inefficient, and costly to perform through
experimental benchmarks.4−7 It has been established that
semiconductor-based TiO2 stands out as one of the most
promising candidates for serving as the (ETL) in perovskite
devices.8−13 Due to its nanocrystalline structure, it easily
undergoes modification, electrochemical doping, or treatment
with other materials, resulting in various applications. These
applications include photocatalytic processes14−16 and water
splitting, contributing to enhancements in photocurrent

density, stability, and device operation at low temper-
atures.15,17,18 Hence, the performance of both doped and
undoped TiO2 is examined to evaluate the potential improve-
ments brought about by the treatment of TiO2 compared with
its untreated counterparts. The treatment with TiO2 resulted in
a band offset, leading to enhanced band alignment. This band
alignment is crucial as it can minimize recombination defects,
thereby improving the flow of charge carriers and ultimately
enhancing device performance.19 Various materials, such as
magnesium (Mg), neodymium (Nd), samarium (Sm), cobalt
(Co), lithium (Li), and zinc (Zn), have been synthesized and
applied as dopants to TiO2. This doping process, achieved
through experimental fabrication using the solvothermal
method20 or computational methods in density functional
theory,21 aims to reduce the electronic trap density,
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consequently enhancing electron transport within the
device.8,22−25

Several studies have studied the doping characteristics of Al
and Mg materials on TiO2, which resulted in the TiO2 band
alignment for magnetic and nanostructural properties.22,26−30

According to Figure 1, for the first time in ref 31, anatase TiO2
has been successfully modified through the doping of Al3+ and
Mg2+ ions. This achievement is attributed to their comparable
ionic radii to that of Ti4+, achieved at various doping
concentrations using the sol−gel method. The lattice structure,
morphological view, and particle size were subsequently
calculated and analyzed successfully. The doping overcomes
the oxygen vacancies, offsets the bandgap, reduces the surface
and trap states, and decreases the electron−hole recombina-
tion rate, which enhances the electron mobility, FF, and
electron transport, resulting in an overall increase in device
performance. However, it has been observed that some crucial
measurements must be rechecked for their influence on the
device’s performance, as obtained in ref 31. The values of
various series resistance (Rs) and shunt resistances (Rsh) across
the device configuration affect the flow of the current. The
performance of the perovskite device is contingent upon the
quality of individual layers, the absorber bandgap, doping
concentration, and absorber thickness, all of which play a vital
role in minimizing the recombination of electrons. Addition-

ally, the exploration of various abundant metals suitable for the
electrode at the back contact, with a well-defined work
function and low cost, is preferred, as it also plays a crucial role
in the device’s performance.
Here, we simulated a perovskite device in SCAPS using

experimental parameters from ref 31 to validate results
obtained by tuning the electrical and structural properties of
pure TiO2 and doped TiO2 with Al and Mg as the ELT. The
various tests outlined were designed to achieve optimum
performance.32,33 The discussion is organized into three main
sections. In the first section, the SCAPS model was simulated
at various doping concentrations, considering exact Rs and Rsh
values from ref 31. This validation process aimed to minimize
the percentage error and ensure an accurate representation of
the device’s performance. Subsequently, in the second section,
configurations with the least error were chosen as references
for device optimization. The focus was on minimizing
recombination rates and enhancing the overall performance.
Parameters, such as optimized bandgap, operating temper-
ature, Rs/Rsh resistance, and absorber doping concentration,
were fine-tuned to match experimental values. Additionally,
absorber thickness optimization, which directly influences
recombination, was addressed. Moreover, different device
configurations were tested with various metal electrodes,
each having different work function values. This exploration

Figure 1. Illustration showing anatase (101) TiO2 supercell lattice structure resulted from the doping of (a) Mg2+ and (b) Al3+.31

Figure 2. (a) Schematic diagram and (b) energy band alignment of the device configuration.
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aimed to assess the possibility of replacing the nickel (Ni)
metal electrode in the original configuration based on
considerations of conductivity, cost, and availability. In the
final section of this article, we present the optimized device
configuration, providing a performance comparison between
the simulated and optimized devices.

2. MODELING SIMULATION OF THE PEROVSKITE
SOLAR CELLS

The perovskite device is modeled in SCAPS using Poisson’s
and continuity equations as the fundamental starting
equations. The Poisson describes the electrostatic potential
of the overall charge density, whereas the continuity equation
determines the solar cell quality attributes to the electrons and
holes.5,6 Poisson’s and continuity equations of electrons and
holes are given in eqs 1−3, respectively:

q n p N N/ ( )2
A D= + (1)

J q
n
t

qRn = +
(2)

J q
p
t

qRp + =
(3)

where ψ is the electrostatic potential, NA and ND are the donor
and acceptor concentration of the electron (n) and hole (p),
respectively, ε is the dielectric permittivity of the medium, q is
the electron charge, R is the carrier recombination, and Jn and
Jp represent the electron and hole current densities,
respectively.

According to the schematic diagram depicted in Figure 2a
and the simulation parameters presented in Table 1 of the
device configuration, the perovskite device is modeled in
SCAPS by utilizing a lead-based perovskite absorber,
specifically CH3NH3PbI3 (MAPbI3), known for its conven-
ience and high performance34,35 with the Spiro-OMeTAD as
the hole transport layer. The device follows the experimental
configuration of FTO/TiO2/CH3NH3PbI3/Spiro-OMeTAD/
Ni, as published in ref 31, with the connection made through a
Ni metal electrode at the back contact. This illustration
includes three structural investigations of the electron transport
layer (ELT) of TiO2, specifically Al-TiO2 and Mg-TiO2. The
standard spectrum of the AM 1.5G with 1000 W/m2 is set to
simulate the n-i-p model by illumination at the FTO surface
area at the default operating temperature of 300 K. The three
configurations are simulated using the respective experimental
bandgap values of 3.2, 3.22, and 3.12 eV as depicted in Figure
2b, along with the series and resistance values. Seven
configurations were simulated to validate the experimental
findings. In addition, almost 90 configurations were tested for
device optimization. This involved varying the absorber
thickness, absorber doping concentration, Rs and Rsh, operating
temperature parameters, and metal electrodes at various work
functions. These variations were chosen within the exper-
imental values to ensure a comprehensive exploration. Finally,
the optimized device is configured with the help of all of the
optimized parameters, and its performance is compared to that
of the original device.

Table 1. Simulation Parameters for the Perovskite Device Configuration

parameters FTO36 TiO2
37 SpiroOMeTAD13 Al- TiO2

37 Mg-TiO2
37 CH3NH3PbI3

36

thickness (nm) 660 20.731 160 17.1, 22, 24.231 19, 22.731 350
bandgap, (eV) 3.5 3.231 3.0 3.1231 3.2231 1.6
electron affinity, (eV) 4.0 4.2 2.45 4.2 4.2 4.0
dielectric permittivity, εr 9.0 10 3.0 13.613 13.613 9.0
CB effective density of states, NC (cm −3) 2.2 × 1019 2.2 × 1018 2.5 × 1018 2.2 × 1018 2.2 × 1018 2.2 × 1018

VB effective density of states, NV (cm −3) 2.2 × 1019 2.2 × 1018 1.8 × 1019 2.2 × 1018 2.2 × 1018 2.2 × 1019

electron mobility, μn (cm2 V−1 S1−) 20.0 20.0 2 × 10−4 20 20 2.0
hole mobility, μh (cm2 V−1 S1−) 20.0 10.0 2 × 10−4 10 10 2.0
acceptor density, NA (cm −3) 0.0 0.0 1 × 1018 0.0 0.0 1 × 1013

donor density, ND (cm −3) 1 × 1019 1 × 1017 0.0 1 × 1017 9 × 1020 0.0
defect density, Nt (cm −3) 1 × 1015 1 × 1015 1 × 1015 1 × 1015 1 × 1015 3 × 1015

Table 2. Performance Comparison of the Validated Result with Simulation Model and Experimental Research in Ref 31

ETL (mol
%)31

thickness
(nm)31 Rsh (Ω cm2)31 Rs (Ω cm2)31

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

error in
PCE (%)experiment31

this
work experiment31

this
work experiment31

this
work experiment31

this
work

pure TiO2 20.7 254 10.0 1.00 1.10 18.62 17.25 61.80 59.46 11.49 11.32 1.47
Mg-
TiO2(0.1)

22.7 201 6.1 1.06 1.07 19.22 20.24 60.10 57.95 12.27 12.61 2.77

Mg-
TiO2(0.5)

19.0 227 6.6 1.06 1.08 19.00 20.26 60.70 58.93 12.24 12.87 5.15

Mg-
TiO2(1.0)

22.7 267 5.3 1.02 1.08 17.34 20.45 60.40 61.75 10.64 13.65 28.28

Al-
TiO2(0.1)

24.2 326 7.4 1.06 1.09 19.79 20.64 61.00 60.66 12.77 13.68 7.13

Al-
TiO2(0.5)

17.1 330 6.4 1.07 1.09 20.86 20.71 63.00 61.81 14.05 13.99 0.43

Al-
TiO2(1.0)

22.0 353 6.8 1.07 1.09 20.57 20.71 62.80 61.85 13.88 14.01 0.94
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Figure 3. Effect of recombination at various absorber thickness of (a) Al-TiO2 and (b) Mg-TiO2.

Figure 4. Contour mapping of perovskite device performance parameters while (a and a’) represent Voc, (b and b’) represent Jsc, (c and c’)
represent FF, and (d and d’) represent the PCE depending on the absorber thickness and absorber doping concentration with ETL Al-TiO2 and
Mg-TiO2.
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3. RESULT AND DISCUSSIONS
3.1. Validation of the Experimental Result Using a

Proposed Model. Table 2 presents a performance compar-
ison between simulated and experimental results published in
ref 31 for pure TiO2, Mg-TiO2, and Al-TiO2 under varying Rs/
Rsh and different doping concentrations ranging from 0.1 to 1
mol %. FF and PCEs demonstrated a direct proportional
increase with higher doping concentrations, while open-circuit
voltages (Voc) and short-current densities (Jsc) exhibited
minimal changes. These findings align well with the
experimental values reported in the literature. In terms of
PCE comparison, minimum percentage errors were observed
in pure TiO2. Conversely, Mg-TiO2 and Al-TiO2 of thickness
values of 22.7 and 17.1 nm exhibited minimum percentage
errors of 2.77 and 0.43%, respectively, at the lowest Rs/Rsh of
6.1/201 and 6.4/330 Ω cm2. Consequently, these specific
parameters were selected as reference values for the active
perovskite configuration to carry out other analyses for
optimizing device performance.
3.2. Effect of an Absorber Doping Concentration.

According to ref 3, an increase in absorber doping
concentration improves efficiency by enhancing the built-in
electric field, thereby facilitating charge carrier separation.
Table S1.a showcases the performance of Al-TiO2-based
devices at various absorber doping levels, ranging from 1014
to 1018 cm−3. The Voc and FF demonstrated an upward trend
with increasing doping concentration, leading to a higher PCE
value at 1018 cm−3, a doping value experimentally accepted.38

However, the Jsc experienced a decrease due to the scattering
effect. Conversely, the Mg-TiO2-based device exhibited
superior performance at a doping concentration of 1016 cm−3

as detailed in Table S1.b. Figure 3 illustrates contour mapping
of perovskite device performance parameters while (a and a’)
represent Voc, (b and b’) represent Jsc, (c and c’) represent FF,
and (d and d’) represent the PCE depending on the absorber
thickness and absorber doping concentration with ETL Al-
TiO2 and Mg-TiO2.As depicted in Figure 4, the Al-TiO2-based
device outperformed the Mg-TiO2-based device in terms of FF
and PCE, while Voc remained nearly the same. Notably, the Jsc
significantly decreased in both devices. The Voc, Jsc, FF, PCE,
as well as JV curves of the perovskite device at various absorber
doping concentrations with ETL (a) Al-TiO2 and (b) Mg-
TiO2 are presented in Figures S1 and S2.
3.3. Optimized Thickness at the Minimum Recombi-

nation Rate. Several research studies have been conducted to
investigate recombination minimization by varying different
parameters to enhance device performance.25,39,40 The device
performance using ELT configurations of Al-TiO2 and Mg-
TiO2, respectively, is analyzed, with absorber thicknesses
ranging from 0.1 to 0.9 μm in increments of 0.1. According to
Table S2.a, the PCE and Jsc values significantly increase as the
thickness values increase, while FF fluctuates, and Voc remains
almost constant with negligible changes. Conversely, a similar
performance trend is observed in Mg-TiO2 in Table S2.b, but
the PCE slightly drops from 0.8 μm. Figure S3 illustrates JV
curves at various absorber thicknesses with the ELT layer of
(a) Al-TiO2 and (b) Mg-TiO2. In both devices, the highest
PCE is achieved at a thickness value of 0.6 μm, while the
highest current densities are realized at thickness values of 0.9
μm. Therefore, based on ref 15, the larger Jsc can be attributed
to faster electron transfer, resulting in reduced recombination
effects. Thus, the optimized absorber thickness for both

configurations is 0.9 μm. Figure 4 contours mapping of
perovskite device performance parameters while (a and a’)
represent Voc, (b and b’) represent Jsc, (c and c’) represent FF,
(d and d’) represent the PCE depending on the absorber
thickness and absorber doping concentration with ETL Al-
TiO2 and Mg-TiO2. Figure 3 illustrates the effect of
recombination at various absorber thicknesses of (a) Al-
TiO2, and (b) Mg-TiO2. According to Figure 4a,b, the highest
recombination is observed at 0.1 μm before dropping to the
lowest recombination at 0.9 μm.
3.4. Effect of Series and Shunt Resistances. 3.4.1. Effect

of Series Resistances. The series resistance (Rs) refers to the
solar cell resistance of charge generation, encompassing bulk
layers, electrodes, and interface resistance.38 Table 3 presents

the performance of Rs ranging from the default value (0) to 10
Ω cm2 in the device configuration of FTO/Al-TiO2/
CH3NH3PbI3/Spiro-OMeTAD/Ni, with a constant shunt
resistance (Rsh) value of 330 Ω cm2. As the Rs of the device
increases from 0 to 10 Ω cm2, the fill factor (FF) decreases due
to solder bond degradation, resulting in a decrease in PCE due
to power loss. However, Jsc slightly decreases, indicating
minimal optical transmission loss due to discoloration, while
Voc remains unchanged. These results are in good agreement
with those obtained in ref 23. On the other hand, the Rsh value
of 201 Ω cm2 remains constant while Rs varies from 0 to 10 Ω
cm2 in the FTO/Mg-TiO2/CH3NH3PbI3/Spiro-OMeTAD/Ni
configurations. According to Table 4, the same trends in Voc,

Jsc, FF, and PCE are observed. Therefore, lower Rs, preferably
the default value (0), would positively affect the solar cell’s
performance.34 Consequently, the optimized Rs values for both
configurations will be set to the default values in the model.
Figure 5a,b illustrates the Voc, Jsc, FF, and PCE plots of various
Rs for perovskite configurations FTO/Al-TiO2/CH3NH3PbI3/
Spiro-OMeTAD/Ni and FTO/Mg-TiO2/CH3NH3PbI3/Spiro-
OMeTAD/Ni, respectively. However, the Rs is inversely
proportional to the device’s Jsc and FF, leading to a significant
drop in PCE.

3.4.2. Effect of Shunt Resistances. Shunt resistance refers to
the solar cell’s resistance to recombination. Table 5 presents

Table 3. Perovskites Performance at Various Series
Resistances with ETL (Al-TiO2)

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

default 1.093 21.121 68.688 15.851
2 1.093 20.991 66.529 15.260
4 1.093 20.863 64.390 14.680
6 1.093 20.735 62.241 14.104
8 1.093 20.609 60.101 13.537
10 1.093 20.484 57.977 12.980

Table 4. Device Performance at Various Series Resistances
with ETL (Mg-TiO2)

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

default 1.075 20.863 62.647 14.055
2 1.075 20.654 61.146 13.581
4 1.075 20.450 59.598 13.106
6 1.075 20.249 58.030 12.636
8 1.075 20.052 56.447 12.172
10 1.075 19.858 54.855 11.715
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the performance distribution of the device configuration FTO/
Al-TiO2/CH3NH3PbI3/Spiro-OMeTAD/Ni at a fixed Rs of 6.4
Ω cm2 and varied Rsh ranging from 100 to 550 Ω cm2. As Rsh
increases, the FF rises, leading to an increase in PCE, with little
effect on Voc (open-circuit voltage) and Jsc (short-circuit
current). In contrast, Table 6 presents the device performance
configuration of the FTO/Al-TiO2/CH3NH3PbI3/Spiro-OMe-
TAD/Ni structure. The Rs of 6.1 Ω cm2 is kept constant while
the shunt resistance is varied from 100 to 550 Ω cm2. The

effects on Voc, Jsc, FF, and PCE are like those in Table 5.
Figures 6a and 5b illustrate the perovskite performance of FF

and PCE against various Rsh for FTO/Al-TiO2/CH3NH3PbI3/
Spiro-OMeTAD/Ni and FTO/Mg-TiO2/CH3NH3PbI3/Spiro-
OMeTAD/Ni, respectively. According to both figures, as Rsh
increases, FF and PCE exponentially rise until they reach a
peak point at a higher shunt resistance. This indicates that the
device performance increases with higher Rsh. Therefore, based
on this research, the optimized Rsh values for both
configurations are 550 Ω cm2.
3.5. Device Performance at Various Operating

Temperatures. According to ref 23, an increase in operating
temperature induces deformation stress, leading to a forward
movement that increases defect density in the layer. This
influences the diffusion length, resulting in a loss of efficiency
loss. The device performance at various operating temperatures
is configured with ETLs of Al-TiO2 and Mg-TiO2, ranging
from 270 to 330 K in 10 K increment. In Table S3.a,b,
detailing the device performance with the ETL layer of Al-
TiO2, it is observed that Voc, FF, and PCE increase as the
operating temperature decreases. There is a slight increase in
the level of Jsc. The highest FF and PCE values of 62.6127 and
14.9232% are achieved at 270 K, while the lowest values are
60.7977 and 12.984%, respectively. Conversely, Mg-TiO2
focusing on electrical outputs such as Voc and PCE decrease.

Figure 5. Voc, Jsc, FF, and PCE plots of various series resistance of the perovskites with ETL of (a) FTO/Al-TiO2/CH3NH3PbI3/Spiro-OMeTAD/
Ni and (b) FTO/Mg-TiO2/CH3NH3PbI3/Spiro-OMeTAD/Ni.

Table 5. Perovskites Performance at Various Shunt
Resistances with ETL(Al-TiO2)

shunt resistance (Ω cm2) Voc (V) Jsc (mA/cm2) FF (%) PCE (%)

100 1.064 19.842 44.554 9.405
150 1.079 20.248 52.869 11.553
200 1.086 20.457 57.006 12.663
250 1.090 20.585 59.465 13.337
300 1.092 20.671 61.082 13.786
350 1.093 20.733 62.228 14.107
400 1.095 20.779 63.083 14.348
450 1.095 20.816 63.745 14.536
500 1.096 20.845 64.273 14.686
550 1.097 20.869 64.704 14.809

Table 6. Device Performance at Various Shunt Resistances
with ETL (Mg-TiO2)

shunt resistance (Ω cm2) Voc (V) Jsc (mA/cm2) FF (%) PCE (%)

100 1.049 19.655 45.076 9.294
150 1.067 20.039 53.667 11.474
200 1.075 20.236 57.889 12.596
250 1.080 20.357 60.357 13.270
300 1.083 20.438 61.969 13.720
350 1.086 20.496 63.133 14.047
400 1.087 20.540 63.977 14.288
450 1.089 20.574 64.629 14.476
500 1.090 20.602 65.146 14.626
550 1.091 20.624 65.568 14.748

Figure 6. Perovskites performance at various shunt resistances: (a)
FTO/Al-TiO2/CH3NH3PbI3/Spiro-OMeTAD/Ni and (b) FTO/Mg-
TiO2/CH3NH3PbI3/Spiro-OMeTAD/Ni.
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However, Jsc and FF remain nearly constant before slightly
decreasing. This trend is consistent across the temperature
range of 270 to 330 K compared to Al-TiO2. In both devices
with different ETLs, optimal performance is consistently
achieved at the operating temperature of 270 K. This result
corroborates the optimized operating temperature achieved
using the TiO2 ETL layer, as reported in ref 41. Figure 7a−d
shows the performance comparison plots of Voc, Jsc, FF, and
PCE against the operating temperature range of 270 to 330 K
for both Al-TiO2 and Mg-TiO2.

42 As depicted in Figure 7a, for
the Al-TiO2 based device, the Jsc increases significantly while
the Voc decreases with rising temperature, leading to a notable
drop in FF and overall performance, as shown in Figure 7b,
which is in good agreement with the findings in ref 43. In
contrast, Figure 7c shows that both Voc and Jsc of the Mg-TiO2
device decrease significantly as the operating temperature
increases as noted in ref 42. Consequently, the decrease in Jsc
results in a lower FF, which is about 57.91% at 270 K before
peaking at around 57.96%, and then slightly dropping at 330 K.
This variation leads to a lower PCE in the Mg-TiO2 device
compared to the Al-TiO2 device over the same temperature
range of 270−330 K, which is in good agreement with values
presented in Table S3.a,b.
3.6. Device Performance at Various Metal Electrodes.

According to the comprehensive overview of the role of the
metal electrode in perovskite solar cells presented in refs 37,44,
the stability of perovskites is closely linked to the selection of
electrode types, influencing overall device performance. The

reflection from electrodes and their light-trapping properties
contribute to enhancing the device performance. The impact
of device recombination using various metal electrodes with
different work functions was investigated in configurations
based on both Al-TiO2 and Mg-TiO2. Table 7 presents the
device performance of metal electrodes such as Cr, Mo, C, Au,
W, Ni, Pd, Pt, and Se, along with their respective work
functions45 placed at the back contact of FTO/Al-TiO2/
CH3NH3PbI3/Spiro-OMeTAD/Ni, as detailed in Table S4.a.
The increase in the work functions of the metal electrodes
results in improved device performance and vice versa. The
lowest PCE of 5.350% is observed with Cr, which is more cost-
effective but less stable. Conversely, equal PCE values of >18%
are achieved with W, Ni, Pd, Pt, and Se. In Table S4.b, for the
FTO/Mg-TiO2/CH3NH3PbI3/Spiro-OMeTAD/Ni structure,
the lowest PCE of 6.57% is recorded with the Mo metal
electrode, while equal highest PCE values above 18% are
observed for W, Ni, Pd, Pt, and Se. Analyzing JV curves and
efficiency plots of the Al-TiO2 and Mg-TiO2 configurations
depicted in Figures 8a,d, and 9 respectively, the Ni electrode
exhibits a higher JV curve and minimum recombination rate
compared to other electrodes. Additionally, Ni proves to be the
most suitable electrode due to its low cost and abundance, as
reported in ref 46.
3.7. Overall Performance of Experimental Devices

and Proposed Models of Al-TiO2 and Mg-TiO2. The
perovskite device was analyzed with various absorber bandgap
configurations ranging from 1.3 to 1.65 eV. The Al-TiO2

Figure 7. Voc, Jsc, FF, and PCE plots against operating temperature ranging from 270 to 330 of (a and b) Al-TiO2 and (c and d) Mg-TiO2 based
devices.

Table 7. Perovskites Device Performance at Various Metal Back Contacts with ETL (Al-TiO2 and Mg-TiO2)

metal electrode Fe C Au W Ni Pd Pt Se

work function (eV) 4.81 5.00 5.10 5.22 5.50 5.60 5.70 5.90
Al-TiO2−PCE (%) 10.911 14.410 16.249 18.294 18.858 18.859 18.859 18.859
Mg-TiO2−PCE (%) 10.396 13.833 15.629 17.625 18.173 18.174 18.174 18.174
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structure demonstrated an optimized bandgap of 1.65 eV,
while the Mg-TiO2-based structure maintained a bandgap of
1.6 eV. To enhance the performance of both Al-TiO2 and Mg-
TiO2 devices, optimized parameter values including thickness,
operating temperature, metal electrodes, absorber doping
concentrations, Rs, and Rsh were utilized. These optimized
devices were then compared to simulated devices and validated
against literature references. Table 8 presents a performance
comparison between the optimized and simulated devices for
Voc, Jsc, FF, and PCE, utilizing Al-TiO2 and Mg-TiO2 as their
respective simulated and optimized Rs and Rsh. In the case of
Mg-TiO2, the optimized device exhibited higher Voc, Jsc, and
FF, suggesting an increased level of electron ejection.
Conversely, for Al-TiO2, only Voc and FF increased, while Jsc
decreased, resulting in a lower PCE value of 19.26% compared
to Mg-TiO2’s 19.86%. The current−voltage characteristics
curves, quantum efficiency, recombination rate, and gener-
ations, as depicted in Figure 10a−d, revealed that the device
performance was enhanced compared to the experimental
records presented in ref 22.

4. CONCLUSIONS
Various configurations of perovskite devices were tested using
experimental bandgaps of 3.2, 3.12, and 3.22 eV for TiO2, Al-
TiO2, and Mg-TiO2, respectively. The devices were modeled
with Rs/Rsh values of 7.4326/330, 6.4/330, and 6.8/353 Ω cm2

for Al-TiO2. For Mg-TiO2, the Rs/Rsh used were 6.1/201, 6.6/
227, and 5.3/267 Ω cm2, as reported in ref 31. These tests

were conducted to validate the performance closely aligned
with experimental results, with a minimum percentage error at
doping concentrations ranging from 0.1 to 1.0 mol % for both
Al-TiO2 and Mg-TiO2, as presented in Table 2. The Rs and Rsh
of 6.4/330 and 6.1/330 Ω cm2 for Al-TiO2 and Mg-TiO2,
respectively, with the least percentage errors, were considered
as reference parameters to model the optimum device
measurement. Initially, the absorber thickness was varied
from 0.1 to 0.9 μm, and the optimized thickness value at the
high JV characteristic was determined to be 0.9 μm with a
minimum recombination rate. Subsequently, optimized Rs and
Rsh values were set as default and 550 Ω cm2 for Al-TiO2 and
Mg-TiO2, respectively, ranging from default to 10 Ω cm2 and
100 to 550 Ω cm2. According to the optimized Rs and Rsh, the
device performance was enhanced with lower Rs and higher Rsh
values. The metal electrode at the back contact played a vital
role in perovskite stability. Various metal electrodes with
different work functions were tested, and some showed nearly
the same performance, but Ni was found to be the most
suitable electrode as reported in the literature. The optimized
device has demonstrated improved performance, exhibiting a
lower recombination rate compared to the simulated device
validated in the literature, as shown in Table 8. This suggests
that the optimized device’s performance is consistent with the
performance predictions for the benchmark implementation of
Al-TiO2- and Mg-TiO2-based perovskite solar cells, utilizing all
optimized parameters and Ni, identified as the most suitable
electrode due to its cost-effectiveness and abundance. For
future research on Al-TiO2 and Mg-TiO2 ETLs, it is
recommended to use nontoxic, lead-free absorber layers.
This would reduce toxicity, enhance stability lost due to the

Figure 8. Perovskites current density at various metal back contacts
for (a) Al-TiO2 and (b) Mg-TiO2.

Figure 9. Perovskites efficiency at various metal back contacts for (a)
Al-TiO2 and (b) Mg-TiO2.

Table 8. Experimental Devices and Proposed Models of Al-TiO2 and Mg-TiO2

configuration measurement Voc (V) Jsc (mA/cm2) FF (%) PCE (%) (Rs) (Rsh)

pure TiO2 simulated model 1.100 17.250 59.460 11.320 10 254
Al-TiO2 simulated model 1.090 20.700 61.810 13.990 6.4 330
Mg-TiO2 simulated model 1.070 20.230 57.950 12.610 6.1 201
Al-TiO2 optimized model 1.346 18.220 78.500 19.260 default 550
Mg-TiO2 optimized model 1.170 23.174 72.740 19.860 default 550

Figure 10. Overall (a) current density, (b) quantum efficiency, (c)
recombination, and (d) generations rates for experimental devices and
proposed simulation models of Al-TiO2 and Mg-TiO2.
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iodine component, decrease degradation, and ensure a higher
tolerance for interface defects, potentially resulting in perform-
ance improvements exceeding 20%. Consequently, this paves
the way for the use of modified TiO2 in perovskite devices to
enhance charge carrier transport, conductivity, and long-term
and thermal stabilities.
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