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Abstract

Lead halide perovskite solar cells (PSCs) show considerable promise, but their inherent drawbacks, including low stability and toxicity, pose
environmental concerns. Therefore, exploring lead-free perovskite materials as potential alternative absorber layers is imperative. This work
investigates a Cs2TiBr6/CZTSe photoactive heterostructure in which Cs2TiBr6 serves as the primary wide-bandgap absorber while CZTSe pro-
vides additional near-infrared absorption and hole transport. Numerical simulation is an effective way to identify suitable materials and device
architectures for efficient photovoltaic systems, and it reduces fabrication costs and material wastage arising from extensive experimental trials.
The SCAPS-1D software was employed to propose the FTO/CeOx/Cs2TiBr6/CZTSe/CuO/Pt electron transport layer-assisted (ETL-assisted) PSC,
which delivered a high power conversion efficiency (PCE) of 27.12% after optimization of structural parameters. Results show an increase in PCE
from 27.12% to 36.10% with increasing sunlight concentration from 1 to 50 suns. Comparatively, the optimized ETL-free counterpart design,
FTO/Cs2TiBr6/CZTSe/CuO/Pt, yielded a comparable and slightly higher PCE of 27.14%. This ETL-free design represents a first attempt for
the Cs2TiBr6-based perovskite absorber and provides a strategy for reducing fabrication cost and device complexity associated with multistack
configurations.
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1. Introduction

The increase in global warming caused by fossil-fuel com-
bustion and environmental pollution by harmful chemicals calls

1

https://orcid.org/https://orcid.org/0000-0002-5249-1273
https://orcid.org/https://orcid.org/0000-0003-0559-6870
https://orcid.org/https://orcid.org/0000-0003-1534-524X
https://orcid.org/https://orcid.org/0000-0003-2038-872X
https://orcid.org/https://orcid.org/0000-0001-6318-3615
https://orcid.org/https://orcid.org/0009-0004-0321-4132
https://orcid.org/https://orcid.org/0000-0001-7461-2761
https://orcid.org/https://orcid.org/0000-0002-5265-8301
https://orcid.org/https://orcid.org/0000-0003-1543-1981
https://orcid.org/https://orcid.org/0009-0006-3004-6853
https://orcid.org/0009-0002-9796-852X
https://doi.org/10.46481/jnsps.2026.3366
https://nsps.org.ng
https://creativecommons.org/licenses/by/4.0
https://orcid.org/0009-0002-9796-852X


Jubu et al. / J. Nig. Soc. Phys. Sci. 8 (2026) 3366 2

for green technologies to mitigate these challenges [1, 2]. The
green technologies for energy include, photoelectrochemical
water splitting for hydrogen fuel production [2–4], photovoltaic
(PV) solar cell [5, 6], bioenergy, wind energy, technologies,
and geothermal energy technologies [7]. The PV technology is
distinguished within green energy technologies due to its abil-
ity to convert sunlight directly into electricity without the need
for fuel, mechanical components, or greenhouse gas emissions,
leading to a clean and quiet operation. It provides significant
scalability, ranging from compact portable systems to exten-
sive utility-scale power plants, and can be utilized in various
settings. Furthermore, PV technology enjoys swift cost re-
ductions, extended operational lifespans, and ongoing enhance-
ments in efficiency, positioning it as one of the most accessible
and economically viable renewable energy options globally.

PSCs are gaining attention as possible alternatives to
silicon-based cells because of their high power conversion effi-
ciency (PCE) up to 26.20% derived from experiment [5], eco-
nomical solution processing, adjustable bandgap, and suitabil-
ity for lightweight and flexible substrates [8]. Cesium tita-
nium hexabromide (Cs2TiBr6) is an excellent perovskite ab-
sorber for solar cells due to its lead-free composition, an appro-
priate bandgap of approximately 1.8–1.9 eV for the absorption
of visible light, notable environmental stability, and the facili-
tation of efficient charge transport [9, 10]. Chen et al. (2018)
first reported an experimental PCE of 3.3% for the Cs2TiX6
perovskite [11]. This effort stimulated interest in PSCs utiliz-
ing Cs2TiBr6 due to their lead-free composition and favorable
optoelectronic characteristics [9, 10]. A handful of theoretical
investigations on the Cs2TiX6 absorber can be found in the liter-
ature. Karmaker et al. reported a PCE of 26.96% using CuSbS2
and ZnO as carrier transport materials (CTMs) [12], Gupta et al.
obtained a PCE of 24.24% using SnO2 and CBTS as CTMs [9],
Hossain et al. achieved a PCE of 24.82% using La-doped
BaSnO3 and CNTS as CTMs [13], Mercy et al. got a PCE
of 23.77% using CdS and Cu2SbS2 as CTMs [14], Lin et al.,
recorded a PCE of 22.61% employing CeOx, CZTS and P3HT
as CTMs [10], Urmi et al., obtained a PCE of 21.17% employ-
ing TiO2 and CuI as CTMs [15], and Kaur et al., recorded a
PCE of 20.11% using SnO2 and MoOx as CTMs [16].

Numerical simulation serves as an effective method for
determining the best materials and device structure for ad-
vanced photovoltaic devices, greatly reducing production ex-
penses and material waste that result from extensive experi-
mental trials [17–19]. The current work proposes a modified
solar cell configuration for the Cs2TiX6 perovskite absorber.
CTMs such as CeOx, CZTSe and CuO are employed to con-
struct the FTO/CeOx/Cs2TiBr6/CZTSe/CuO/Ni PSC. The CeOx

electron transport layer (ETL) and the CZTSe/CuO double hole
transport layers (HTLs) are essential for enhancing the per-
formance of the device. The CeOx ETL, characterized by its
wide bandgap, high electron mobility, and suitable conduction
band alignment, enables efficient electron extraction from the
absorber while preventing hole passage [10]. This helps to
reduce front-interface recombination. The CZTSe/CuO dou-
ble HTLs offer high hole mobility and optimal valence band
alignment with Cs2TiBr6, which facilitates effective hole trans-

port and minimizes back-interface recombination [20, 21]. To-
gether, this configuration of CTMs guarantees selective charge
extraction, and mitigates recombination losses to enhance PV
performance. It should be noted that in addition to its role
as a hole transport material, the CZTSe possesses a narrow
bandgap (~1.0 eV) and strong absorption extending into the
near-infrared region. Therefore, when incorporated adjacent to
the Cs2TiBr6 perovskite layer, CZTSe may contribute to pho-
tocarrier generation in addition to charge transport. This raises
the possibility of a photoactive Cs2TiBr6/CZTSe heterostruc-
ture in which both materials participate in solar energy conver-
sion.

The new FTO/CeOx/Cs2TiBr6/CZTSe/CuO/Ni ETL-
assisted design is investigated under varying layer thickness,
bulk and interface defect density, back contact work function,
and doping concentration of the CZTSe and CuO HTLs. Also,
the effect of sun concentration on performance of the optimized
device is also investigated. Furthermore, the ETL-free counter-
part design of the optimized cell is investigated to understand
the possibility of having an efficient cell without using an
ETL. Excluding the ETL is an excellent strategy to achieve
a simple and cost-effective design. This proposed ETL-free
PSC architecture serves as a first-time attempt for the Cs2TiBr6
perovskite

2. Numerical simulation

To explore how well PSCs perform, researchers often em-
ploy various simulation programs like wxAMPS, COMSOL
Multiphysics, SILVACO ATLAS, SCAPS-1D and the finite el-
ement method, among others. In this study, we chose SCAPS-
1D because its simulation results often align well with practi-
cal experience [22]. We utilized SCAPS-1D software (version
3.3.0.7, developed from the University of Gent, Belgium) as
our simulation platform for Cs2TiBr6 -based PSCs. This soft-
ware is designed to solve the essential equations that describe
charge transport in semiconductors within a one-dimensional
framework. The Poisson equation, which illustrates the connec-
tion between electrostatic potential and charge density in one
dimension, is expressed by (1) [23–25].

dE(x)
dx

=
d2V(x)

dx2 =

q
ε

[
p(x) − n(x) + N+D(x) − N−A (x) + pt(x) − nt(x)

]
, (1)

where E is the electric field, ε is dielectric constant of the
semiconductor equal to ε = εrε0, where εr is the relative per-
mittivity and ε0 is vacuum permittivity, q is electron charge, N−A
and N+D are acceptor and donor carrier density, respectively, V
is the electrostatic potential, p and n are the hole and electron
concentration, nt and pt are the trapped electron and hole con-
centration, respectively, and x denote the position coordinate.

The continuity equations for holes (2) and electrons (3) can
be written as:
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dpn

dt
= Gp −

pn − pn0

τp
+ pnµp

dE
dx
+ µpE

dpn

dx
+ Dp

d2 pn

dx2 , (2)

dnp

dt
= Gn −

np − np0

τn
+ npµn

dE
dx
+ µnE

dnp

dx
+ Dn

d2np

dx2 , (3)

where Gp and Gn denote the hole and electron generation rates,
Dp and Dn represent the hole and electron diffusion coefficients
expressed by the Einstein relation (4). The drift and diffusion
equations for electrons and holes, which represent the carrier
transport can be expressed in terms of the quasi-Fermi level,
according to (5), (6).

Di =

(
kT
q
µi

)
, (4)

Jn(x) = qnµnE + qDnn
dn
dx
= nµn

dEFn

dx
, (5)

Jp(x) = qpµpE − qDpn
dp
dx
= pµp

dEF p

dx
, (6)

where Jn and Jp are current density of electrons and holes,
where EF represent the quasi-Fermi levels, the subscripts p and
n denote holes and electrons, respectively, µp and µn denote the
hole and electron mobilities.

2.1. Device structure and rationale
Two prototype PSCs with single HTLs (FTO/CeOx/

Cs2TiBr6/CZTSe/Ni and FTO/CeOx/Cs2TiBr6/CuO/Ni), and
one PSC with double HTL (FTO/CeOx/Cs2TiBr6/CZTSe/CuO/
Ni) were constructed. A typical illustration of the dual HTL de-
vice is depicted in Figure 1a. Each device followed a multilayer
heterojunction architecture where light illuminated through the
FTO front electrode and transmitted to the Cs2TiBr6/CZTSe
dual photoactive layer. The CeOx served as the ETL due
to its high band gap (3.5 eV), suitable electron affinity (4.4
eV), and decent electron mobility (100 cm2/V.s) [10]. CZTSe
(Cu2ZnSnSe4) and CuO played the role of HTLs or back con-
tact buffer layers to facilitate hole extraction and suppress re-
combination at the back contact. The dual HTL-based struc-
ture (CZTSe/CuO) aimed to integrate the strong hole conduc-
tivity of CuO with the favorable band alignment and reduced
interface recombination provided by CZTSe, where the CZTSe
layer plays dual roles of hole carrier transport and secondary
absorber layer to assist in carrier generation. Figure 1b illus-
trates the energy level diagrams of the materials employed in
this study.

2.2. Device simulation parameters
Table 1 shows the fundamental physical parameters of vari-

ous materials extracted from relevant published studies [10, 23,
26, 27]. To simplify understanding and comparison, the thick-
nesses of all layers in all the three devices were kept the same
during the prototype simulations. The parameters for the vari-
ous interfaces can be found in Table 2. The work functions for

Table 1: Fundamental physical parameters employed for the
study [10, 20, 21, 24, 25].

Parameter Layer

FTO

[10]

CeOx

[10]

Cs2TiBr6

[10]

CZTSe

[13, 20]

CuO

[26]

Thickness (µm) 0.5 0.1 0.4 0.1 0.2

Eg (eV) 3.5 3.5 1.8 1.0 1.51

χ (eV) 4.3 4.4 4.47 4.5 4.07

εr 9.0 9.0 10.0 13.6 18.1

NC (cm−3) 2.2 × 1018 1.0 × 1020 6.0 × 1019 2.2 × 1018 2.2 × 1019

NV (cm−3) 1.8 × 1019 2.0 × 1021 2.0 × 1019 1.8 × 1019 5.5 × 1020

µn (cm2V−1 s−1) 200 100 4.4 20.0 100

µp (cm2V−1 s−1) 10.0 25.0 2.5 10.0 0.1

e Vth (cm/s) 1 × 107 1 × 107 1 × 107 1 × 107 1 × 107

h Vth (cm/s) 1 × 107 1 × 107 1 × 107 1 × 107 1 × 107

ND (cm−3) 2 × 1019 1 × 1016 1 × 1019 0 0

NA (cm−3) 0 0 1 × 1019 1 × 1016 1 × 1016

Nt (cm−3) 1 × 1015 1 × 1015 1 × 1014 1 × 1014 1 × 1014

σe (cm2) 1 × 10−15 1 × 10−15 1 × 10−15 1 × 10−15 1 × 10−15

σh (cm2) 1 × 10−15 1 × 10−15 1 × 10−15 1 × 10−15 1 × 10−15

Defect type Neutral Neutral Neutral
Single

acceptor

Single

acceptor

nickel (Ni) and fluorine-doped tin oxide (FTO) were 5.1 eV and
4.4 eV, respectively [18, 28]. The electron (Se) and hole (Sh)
surface recombination velocity in the FTO were kept at default
setting of 1 ×105 cm/s and 1 ×107 cm/s, respectively; while that
of Se and Sh for Ni contact remained at default setting of 1 ×107

cm/s and 1 ×105 cm/s, respectively. The simulations were con-
ducted under the standard AM1.5G illumination spectrum with
an incident power density of 100 mW/cm2, with a frequency
of 1 ×106 Hz, a scan voltage ranging from 0 to 1.50 V, and an
operating temperature of 300 K. The radiative and Auger re-
combination models were not activated, and their coefficients
remained at the default SCAPS-1D value of zero throughout
the simulations.

3. Results and discussion

3.1. Photovoltaic performance of the prototype PSCs

This section reports the photovoltaic performance of
Cs2TiBr6 based prototype PSCs using CuO-only and CZTSe-
only and CZTSe/CuO double HTLs. The intention is to select
the best configuration for further improvement. Table 4 and
Figure 2 compare the performance of the 3 PSCs obtained from
the prototype simulations. It can be seen that the performance
of the PSCs largely depends on the nature and configuration of
the HTL. The CZTSe/CuO bilayer HTL-based device emerged
best with the highest PCE of 12.99%. This high performance

3
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Figure 1: (a) Schematic diagram of the PSCs, (b) Energy level diagram of the various layers.

Table 2: Defect parameter employed at the various interfaces [18, 26].

Parameter CeOx/Cs2TiBr6 Cs2TiBr6/CZTSe CZTSe/CuO
σe (cm2) 1 × 10−19 1 × 10−19 1 × 10−19

σh (cm2) 1 × 10−19 1 × 10−19 1 × 10−19

Energetic distribution Single Single Single
Defect type Neutral Neutral Neutral

Energetic level with respect to Ev(eV) 0.60 0.60 0.60

Table 3: Absorption model parameters (bandgap energy, absorption edge, and coefficient A) employed in the SCAPS-1D simulation.

Layer Eg(eV)

Absorption
edge /

grading first
value (nm)

A coefficient
constant =

A [1/(m/
√

eV)]
(m−1eV−

1
2 )

B coefficient
constant

(m−1eV−
1
2 )

Absorption
coefficient,
α (cm−1)

Model [29, 30]

FTO 3.50 354.28 5.345 × 106 0 104

α(hν) =
{

A
√

hν − Eg, hν ≥ Eg

0, hν < Eg

where α is absorption coefficient (m−1),
A is absorption coefficient parameter
(m−1eV−1/2), hν is photon
energy (eV), Eg is bandgap energy (eV).

CeOx 3.50 354.28 5.345 × 106 0 104

Cs2TiBr6 1.80 688.88 7.454 × 106 0 105

CZTSe 1.00 1239.98 1.000 × 107 0 105

CuO 1.51 821.18 8.138 × 106 0 105

Note:- m denotes meter.

can be attributed to synergistic improvement in charge extrac-
tion, suppressed recombination at the interface, and optimiza-
tion of band alignment at the absorber/CZTSe interface.

When CuO is used as the only HTL in the configuration

(FTO/CeOx/Cs2TiBr6/HTL/Ni), the device shows a moderate
level of PV performance. The work function of CuO, which
ranges from 5.3 to 5.5 eV aligns nicely with the valence band
maximum (VBM) of Cs2TiBr6 at –5.2 eV, making it easier to

4
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Figure 2: (a) J-V curves of the prototype PSCs, (b) Wavelength-dependent QE, (c) Optical absorption coefficient against wavelength.

Table 4: Photovoltaic performance parameters of the prototype PSCs.

Solar cell Voc Jsc (mA/cm2) FF(%) PCE(%)
FTO/CeOx/Cs2TiBr6/CZTSe/Ni 0.29 23.12 60.60 4.08

FTO/CeOx/Cs2TiBr6/CuO/Ni 0.62 18.26 60.62 6.91
FTO/CeOx/Cs2TiBr6/CZTSe/CuO/Ni 0.62 30.70 67.74 12.99

extract holes at the Cs2TiBr6/CuO interface. However, CuO's
low hole mobility (0.1 cm2V-1s-1) and its deep defect states
lead to higher series resistance and non-radiative recombina-
tion, which ultimately limits the short-circuit current density
(JSC) and fill factor (FF). These findings are in line with pre-
vious experimental studies on CuO-based HTLs, which em-
phasize its great selectivity but moderate transport capabili-
ties [21]. The CuO-only HTL device's relatively low JSC
can also be attributed to its limited absorption range (300-820
nm) of the solar spectrum (Figure 2b), resulting in lower car-
rier generation. By contrast, the CZTSe HTL-based device
(FTO/CeOx/Cs2TiBr6/CZTSe/Ni) showed much poorer perfor-

mance metrics, suggesting better optical absorption but inade-
quate charge extraction. The narrow bandgap of CZTSe (1.4
eV) allows for optical absorption into the near-infrared region
(up to 1235 nm), which boosts carrier generation and improves
JSC compared to the CuO HTL-based device. However, the
lower work function (4.9-5.0 eV) and shallow VBM (–5.0 eV)
create a less-than-ideal band offset with the Cs2TiBr6 absorber,
leading to energy-level mismatch and interfacial recombination
losses [31]. This mismatch causes a notable drop in open-
circuit voltage (VOC) and FF, resulting in a lower PCE.

The impressive performance of the CZTSe/CuO dou-
ble HTL-based device (FTO/CeOx/Cs2TiBr6/CZTSe/CuO/Ni)

5
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Figure 3: Energy band plots of the (a) CZTSe HTL-based PSC, (b) CuO HTL-based PSC, (c) CZTSe/CuO double HTL-based PSC.

highlights how effective it is to combine both CZTSe and CuO
into a graded bilayer HTL. A significant boost in the PV param-
eters could be seen. The notable increases in JSC and VOC can
be attributed to the complementary alignment of energy levels
and a reduction in recombination at the rear interface. The en-
hanced JSC is also linked to better QE and absorption in the 500-
1235 nm wavelength range when compared to devices that use a
single HTL. The CZTSe HTL, positioned next to the Cs2TiBr6
absorber, has a valence-band maximum that aligns well with
that of the perovskite. This setup allows for efficient hole in-
jection while creating a significant conduction-band offset (0.3
– 0.4 eV) that effectively prevents electron backflow. This se-
lective transport helps reduce Shockley-Read-Hall (SRH) re-
combination at the Cs2TiBr6/CZTSe interface, which in turn
enhances carrier lifetime. In addition, the higher hole mobil-
ity of CZTSe (10 cm2/V.s) makes for quicker carrier transfer

before recombination can take place. By contrast, the CuO
overlayer, with its higher work function and deeper valence
band maximum, acts as an energy-level bridge to the metallic
Ni electrode This creates an ohmic contact (with a hole bar-
rier height of less than 0) and minimizes energy loss during
hole collection. Additionally, the CuO HTL helps passivate
surface traps at the CZTSe/Ni interface, which reduces inter-
facial recombination velocity and boosts the fill factor (FF).
This cascading alignment (Cs2TiBr6/CZTSe/CuO/Ni) ensures
a smooth energy gradient for hole transport while maintaining
strong electron blocking to balance carrier extraction and en-
hance QE (Figure 2b). The moderate improvement in FF sug-
gests that resistive and recombination losses have been effec-
tively suppressed. Given its outstanding performance, the dual
HTL device (FTO/CeOx/Cs2TiBr6/CZTSe/CuO/Ni) will be fur-
ther explored with varying simulation parameters to find the

6
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Figure 4: (a) Dependence of Voc, Jsc , FF, and PCE on the thickness of the CeOx ETL.

Figure 5: (a) J-V curves with varying CeOx ETL thickness, (b) QE plots.

Figure 6: (a) Variation of Voc, Jsc, FF, and PCE with thickness of absorber layer.

7
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Figure 7: J-V characteristics of the device for different absorber-layer thicknesses

Figure 8: (a) Dependence of Voc, Jsc, FF, and PCE on the thickness of the CZTSe HTL.

Figure 9: J-V curves with varying CZTSe HTL thickness.

8



Jubu et al. / J. Nig. Soc. Phys. Sci. 8 (2026) 3366 9

Figure 10: (a) Variation of Voc, Jsc, FF, and PCE with thickness of CuO HTL.

Figure 11: J-V characteristics of the device for different CuO HTL thicknesses.

Figure 12: Variation of Voc, Jsc, FF, and PCE with bulk defect density of CeOx.

9
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Figure 13: J-V curves with varying bulk defect density of (a) CeOx, (b) Absorber, (c) CZTSe, (d) CuO layer.

optimal values for simulating a device with greater PCE. Mean-
while,

Figure 2c demonstrates the wavelength-dependent absorp-
tion coefficient of the constituent layers used in the device ar-
chitecture. The FTO and CeOx layers exhibit relatively low
absorption coefficients and absorption edges around 354 nm,
corroborating their high transparency throughout most of the
visible spectrum and allowing efficient light transmission to the
photoactive layers. Conversely, Cs2TiBr6 exhibits strong ab-
sorption within the visible region up to approximately 690 nm,
consistent with its optical bandgap of 1.8 eV and its role as the
primary absorber layer. Notably, CZTSe exhibits the broadest
absorption range, extending to about 1240 nm due to its narrow
optical bandgap (~1.0 eV), with a higher absorption coefficient
than Cs2TiBr6 over a wide spectral range. This extended near-
infrared optical absorption explains the enhanced QE response
beyond ∼820 nm observed in Figure 2b, proposing the interpre-
tation of the Cs2TiBr6/CZTSe stack as photoactive heterostruc-

ture rather than a single-absorber Cs2TiBr6 solar cell. Mean-
while, CuO shows intermediate absorption characteristics, ex-
tending to ∼820 nm, contributing primarily to hole transport
while providing limited additional light absorption.

Figure 3 illustrates the energy band diagrams for the 3 simu-
lated Cs2TiBr6-based PSCs. These diagrams highlight the con-
duction band minimum (EC), valence band maximum (EV), and
the quasi-Fermi levels for both electrons (Fn) and holes (Fp),
along with the relative band alignment across each heterojunc-
tion. Understanding these band profiles is crucial for grasping
how charge separation, transport selectivity, and interfacial re-
combination work within the devices. For the CZTSe HTL-
based device, the energy band diagram revealed that the EC and
EV of the Cs2TiBr6 absorber were – 4.47 eV and – 6.27 eV, re-
spectively. The CeOx ETL has an EC of – 4.4 eV, which aligns
nicely with Cs2TiBr6, ensuring efficient electron injection from
the absorber to the FTO electrode. By contrast, the CZTSe
HTL shows an EV of – 5.5 eV and an EC of – 4.5 eV. This

10
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Figure 14: Dependence of Voc, Jsc, FF, and PCE with bulk defect density of absorber layer.

Figure 15: Variation of Voc, Jsc, FF, and PCE with defect density of the CZTSe and CuO layer.

stack results in a valence band offset (∆EV) of about 0.77 eV at
the Cs2TiBr6/CZTSe interface, creating an energy barrier that
hinders hole extraction. Meanwhile, a small conduction band
offset (∆EC) of 0.03 eV can lead to unwanted electron leak-
age into the HTL to promote interfacial recombination. This
combination resulted in poor carrier selectivity, which explains
the low VOC (0.29 V) and the lower PCE (4.08%) observed for
this structure. Additionally, the steep band bending near the

Cs2TiBr6/CZTSe junction further indicated charge accumula-
tion and non-radiative losses at this interface.

Figure 3b shows the energy band diagram for the CuO-
based device. CuO has a EV of –5.58 eV, which results in a
smaller ∆EV of 0.69 eV compared to the Cs2TiBr6 absorber.
This adjustment helps improve hole extraction when compared
to the device that only uses CZTSe. Additionally, the EC of
CuO (–4.07 eV) is significantly lower than that of Cs2TiBr6,

11
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Figure 16: (a) Dependence of Voc, Jsc, FF, and PCE with acceptor doping concentration of CuO layer, (b) Corresponding J-V
curves.

Figure 17: Variation of Voc, Jsc, FF, and PCE with defect density of CeOx/Cs2TiBr6 interface, (b) J-V curves.

creating a larger electron-blocking barrier of 0.4 eV. This effec-
tively prevents electron backflow into the HTL. Thanks to this
favorable band alignment, the CuO layer enhances charge se-
lectivity, leading to better charge separation and fewer interfa-
cial recombination losses. Consequently, the CuO HTL-based
PSC shows a much higher VOC and FF compared to the CZTSe
HTL-based device. However, as stated earlier, CuO's relatively
low hole mobility limits charge transfer, resulting in a mod-
erate JSC and capping the PCE at 6.91%. This PSC also dis-
plays smoother band transitions than the CZTSe-based cell, but
some band bending near the CuO/Ni interface suggests resis-
tive losses and a partial barrier for holes. This is due to a slight
misalignment in the Fermi levels between the work functions of
CuO (5.3 eV) and Ni (5.1 eV).

The double HTL configuration (Figure 3c) exhibits an op-

timized stepwise energy alignment that substantially improves
carrier extraction. The addition of a CZTSe HTL interlayer
between Cs2TiBr6 and CuO provides an intermediate EV po-
sition (–5.5 eV for CZTSe vs. –5.58 eV for CuO) to form a
sequential energy gradient for hole transport from the absorber
to the back electrode. This gradual alignment reduced interfa-
cial potential barriers to minimize hole reflection, and to ensure
smoother carrier flow across the interfaces. Simultaneously, the
EC of CZTSe (–4.5 eV) lies below that of Cs2TiBr6 (–4.47 eV)
to form a small EC offset (0.03 eV) that effectively confined
photogenerated electrons within the absorber and prevented re-
combination at the HTL side. The integration of CuO over-
layer contributes to form an ohmic contact with the Ni electrode
and improved Fermi-level matching (because both possess high
work functions ∼5.0 eV). The resulting band structure produced
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Figure 18: Contour mapping for varying (a) Voc, (b) Jsc, (c) FF, and (d) PCE on the defect densities of the absorber/CZTSe and
CZTSe/CuO interfaces.

Figure 19: J-V characteristics with varying interface defect density of (a) Cs2TiBr6 /CZTSe, (b) CZTSe/CuO.

a built-in electric field across the perovskite and HTL layers to
enhance both carrier separation and drift transport. This opti-

mized band arrangement supports the improvement in PV per-
formance of the CZTSe/CuO double HTL-based device.
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Figure 20: J-V characteristics with varying work function of the back metal.

3.2. Influence of thickness of the CeOx ETL layer
This section looks into how changing the thickness (0.1

– 0.6 µm) of the CeOx layer affects the PV performance of
the FTO/CeOx/Cs2TiBr6/CZTSe/CuO/Ni PSC. The key perfor-
mance metrics remain constant, where VOC, JSC, FF and PCE
stay at 0.62 V, 30.70 mA/cm2, 67.74%, and 12.99%, respec-
tively (Figures 4 and 5). This consistent performance can be
linked to the excellent band alignment and high conductivity
at the CeOx/Cs2TiBr6 interface. The EC of CeOx aligns nicely
with that of Cs2TiBr6, resulting in a minimal ∆EC of 0.07 eV.
This alignment facilitates efficient electron extraction and trans-
port from the Cs2TiBr6 absorber to the front FTO contact, while
still providing a sufficient barrier for holes, thanks to the large
bandgap (3.5 eV) of CeOx. A similar observation was made
by Dong et al. [32] regarding low-temperature processed CeOx

ETL in PSCs.
The wide optical bandgap of CeOx provides minimal para-

sitic absorption within the visible region, so that an increase in
thickness (0.1 – 0.6 µm) does not introduce significant optical
losses. Therefore, generation rate of photocarriers in Cs2TiBr6
remained unaffected, keeping the value of JSC unchanged. This
result agrees with the overlapping QE curves (Figure 5b), sug-
gesting there is no change in photon absorption. Additionally,
the high electron mobility (100 cm2/V.s) and moderate donor
doping concentration (1016 cm-3) renders the layer highly con-
ductive. Therefore, series resistance remained negligible to
maintain constant value of FF and PCE.

In n-i-p junction PSCs, the electric field and built-in po-
tential mainly develop at the ETL/absorber interface. So, once
the CeOx ETL creates a solid, pinhole-free film, adding more
thickness does not really change the interfacial recombination

dynamics. The steady VOC and FF values indicate that the
losses from recombination are not influenced by the thickness
of the ETL. Moiz et al. (2022) [33] and Karmaker et al.
(2023) [12] reached similar findings for Cs2TiBr6-based PSCs,
showing that factors like defect passivation and interface en-
ergetics play a significant role in performance than geometric
aspects. In real-world applications, very thin CeOx layers (<80
nm) might face issues like incomplete coverage and shunting,
while thicker layers (>600 nm) could compromise transparency
or create mechanical stress during production. Therefore, it’s
crucial to find a CeOx thickness that strikes the right balance
between optical transparency, electrical conductivity, and inter-
facial stability to ensure efficient electron transport in lead-free
Cs2TiBr6 PSCs.

3.3. Influence of thickness of the absorber layer
The absorber layer plays a crucial role in determining the

performance of PSCs, as it controls both light absorption and
carrier transport. Figures 6 and 7 shows the effect of varying the
thickness of the Cs2TiBr6 absorber (0.4-1.4 µm) on the perfor-
mance of the FTO/CeOx/Cs2TiBr6/CZTSe/CuO/Ni device. The
VOC (0.62 – 0.63 V) and JSC (30.70 - 31.41 mA/cm2) exhibits
slight increases with an increase in absorber thickness. How-
ever, the FF (67.74 – 63.59%) gradually declined, resulting to
an optimal PCE of 13.11% at a Cs2TiBr6 thickness of 0.6 µm,
followed by a gradual decline beyond this point. The improved
JSC (30.70 - 31.41 mA/cm2) with absorber thickness can be at-
tributed to boosted photon absorption, as can be seen in the
improved QE in the wavelength range 510-620 nm (Figure 7b).
The indirect bandgap of Cs2TiBr6 (1.8 eV) enables efficient op-
tical absorption in the visible spectrum up to ∼700 nm. How-
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Figure 21: (a) Changes in values of Voc, Jsc, FF, and PCE with series resistance, (b) J-V curves for the varied series resistance, (c)
Dependence of Voc, Jsc FF, and PCE on shunt resistance, (d) J-V curves for the varied shunt resistance.

ever, its relatively low absorption coefficient (104 – 105 cm-1)
compared to lead halide perovskites (105 – 106 cm-1) suggest
that thicker layers are required to absorb a greater portion of
incident photons. Therefore, an increase in thickness (0.4 – 1.0
µm) results in more photogenerated carriers due to increased
light absorption, which increased JSC. However, an increase
in thickness beyond 1.0 µm, produced a marginal increase in
JSC due to optical absorption saturation, as most above-bandgap
photons were already captured within the front portion of the
absorber layer. A similar thickness-dependent behavior has
been reported for a simulation work on Cs2TiBr6, where the
JSC tends to saturate beyond 0.8 µm due to the limited optical
absorption coefficient [12].

The nearly constant VOC (0.62 – 0.63 V) across the varied
thickness indicates that recombination dynamics within the ab-
sorber remains unchanged. Usually, VOC is controlled by the
quasi-Fermi level separation, which is determined by the bal-
ance between carrier photogeneration and recombination [34].
In contrast, the gradual decrease exhibited by the FF can be at-

tributed to the increased carrier transport distance and series re-
sistance as the absorber thickness increases. When the absorber
thickness exceeds the carrier diffusion length, photogenerated
carriers deep within the absorber experience higher recombina-
tion losses before reaching the contact. The balance between
enhanced absorption and increased recombination explained
the peak PCE at 0.6 µm, beyond which PCE declines despite
slightly higher JSC. This trade-off between optical enhance-
ment and transport losses is a common feature in PSCs and has
been extensively studied by numerical simulations, where an
absorber thickness of 0.6-0.8 µm often yields the best compro-
mise between JSC, VOC, and FF [12, 34]. Further improvement
in performance at higher thicknesses can be achieved by adopt-
ing strategies such as, (i) boosting carrier mobilities through
compositional tuning or defect passivation; (ii) reducing defect
densities via low-temperature crystallization or halide additive
engineering; (iii) incorporating back/ rear reflectors or textured
interfaces to increase the optical path length without increasing
physical thickness; and (iv) enhancing energy-band alignment
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Figure 22: (a) J-V curve for the optimized CZTSe/CuO double HTL-based PSC, (b) QE curve, (c) QEs of the optimized devices
utilizing CZTSe/CuO double HTL, CZTSe single HTL, CuO single HTL, HTL-free configuration.

between the absorber and the CZTSe/CuO hole transport layers
to reduce interfacial recombination.

3.4. Influence of CZTSe HTL thickness

Figures 8, 9 illustrates the effect of CZTSe HTL thickness
on PV parameters in the thickness range 0.06 – 0.60 µm. The
CZTSe acts as the first HTL situated between the absorber and
the second stacked CuO HTL. Unlike the absorber layer, where
thickness mainly dictates how well it absorbs light, the thick-
ness of CZTSe plays a crucial role in the device's performance
by affecting carrier transport dynamics, recombination behav-
ior, interfacial selectivity, and resistive effects. A variation in
the thickness of CZTSe (0.06 – 0.60 µm) produce a consistent

boost in JSC and PCE, though a slight leveling off of VOC and a
gradual decline in the FF are observed.

At very small thicknesses (0.06 and 0.12 µm), the HTL
is too small to fully establish efficient hole selectivity at the
Cs2TiBr6/CZTSe interface. In this regime, the thin CZTSe layer
provides limited spatial separation between the absorber and
back contact, which allow partial electron leakage toward the
rear electrode. Such leakage increases interfacial recombina-
tion and reduces effective carrier extraction efficiency. Further-
more, insufficient HTL thickness may not adequately screen
interface defect states at the Cs2TiBr6/CZTSe interface, lead-
ing to increased Shockley-Read-Hall (SRH) recombination. As
a result, both JSC and VOC tend to be lower at these small
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Figure 23: (a) Carrier generation rate for the ETL-assisted cell, (b) Carrier recombination rate for the ETL-assisted cell.

Figure 24: Dependence of Voc, Jsc, FF and PCE on sun concentration, (b) J-V curves.

thicknesses, causing the device to operate in a transport-limited
regime.

An increase in thickness (0.18–0.36 µm) leads to a sig-
nificant improvement in device performance. The HTL be-
comes reasonably thick to provide effective hole selectivity and
suppress electron back-injection from the absorber toward the
rear contact. The increased thickness enhances the electron-
blocking capability of the CZTSe layer by increasing the barrier
width, thereby reducing interfacial recombination. Simultane-
ously, improved hole extraction reduces carrier accumulation
at the Cs2TiBr6/CZTSe interface, resulting in enhanced quasi-
Fermi level splitting. This explains the slight increase in VOC
(0.62–0.64 V) and the substantial increase in JSC (36.47–42.68
mA/cm2). The improvement in JSC is ascribed to improved car-
rier collection efficiency and reduced recombination losses at
the back interface. It can also be traced to an improvement
in QE between 650–1200 nm wavelength (Figure 9b), suggest-
ing improved photon absorption and carrier generation. Beyond

thickness of 0.42 µm, the device enters a regime where further
increases in thickness yield gradual improvements, where the
values of JSC, FF and PCE increase as 43.72–45.54 mA/cm2,
65.01–64.54%, and 18.19–18.81%, respectively. Although the
inhibition of interfacial recombination continues to be effective,
the augmented thickness leads to an increase in bulk transport
resistance within the HTL. As the thickness increases, the dis-
tance that holes must travel becomes longer, leading to a higher
resistive voltage drop when under forward bias. This is ob-
served as a gradual decrease in the FF (68.07–64.54%). Fur-
thermore, because recombination is proportional to volume, the
SRH recombination within the HTL experiences a slight in-
crease with thickness, which further exacerbates the degrada-
tion of the FF.

The VOC exhibits saturation behavior beyond 0.18 µm. Ac-
cording to 7 [34], where J0 is the saturation current density, VOC
depends logarithmically on the ratio of photogenerated current
to recombination current. Although JSC continues to increase
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Figure 25: J-V curve of the optimized ETL-free PSC, (b) Associated QE curves, (c) Schematic of the ETL-free design, (d) Energy
band diagram of the ETL-free cell.

modestly with thickness, dark saturation current (J0) also in-
creases slightly due to increased recombination volume and re-
sistive losses. Because of the logarithmic dependence, further
increases in thickness do not significantly change VOC, result-
ing in a plateau at 0.64 V.

VOC =
nkT

q
ln

(
Jph

J0
+ 1

)
, (7)

where Jph is the photogenerated current, J0 the dark saturation
current, n the ideality factor, q is electron charge, k is Boltz-
mann constant, and T is temperature.

The FF progressively diminishes with increasing thickness
due to two main factors: heightened series resistance and aug-
mented recombination under forward bias. The thicker HTL
results in additional resistive losses, which in turn lowers the
slope of the J-V curve close to the maximum power point. Fur-
thermore, the increased recombination occurring under high in-

jection conditions raises the effective ideality factor, which con-
tributes to the reduction of the FF. Despite this gradual decline
in FF, the enhancement in JSC prevails, resulting in a continu-
ous rise in PCE (11.13–18.81%). Nevertheless, the incremental
gain in efficiency becomes minimal beyond thickness of 0.48
µm, suggesting that the device is nearing its transport-limited
regime.

The thickness of 0.3 µm will be used as the optimal value
for the optimized solar cell. This moderate thickness produced
a reasonable PCE value (17.31%), suggesting that it is adequate
for the optimized device. It should be noted that a moderate
thickness is appropriate to ensure device simplicity and cost-
effectiveness.

3.5. Influence of CuO HTL thickness

Figures 10 and 11 depicts the influence of CuO HTL thick-
ness on the device performance. An increase in CuO thick-

18



Jubu et al. / J. Nig. Soc. Phys. Sci. 8 (2026) 3366 19

Figure 26: (a) Carrier generation rate for the ETL-free cell, (b) Carrier recombination rate for the ETL-free PSC.

ness (0.20 – 1.20 µm) produces a negligible increase in VOC
(0.62 – 0.64 V), while the JSC improves significantly (30.70 –
33.87 mA/cm2). The FF demonstrates a gradual decline (67.74
– 63.99%), leading to a substantial increase in PCE (12.99 –
13.77%). These results show a delicate balance between re-
duced interfacial recombination and enhanced charge extrac-
tion, and an increase in transport resistance. The boost in JSC
with increase CuO HTL thickness suggests that a thicker CuO
HTL improves hole transport and suppresses back-contact re-
combination. CuO has a relatively deep EC (–5.5 eV) and high
work function (5.3 – 5.4 eV), which facilitate hole extraction
from the underlying CZTSe and blocks electron backflow from
the absorber toward the metallic.

Contact between thinner (≤ 0.2 µm) CuO HTL with the
Ni electrode can allow electron tunneling or recombination
through metal-induced gap states and interfacial defects. In-
creasing the thickness (0.6 – 1.0 µm) forms a more continuous,
defect-tolerant barrier that mitigated such recombination chan-
nels to allow better charge selectivity and higher JSC. This ef-
fect accounts for the steady improvement in JSC and the slight
increase in VOC. Also, the increase in JSC can be traced to
an improvement in QE between 500–830 nm wavelength (Fig-
ure 11b), suggesting improved photon absorption and carrier
generation. The small increase in VOC suggests a moderate
reduction in non-radiative recombination at the CuO/Ni inter-
face with increased CuO thickness, which better isolates the
absorber from the Ni electrode. The FF decreases progres-
sively with increased CuO thickness due to enhanced series
resistance in the CuO HTL. This is because the resistivity of
CuO is relatively high (103 – 104 Ω.cm) due to low hole mo-
bility of 0.1 cm2/V.s and acceptor concentration of 1016 cm-3.
Charge transport through CuO became more resistive with in-
creased CuO thickness, leading to a reduction in FF. This be-
havior agrees with experimental reports, which show that ex-
cessive CuO thickness can increase the transport path length,
resulting to reduced carrier extraction speed and increased se-
ries resistance [35]. Therefore, while the thicker CuO layer

improved interface passivation, it also introduced a balance be-
tween selectivity and resistivity. The optimal CuO thickness for
this device was identified between 0.8–1.0 µm, where the PCE
reaches its maximum (13.75%), achieving a balance between
interfacial passivation and efficient charge transport.

CuO offers superior thermal and environmental stability,
making it a viable alternative to organic HTLs such as spiro-
OMeTAD and P3HT in PSCs. Further performance improve-
ments in CuO can be achieved by increasing its conductivity
through p-type doping with Ni, Li, Na, or oxygen stoichiometry
tuning [36]. In addition, interface engineering by inserting an
ultrathin CZTS or MoO3 interlayer can further enhance energy-
level matching and reduce series resistance, potentially leading
to efficiencies above 15% for this device configuration.

3.6. Defect density of CeOx ETL

The effect of bulk defect density in the CeOx ETL is
evaluated by sweeping defect density from 2×1014 to 1×1015

cm-3 (Figures 12 and 13a). All performance metrics re-
main invariant, where VOC, JSC, FF and PCE stay fixed at,
0.62 V, 30.70 mA/cm2, 67.74%, and 12.99%, respectively.
This thickness- and performance-insensitivity of the CeOx bulk
traps is consistent with (i) favorable band alignment at the
CeOx/Cs2TiBr6 interface, (ii) strong n-type conduction in the
ETL that suppressed hole populations, and (iii) the reason that
device recombination is constrained by interfacial properties,
rather than ETL-bulk-limited.

The device performance does not change within the tested
defect window because the ∆EC between CeOx and Cs2TiBr6
is small, therefore electron extraction at the front interface is
not based on bulk transport through the ETL. CeOx has been
reported to operate as a low-loss, low-recombination ETL in
planar PSCs when processed appropriately [37].

The invariance in performance metrics observed here
should not be interpreted as universal. CeOx bulk defects would
become performance-relevant if (i) the ETL is made very thin
been dominated by pinholes or shunts, (ii) the donor density or
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electron mobility in CeOx is much lower to raise series resis-
tance so that trap-assisted transport becomes rate-limiting, or
(iii) the interface defect density at CeOx/Cs2TiBr6 increases to
couple ETL bulk states with interfacial recombination channels.
In such scenarios, both VOC and FF are expected to deteriorate
as defect density increases [38].

3.7. Defect density of absorber

Figures 13b, 14 illustrates effect of bulk defect density of
the Cs2TiBr6 absorber layer on PV behavior of the device. The
defect density was varied from 1012 to 1015 cm-3. The VOC,
JSC, FF, and PCE remains constant at 0.62 V, 30.70 mA/cm2,
∼67.90% and ∼13.0%, respectively across the defect range of
1012 to 1014 cm-3, indicating minimal sensitivity to moderate
traps. However, a further increase to 1015 cm-3 results in a mea-
surable drop in performance as FF declines to 66.32%, PCE
decreases to 12.63%, and a slight reduction in JSC to 30.62
mA/cm2 is observed. These results suggest that, Cs2TiBr6 ex-
hibit notable defect tolerance at lower trap densities, but exces-
sive bulk defects lead to deterioration of charge transport and
collection efficiency.

Defects within the Cs2TiBr6 bulk material primarily serve
as SRH recombination centers that reduce the effective carrier
lifetime (τS RH), according to Eq. 8.

τS RH =
1

σvitNt
, (8)

where σ is the capture cross-section, vit is carrier thermal ve-
locity, Nt is defect density. Carrier lifetime and diffusion length
(L=
√

Dτ) decreases as defect density increases, resulting to en-
hanced non-radiative recombination losses.

For defect density ≤ 1014 cm-3, the effective diffusion length
in Cs2TiBr6 remains significantly larger than the absorber thick-
ness (0.5 µm), ensuring efficient carrier extraction at both inter-
faces. Therefore, recombination may be affected by interface
traps, because variations in bulk traps does not substantially
alter VOC or JSC [12]. However, higher bulk defect density
(1015 cm-3) results in competition between SRH recombination
and interfacial processes, causing carrier collection loss and re-
duced FF, and consequently reduces PCE [12].

The results reveal that the Cs2TiBr6 has a wide defect tol-
erance up to 1014 cm-3, beyond which impairment of charge
transport and PCE began to occur. This tolerance comes from
the high dielectric constant ((Table 1) and the indirect nature of
its bandgap, both of which mitigate Coulombic recombination
by screening trap potentials and promoting phonon-assisted car-
rier transport. In practice, high PCE can be sustained at higher
defect densities through strategies such as defect passivation,
stoichiometric optimization, and halide compensation [33].

3.8. Impact of defect density of CZTSe HTL

Figures 13c and 15 displays effects of bulk defect density
(2×1013−1×1014 cm-3) of CZTSe HTL on device performance.
The device shows impressive defect tolerance. The JSC FF re-
mains steady at 30.70 mA/cm2 and FF fluctuates marginally be-
tween 67.59 – 67.74%. Meanwhile, the PCE declines slightly

from 13.08% to 12.99%, mainly due to a small drop in VOC
(0.63 – 0.62 V) at the highest defect level. The weak depen-
dence of device performance on defect density of the CZTSe
layer suggests that recombination in the HTL has no signifi-
cant effect on charge collection. Since CZTSe primarily acts
as a hole-selective transport layer and is positioned after the ab-
sorber layer where photogeneration occurs, the concentration of
minority carriers in this layer is naturally low. As a result, any
increases in defect-assisted SRH recombination have little im-
pact on current extraction and transport, leading to stable values
for JSC and FF.

The slight decrease in VOC with rising defect den-
sity is linked to a small uptick in recombination near the
Cs2TiBr6/CZTSe interface, which causes a modest rise in the
dark saturation current (J0), according to Eq. 7 [34]. However,
this effect is countered by the favorable band alignment between
Cs2TiBr6 and CZTSe, which creates a minimal ∆EC and facil-
itates efficient hole transport while reducing electron leakage.
Additionally, the relatively high hole mobility of CZTSe, com-
bine with a high-work-function CuO overlayer, helps to main-
tain low series resistance and stable performance. Higher defect
concentrations slightly enhance minority-carrier recombination
near the Cs2TiBr6/CZTSe interface, tending to reduce the quasi-
Fermi level splitting.

3.9. Influence of defect density of CuO layer
Figures 13d and 15 illustrates the impact of defect density of

the CuO layer on device performance. The PV metrics stayed
unchanged with rising trap density (2×1013 − 1 × 1014 cm-3),
where VOC, JSC, FF and PCE remained fixed at 0.62 V, 30.70
mA/cm2, 67.74%, and 12.99%. This consistent performance
suggests that the operation of the device is not hindered by bulk
SRH recombination in the CuO layer.

The lack of sensitivity to CuO bulk defects can be traced to
the fundamental role CuO plays in the device setup. As a p-
type, high-work-function contact layer that is placed in contact
with the contact, CuO has a very low concentration of minor-
ity carriers (electrons) due to less light reaching it. Therefore,
even when defect density is increased, it does not really boost
bulk recombination or the J0, which keeps VOC stable 10. In
addition, the main function of transporting holes and blocking
electrons is already executed by the inner CZTSe HTL. CuO
mainly helps align the Fermi level with the metal contact and
reduces the impact of metal-induced gap states [36]. Since most
of the photogeneration and carrier transport happens in the ab-
sorber and CZTSe layers, charge carriers do not linger in CuO
for long, making its bulk defects mostly inactive.

This behavior is further supported by the favorable band
alignment at the rear contact. The stepwise valence-band en-
ergy from Cs2TiBr6 to CZTSe to CuO creates a pathway for ef-
ficient hole extraction, while the deep conduction band of CuO
acts as a strong barrier to prevent electron leakage toward the
rear metal contact [21, 36].

3.10. Influence of acceptor doping in CZTSe layer
The acceptor doping concentration in the CZTSe hole

transport layer (HTL) is crucial for managing charge extrac-
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tion, interfacial energetics, and recombination dynamics solar
cells [37](Table 5). An increase in acceptor concentrations
(1015 − 1018 cm−3) produce a significant boost in PCE (12.99
−16.00%). Interestingly, the JSC decrease only slightly. Raising
the acceptor doping moves the Fermi level of the p-type CZTSe
HTL closer to its valence band maximum. This adjustment en-
hances band bending and amplifies the built-in electric field at
the Cs2TiBr6/CZTSe interface, which is the main interface for
hole extraction. The stronger internal electric field aids in the
efficient separation of photogenerated electron-hole pairs in the
Cs2TiBr6 absorber and encourages the directional transport of
holes toward the back contact (Ni). As a result, recombination
losses at the heterointerface are minimized, leading to better
device performance.

In more details, an increase in the acceptor doping in the
CZTSe HTL produces a significant increase in electrical con-
ductivity. This change helps lower the series resistance of the
device and enhances hole transport across the CZTSe/CuO/Ni
stack. This leads to better carrier extraction efficiency, which
directly leads to an increase in the FF and PCE. Additionally,
the improved band alignment between CZTSe and the high-
work-function Ni electrode (5.1 eV) allows for more effec-
tive ohmic hole collection, reducing those unwanted contact-
related energy barriers. By contrast, a slight decrease in JSC
is observed upon increasing the acceptor concentration. This
can be ascribed to increased ionized impurity scattering and
more recombination happening in the heavily doped CZTSe
HTL. When doping levels get high, the depletion width at the
Cs2TiBr6/CZTSe interface narrows a bit Eq. 9, which slightly
limits the space available for separating photogenerated carri-
ers. Additionally, high hole concentrations might lead to more
Auger recombination and free-carrier absorption losses, which
could cap the photocurrent. However, the drop in JSC is min-
imal (3%), suggesting that the impact of increased doping is
more beneficial for charge extraction than harmful to carrier
generation.

Wp =

√
1

NA
, (9)

where Wp is depletion width, NA is acceptor carrier concen-
tration.

3.11. Effect of acceptor doping in CuO layer

Elevating the acceptor doping concentration (1015 −

1018 cm−3) in the CuO HTL clearly enhances the PV perfor-
mance of the solar cell (Figure 16). This is evident from the
consistent improvements across all key device parameters. The
VOC rise from 0.62 to 0.67 V, the JSC increase from 30.70 to
31.24 mA/cm2, and a significant boost in the FF from 67.74 to
76.58%. Also, the PCE boosts from 12.99 to 16.10%. These
trends suggest that higher CuO doping leads to better charge
extraction and fewer electrical losses.

An increase in the acceptor doping in the p-type CuO HTL
shifts its Fermi level closer to the valence band. This adjust-
ment improves the band alignment at both the CZTSe/CuO het-
erointerface and the CuO/Ni back contact. The built-in electric

field at the CZTSe/CuO junction is enhanced with this better
alignment, which helps in efficiently extracting holes from the
absorber region while effectively blocking electrons. The im-
proved electrostatic field and lower interfacial energy barriers
reduce interfacial recombination, resulting in a greater quasi-
Fermi level splitting and the observed increase in VOC.

In addition, boosting the acceptor doping increases the elec-
trical conductivity of the CuO HTL. This not only reduce series
resistance but also enhances hole transport towards the high-
work-function Ni electrode. The decline in resistive losses
plays a crucial role in the noticeable increase in FF, while better
carrier collection efficiency brings about a steady, albeit mod-
est, rise in JSC.

3.12. Impact of defect density of CeOx/Cs2TiBr6 interface

Figures 17 depicts the influence of defect density of the
CeOx/Cs2TiIBr6 interface (1×1010 − 1 × 1017 cm-2) on perfor-
mance of the PSC. The device performance stays unchanged
in the interface defect density range of 1010 to 1014 cm-2, indi-
cating that the cell operates in a regime where interface SRH
recombination is not the dominant loss mechanism. Therefore,
the VOC, and JSC stayed around 0.62 V and 30.70 mA/cm2, re-
spectively, while PCE hovered around 12.99%. The only no-
ticeable change was a minor drop in FF (67.75 – 67.68%) at
the interface trap density of 1014 cm-2. However, an increase
in trap density beyond 1014 cm-2 resulted in an increase in the
effective interfacial recombination strength, which is sufficient
for the ETL/absorber interface to become a major recombina-
tion pathway. This transition primarily reduced the FF (67.68 –
61.16%) due to enhanced recombination current, and also low-
ered JSC (30.70 – 29.22 mA/cm2) by reducing carrier collection.
VOC demonstrated only a modest reduction at the highest de-
fect density because it depends logarithmically on recombina-
tion current. Meanwhile, the PCE degraded significantly from
12.98% at 1014 cm-2 to 10.94% at 1017 cm-2.

In practice, the device performance can be improved by op-
timizing by annealing CeOx in mild O2 to reduce excessive oxy-
gen vacancies that act as recombination centers, and adding an
ultrathin passivation layer (1 - 5 nm) of TiO2 or SnO between
CeOx and Cs2TiBr6.

3.13. Effect of varied defect density of the absorber/CZTSe and
CZTSe/Cuo interfaces

The contour plots (Figure 18) reveals that the PSC is more
sensitive to defects at the Absorber/CZTSe interface than at the
CZTSe/CuO interface. In both cases, increasing interface de-
fect trap degrades device performance, but the magnitude of
deterioration is clearly larger for the Absorber/CZTSe inter-
face. Raising the defect density at the Absorber/CZTSe inter-
face from 1010 to 1013 cm-2 reduces the VOC from 0.66 to 0.62
V (Figures 18a), JSC from 30.71 to 30.70 mA/cm2 (Figures 18b
and 19a), FF from 69.84 to 67.74% (Figure 18c), and the PCE
from 14.11 to 12.99% (Figure 18d). This implies that the PCE
dips by about 1.12% points, which is the largest loss observed.
The contour maps confirm this strong dependence by showing
a rapid shift in the performance region from high values at low
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Table 5: Impact of acceptor doping concentration of CZTSe on PV performance.

Acceptor of doping concentration (cm−3) Voc (V) Jsc (mA/cm2) FF (%) PCE (%)
1015 0.62 30.70 67.74 12.99
1016 0.62 30.70 67.74 12.99
1017 - 30.31 - 14.43
1018 - 30.02 - 16.00

defect density to much lower values as the Absorber/CZTSe in-
terface turns more defective. This characteristic indicates that
this interface is the dominant recombination-active interface in
the device. Since carriers are generated in the absorber and
holes must be transferred into CZTSe, a high density of in-
terface traps boosts SRH recombination, reduces quasi-Fermi
level splitting, and suppresses both VOC and FF. The small de-
cline in JSC (Figures 18 and 19a) suggests that carrier genera-
tion remains essentially constant, but carrier collection becomes
slightly less efficient when recombination increases.

The effect is weaker at the CZTSe/CuO interface (Fig-
ures 18 and 19b). An increase in the interface defect density
changes reduces VOC from 0.64 to 0.62 V (Figure 18a), while
JSC remains constant at 30.70 mA/cm2 (Figures 18b and 19b).
The PCE declines only slightly from 13.13 to 12.99% (Fig-
ure 18d). Although the FF exhibits a slight increase from 67.00
to 67.74% (Figure 18c), the PCE still deteriorates because the
loss in VOC is significant. This contour plots supports this be-
haviour by showing a gentler gradient along the CZTSe/CuO
axis compared with the absorber/CZTSe axis confirms that the
absorber/CZTSe interface has a stronger impact on device per-
formance than the CZTSe/CuO interface

3.14. Impact of back contact metal work function

The work function of the metal back contact is crucial for
creating a sufficient built-in potential and facilitating effective
hole extraction in PSC [39]. This impact is assessed by vary-
ing the metal work function from 5.10 to 5.90 eV (Table 6 and
Figure 20), while keeping all other parameters and illumination
conditions constant. An increase in the work function from 5.10
to 5.50 eV produces a significant improvement in all PV perfor-
mance metrics. Specifically, the VOC rise from 0.62 to 0.66 V,
the JSC increases from 30.70 to 32.48 mA/cm2, and the FF sees
a substantial boost from 67.74 to 78.42%. These enhancements
lead to a notable increase in PCE (12.99 – 16.73%). However,
further increases in the work function beyond approximately
5.5 eV yield minimal additional improvements, indicating that
performance has reached a saturation point.

At a low work function of around 5.10 eV, there is a signifi-
cant energetic mismatch between the metal Fermi level and the
valence-band maximum of the CZTSe/CuO bilayer. This mis-
match results in a Schottky-type, non-ohmic rear contact char-
acterized by a positive hole barrier height. Such a barrier hin-
ders hole extraction, leads to carrier accumulation near the back
interface, and increases interfacial recombination [44]. Conse-
quently, quasi-Fermi-level pinning and heightened series resis-
tance reduce both the VOC and FF, while the JSC may also be
suppressed due to recombination losses at the rear contact.

Boosting the work function to around 5.5 eV significantly
enhances the energy-level alignment between the CuO valence
band and the metal Fermi level. This adjustment lowers the
hole extraction barrier, effectively turning the CuO/Ni interface
into an ohmic-like contact. With this better alignment, hole
transport and extraction become more efficient, non-radiative
recombination at the rear interface is minimized, and resistive
losses are cut down. The increase in VOC can be linked to the re-
duced rear-interface recombination, while the notable improve-
ment in FF highlights the reduction in series resistance and the
enhancement in PCE. The slight rise in JSC is due to more ef-
fective charge collection and a more even distribution of the
internal electric field across the absorber.

When work functions hit 5.6 eV or higher, all performance
metrics level off, suggesting that the rear contact has reached
the ohmic threshold, with a minimal or even negative hole bar-
rier height. In this scenario, hole extraction is not a limiting
factor anymore, and the elevated work function also helps to
curb electron leakage towards the back contact. The observed
plateau in PCE between 5.6 and 5.7 eV indicates that device
performance is no longer limited by the back-contact energet-
ics but rather by the inherent quality of the absorber and the
remaining interfaces.

The contact selectivity can be explained by Eqs. 10
and 11 [45, 46].

∅b,p = EV,CuO − (−ϕM) , (10)

where

EV,CuO = χCuO + Eg,CuO (vs. vacuum) (11)

and EV,CuO is valence band maximum of CuO, χCuO is elec-
tron affinity of CuO, Eg,CuO is bandgap of CuO, ϕM metal work
function of back contact, ∅b,p is hole barrier height.

3.15. Effect of series resistance

The main contributors to series resistance in perovskite so-
lar cells are the sheet resistance of the transparent conductive
oxide, the bulk resistance of the transport layers, interfacial
contact resistance, and the resistance of the metal electrodes.
These resistive elements cause internal voltage drops when a
forward bias is applied, which ultimately lowers the FF and the
PCE [47, 48]. Figures 21a, b reveals that raising the series resis-
tance (0 – 5Ωcm2) significantly reduce the FF (67.74 – 48.16%)
because it produces a voltage drop (∆V = J.RS), which affects
the shape of the J–V curve and shifts the maximum-power point
to lower power. In contrast, JSC remains essentially constant
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Table 6: Variation of PV performance with back contact metal work function.

Metal Work function (eV)[ [26, 40–43]] Voc (V) Jsc (mA/cm2) FF (%) PCE (%)
Ni 5.10 0.62 30.70 67.74 12.99
Mo 5.22 0.65 30.88 76.86 15.49
Au 5.50 0.66 32.43 78.41 16.70
Pd 5.60 0.66 32.48 78.42 16.73
Pt 5.70 0.66 32.48 78.42 16.73

(∼30.70 mA/cm2) because JSC is primarily generation and col-
lection limited, and VOC remains unchanged because there is
no resistive drop at open circuit (J= 0). Therefore, the decline
in PCE with increasing series resistance is controlled by the
decrease in FF, which highlight the importance of minimizing
contact and layer resistances to boost performance. This find-
ing agrees with the standard diode model ( 12) [26, 44], which
indicates that series resistance has a substantial impact on FF
and PCE (12.99 – 9.23%), while leaving VOC (0.62 V) and JSC
relatively unchanged within moderate range [49].

J = Jph − J0

[
exp

(
q (V + JRs)

nkT

)
− 1

]
−

V + JRs

Rsh
, (12)

where J is output current, Jph is photocurrent density, J0 is re-
verse current, Rs denote series resistance, Rsh represent shunt
resistance, T is temperature, V is applied voltage, k is Boltz-
man constant, q is charge, , and n is ideality factor. At short
circuit (V= 0 V), the term JRs is small compared with kT/q
and the potential drop across Rs is negligible, so JSC is essen-
tially independent of Rs. This supports the constant JSC values
in this simulation. At open circuit (J= 0), the Rs term vanishes,
and VOC is determined mainly by the ratio of the Jph and the
recombination current in the device, again supporting the con-
stant value of VOC for all values of Rs.

3.16. Influence of shunt resistance
A rise in shunt resistance often leads to power losses, be-

cause of problems that occur during manufacturing. In so-
lar cell, power losses happen when shunt resistance is low,
as this creates an alternative path for the current generated
by light [48]. Shunt resistance occurs in real cells by imper-
fect coverage, pinholes, edge leakage, conductive filaments, or
highly defective grain-boundary paths. The shunt term can be
described by Eq. 13 [26] where V is voltage, Jsh is shunt current,
Rsh and Rs denote shunt and series resistances, respectively.

Jsh =
V + JRs

Rsh
. (13)

The net terminal current should be zero when the circuit
is open. If the shunt resistance is low, a leakage current even
at moderate voltages would be noticed, which means the de-
vice hits that zero-current state at a much lower voltage. Hence
VOC drops slightly (0.62–0.59 V) with decreasing resistance
(105 - 101 Ωcm2) (Figures 12c,d). The leakage provides an
easy recombination path that lowers the quasi-Fermi level split-
ting. FF increases significantly (60.72 – 67.74%) as shunt re-
sistance increases because shunting strongly distorts the shape

of the J–V curve near the maximum power point, where the op-
erating voltage is substantial. An increase in shunt resistance
led to negligible leakage, causing the J–V curve to recover its
ideal diode shape, while the FF increases to its high-value limit
(67.74%). The JSC remains constant throughout the tested range
because V = 0 and the Jsh= 0/Rsh = 0 under short circuit opera-
tion, therefore, the Jsh is controlled mainly by photo-generation
and collection, not by shunt leakage. This makes the JSC to
remain steady at 30.70 mA/cm2 across the sweep. The PCE in-
crease (10.94 – 12.99%) can be ascribed to the increase in VOC
and FF, although JSC remains unchanged. Shunt resistance of
greater than 103 Ωcm2 greatly suppressed leakage, so that fur-
ther increases produce only minor gains, causing the observed
saturation of PCE (12.97 – 12.99%).

3.17. Performance of the optimized CZTSe/CuO double HTL-
based PSC

Table 7 presents the new optimal parameters derived dur-
ing the prototype simulation. Any parameter not mentioned in
Table 7 remains the same as in the prototype cell. The rela-
tively low values of optimized interface and bulk defect den-
sity are within the range commonly reported for experimen-
tally realized high-quality thin-film and perovskite photovoltaic
materials and are frequently adopted in SCAPS-1D studies to
represent low-defect devices. These values of interface and
bulk defect density are supported by the sources [40, 51–56]
and [40, 53, 55–59], respectively.

The optimized FTO/CeOx/Cs2TiBr6/CZTSe/CuO/Pt device
showcases impressive PV performance, as shown in Figure 22.
With a high VOC of 0.77 V, a substantial JSC of 41.69 mA/cm2,
and an outstanding FF of 83.78%, this device achieves a PCE of
27.12%, which is higher than the PCE of the prototype counter-
part cell (FTO/CeOx/Cs2TiBr6/CZTSe/CuO/Ni) by 2.09-fold.
This indicates that the cell excels in generating, separating, and
extracting charge throughout the device stack. These perfor-
mance metrics suggest an ideal diode behavior, with negligi-
ble resistive and recombination losses. Interestingly, aside the
extreme JSC value, the other recorded PV parameters are con-
sistent with the Shockley-Queisser (SQ) limit of VOC= 1.496
V, JSC = 19.65 mA/cm2, FF = 91.40%, and PCE = ∼27% for
a single-junction solar cell using a perovskite absorber with a
bandgap of 1.8 eV [60, 61].

A significant factor contributing to this performance is the
switch from a Ni back contact to Pt, which boasts a high work
function of 5.7 eV. This work function closely matches the va-
lence band maximum of the p-type CuO HTL, creating a quasi-
ohmic or fully ohmic back contact for holes. Consequently,
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Table 7: Optimal parameters derived from the prototype solar cell.

New optimized parameters CZTSe CuO Cs2TiBr6 CeOx All interfaces
Thickness (µm) 0.6 1.2 0.6 0.1 -

ND (cm−3) - - - - -
NA (cm−3) 1018 1018 - - -

Nt (cm−3) for bulk - - 1014 - -
Nit (cm−3) for interfaces - - - - 1010

the extraction of holes from the CuO layer into the Pt elec-
trode is highly efficient, with virtually no energy barrier. This
enhanced back-contact selectivity reduces carrier accumulation
and recombination at the CuO/Pt interface, significantly boost-
ing the quasi-Fermi level splitting and, in turn, increasing both
VOC and FF.

The impressive JSC (41.69 mA/cm2) is supported by the out-
standing spectral response highlighted in the QE curve (Fig-
ures 22b, c). A nearly perfect QE can be seen across a wide
range of wavelengths, from the visible spectrum all the way into
the near-infrared. This suggests that the CZTSe layer played
dual roles of serving as a HTL and concurrently acting as the
second absorber layer. Therefore, the optimized device should
be interpreted as a Cs2TiBr6/CZTSe photoactive heterostructure
(or dual-absorber-like architecture) rather than a conventional
single-absorber Cs2TiBr6 solar cell. This can be seen in the
high QE and the absorption edge in which the narrow-bandgap
CZTSe extends the optical absorption into the near-infrared re-
gion, matching with the bandgap of 1.0 eV and wavelength of
1240 nm. The carrier generation profile clearly indicate that the
generation rate is higher in the CZTSe layer (Figure 23a). These
agree with the significant boost in JSC up to 45.54 mA/cm2 as
reflected in the substantial increase in QE with an increase in
CZTSe film thickness (Figures 8, 9). The Cs2TiBr6 perovskite
absorber contributed less to JSC upon film thickness increase be-
cause photon absorption and carrier generation was restricted
within wavelength of ≤689 nm (Figures 6,7, 22c). These ex-
plains why the JSC value exceed the SQ limit (of 19.65 mA/cm2)
for a solar cell utilizing Cs2TiBr6 perovskite as the single ab-
sorber layer. Nevertheless, this plausible JSC value is consistent
with the SQ limit of 48.22 mA/cm2 for a solar cell using CZTSe
absorber layer with a bandgap of 1.0 eV [1, 2]. It should be
noted that CZTSe has been used as a single absorber layer in
PV solar cells to record high PCEs [62–64]

Table 8 provides a comparison of the PV performances
between the current device and other Cs2TiBr6-based and the
ETL-assisted PSCs. It can be seen that the current device
achieves an impressive PCE value of 27.12%. This value is
about 0.59% greater than the highest value (26.96%) [12] re-
ported for Cs2TiBr6-based PSC in the literature. This suc-
cess can be attributed to the excellent band alignment be-
tween CZTSe and CuO. To emphasize, the back interface
(CZTSe/CuO) played a crucial role in enhancing hole se-
lectivity and improving electron blocking, which ultimately
leads to more effective photocarrier extraction. Interestingly,
the current optimized devices were simulated using input pa-
rameter values that are similar with those employed by Kar-

maker et al. to record the PCE of 26.96% for the Cs2TiBr6
-based PSC [12]. The workers simulated the optimized de-
vice using acceptor and donor doping concentrations of 1019

and 1018 cm-3 for the ETL and HTL, respectively, interface
and bulk defect densities of 1010 cm-2 and 1013 cm-3, respec-
tively [12]. Importantly, the current findings demonstrates that
the proposed FTO/Cs2TiBr6/CZTSe/CuO/Pt ETL-free architec-
ture is an alternative to obtain a high PCE of 27.12% (Ta-
ble 7) in the absence of the CuSbS2 and ZnO materials em-
ployed by Karmaker et al. To record a PCE of 26.96% from the
Pt/CuSbS2/Cs2TiBr6/ZnO/FTO configuration.

3.18. Carrier generation and recombination profiles

The spatial profiles of how carriers are
generated and recombined in the optimized
FTO/CeOx/Cs2TiBr6/CZTSe/CuO/Pt solar cell explains
why it performs well in terms of PV efficiency. Carrier
generation mainly takes place in the Cs2TiBr6 absorber layer,
thanks to its ideal bandgap of 1.8 eV, which allows for effective
absorption of visible light (Figure 23a). Moderate carrier
generation occurs at 0.6 µm (at the front of Cs2TiBr6), and
decreases as light penetrates into the absorber. This is followed
by a sharp generation in the CZTSe layer (1.2 µm), and de-
creases towards the back of the PSC because most of the light
was absorbed by the 0.6 µm thick CZTSe layer. Therefore, the
CZTSe layer acted as the second absorber to harvest photons
in the near-infrared (Figures 8, 9, 23a). The higher carrier
generation rate in the CZTSe layer (Figure 23a) suggest that
this layer served dual role in the device architecture by acting
as HTL, and concurrently acting as the most active absorber
layer to contribute to carrier generation to support the plausible
JSC value of ∼42 mA/cm2. Photons incident from the FTO side
excite electrons from the valence band to the conduction bands
of the Cs2TiBr6 and CZTSe layers, creating electron-hole pairs.
The CeOx ETL is designed to selectively extract electrons
while blocking holes, which helps to reduce carrier loss at the
front interface. Meanwhile, the CZTSe/CuO dual HTL aid
in collecting holes and prevent electrons from flowing back
toward the rear electrode.

Recombination in the cell (Figure 23b) primarily occurs in
the bulk of the CZTSe layer and at the interfaces. The bulk re-
combination is kept in check due to the moderate defect density
(1014 cm-3), which allows most of the photogenerated carriers
to reach the transport layers. Interface recombination is signif-
icantly reduced through defect engineering, with the interface
trap density fine-tuned to 1010 cm-2 at the various interfaces.
Additionally, the high carrier mobilities in the ETL and HTL
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Table 8: Comparison of performance metrics between experimental and simulated Cs2TiBr6/CZTSe photoactive heterojunction
PSCs.

Perovskite solar cell Nature of electron transport Preparation method
PCE (%), FF (%),

Jsc (mA/cm2),
Voc (V)

references

FTO/CeOx/Cs2TiBr6/CZTSe/CuO/pt ETL-based SCAPS-1D 27.12,83.78, 41.69, 0.77 This work
FTO/Cs2TiBr6/CZTSe/CuO/Pt ETL-free SCAPS-1D 27.14, 83.80, 41.70, 0.77 This work

FTO/TiO2/Cs2TiBr6/Au ETL-based Experiment 2.34, NA, NA, 0.89 [67]
FTO/TiO2/Co60/Cs2TiBr6/P3HT/Au ETL-based Experiment 3.28, 56.4, 5.69, 1.02 [11]

Al/FTO/ZnSe/Cs2TiBr6/Cu2O/Os ETL-based SCAPS-1D 23.84, 83.34, 20.53, 1.39 [68]
FTO/CeOx/Cs2TiBr6/CZTS/P3HT/Au ETL-based SCAPS-1D 22.61, 80.35, 27.08, 1.04 [10]

Pt/CuSbS2/Cs2TiBr6/ZnO/FTO ETL-based SCAPS-1D 26.96, 81.36, 31.63, 1.05 [12]
FTO/SnO2/Cs2TiBr6/CBTS/Au ETL-based SCAPS-1D 24.24, 88.9, 20.76, 1.32 [9]

Au/TiO2/Cs2TiBr6/CuI/Au ETL-based SCAPS-1D 21.17, 81.42, 32.93, 0.79 [15]
FTO/CdS/Cs2TiBr6/Cu2SbS/Au ETL-based SCAPS-1D 23.77, 84.76, 24.39, 1.15 [14]
FTO/TiO2/Cs2/TiBr6/MoO3/Au ETL-based SCAPS-1D 15.02 [69]
FTO/SnO2/Cs2TiBr6/MoOx/Au ETL-based SCAPS-1D 20.11, 82.17, 16.34, 1.45 [16]
ITO/LBSO/Cs2TiBr6/CNTS/Au ETL-based SCAPS-1D 24.82, 82.94, 26.63, 1.12 [13]

ensure that electrons and holes are transported quickly, further
decreasing the chances of recombination within the transport
layers.

3.19. Effect of sun concentration on PV performance

The study of sunlight concentration in PSCs is crucial be-
cause it helps in understand how higher light intensity impacts
photocurrent generation, carrier recombination, and the PCE.
Metrics such as JSC and power output can be boosted using con-
centrated light. Also, the thermal and optical limits of the de-
vice can be uncovered under concentrated light, and can steer
the optimization of material properties and layer design to cre-
ate high-performance and scalable PSCs [68]. Figure 24 de-
picts the impact of increasing sun concentration on device per-
formance. The JSC increases from 41.69 to 2416.35 mA/cm2 in
the sun concentration range of 1 to 50 suns, exhibiting a linear
dependence on the concentration ratio (C). Under illumination,
the generation rate (G) is proportional to the photon flux, ac-
cording to 14 [69].

G(C) = CG1, (14)

where G1 is the generation rate at 1 sun. In the absence of
transport limitations, JSC takes the form of 15 [69].

JS C = q
∫ W

0
G(C, x)dx ∝ C, (15)

where q is the elementary charge and W is the absorber
thickness. The nearly linear scaling of JSC suggests that carrier
collection continues to be effective even at elevated injection
levels. There is no significant sublinear behavior detected, indi-
cating that space-charge effects, mobility constraints, or intense
Auger recombination do not play a major role within this con-
centration range. This behavior indicates robust built-in electric
fields throughout the heterojunction, elevated carrier mobilities

in the transport layers (CeOx and CuO), and effective carrier
selectivity at both the front and rear contacts.

The VOC increases from 0.77 to 0.92 V with elevating sun
concentration. The dependence of VOC on illumination inten-
sity follows Eq. 7. Since JSC ∝ C, the voltage takes a logarith-
mic dependence in Eq. 16 [70]. The observed rise in VOC indi-
cates that the J0 remains at a low level, which signifies that non-
radiative recombination is suppressed. The moderate incline of
the VOC increase implies that recombination is mainly influ-
enced by SRH and radiative processes, rather than significant
Auger recombination, which would lead to deviations at ele-
vated carrier densities. The effective carrier selectivity offered
by CeOx and CuO/Pt (high-work-function back contact) likely
reduces minority-carrier leakage, thus preserving a low J0.

VOC(C) =
nkT

q
ln(C) + constant, (16)

The FF remains high (83.78 – 81.63%) across the entire
concentration range, decreasing slightly from. In an ideal diode
without resistive losses, the FF depends mainly on VOC . How-
ever, in practical devices, series resistance and shunt resis-
tance influence the FF. At high current densities, the voltage
drops across the series resistance becomes significant, accord-
ing to 17 [71]

∆Vseries = J.Rs. (17)

As J rises in proportion to C, the resistive voltage drop also
increases, resulting in a rounding of the J-V curve close to
the maximum power point and a minor decrease in FF. The
gradual and limited degradation of FF suggests low intrinsic
series resistance, minimal contact barriers at the FTO/CeOx

and CuO/Pt interfaces, and strong diode quality with restricted
shunt leakage. Additionally, at elevated carrier densities, high-
level injection may enhance bimolecular and Auger recombina-
tion 17 [72], which can subtly modify the curvature of the J-V
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characteristics near the maximum power point. However, these
effects remain minor within 50 suns.

RAuger = Cnn2 p +Cpnp2, (18)

where n and p are the donor and acceptor carrier densities,
respectively.

The PCE increases from 27.12 to 36.10% with increasing
suns. Under concentrated illumination, the incident power is
given by Eq. 19 [73].

Pin(C) = CPin, 1. (19)

Because of the relationships JSC ∝ C (15) and VOC ∝ ln(C)
(16), the enhancement in PCE is mainly attributed to the log-
arithmic increase in VOC, while the FF remains largely un-
changed. The initial swift improvement observed between 1
and 20 suns is a result of concurrent increases in JSC and VOC.
However, beyond 20 suns, the increase in PCE becomes more
gradual due to factors, such as the logarithmic characteristic of
VOC, the rise in resistive losses (J.RS), and the potential emer-
gence of high-injection recombination effects. Consequently,
the device shifts from a regime limited by photogeneration at
low concentrations to one that is mildly influenced by resistance
and recombination at higher concentrations.

3.20. PV performance of the ETL-free PSC

Investigating the ETL-free solar cells is important because
getting rid of the ETL makes the device design simpler, reduces
manufacturing costs, and helps minimize issues like interfa-
cial defects that can cause recombination and unwanted opti-
cal losses. Additionally, the ETL-free designs help to directly
assess how well the absorber can separate charges, transport
them, and align energy levels, which is key for creating stable
and scalable PSC [48–50, 65]. ETL-free PSCs have been re-
ported in the literature scoring PCE values, such as 22.0% for
single junction [74, 75], and 45.99% for ETL-free tandem solar
cell. Experimental studies have reported PCE values, such as
PCE of 10.92% [76], 13.60% [67], 20.10% [77], 20.0% [78],
and 22.0% [75], supporting the robustness of the ETL-free de-
sign.

The ETL-free design (FTO/Cs2TiBr6/CZTSe/CuO/Pt)
shows a negligible boost in its FF (83.80%) and PCE (27.14%),
indicating that its performance is comparable with the ETL-
assisted counterpart (Figure 25). This suggests that effective
electron extraction is possible without the CeOx ETL. This can
be understood by looking at the interfacial band alignment,
transport resistance, and the physics of recombination at the
front contact. For the ease of reference, the schematic and
energy band diagram of the ETL-free configuration is depicted
in Figures 25c,d.

A critical look at the band alignment reveals that the con-
duction band of Cs2TiBr6 aligns nicely with the work func-
tion and electron affinity of FTO. This means that electrons
can be pulled out efficiently without facing a big energy bar-
rier. Thanks to this quasi-ohmic electron contact, the photo-
generated electrons are collected quickly, which helps prevent

charge buildup and cuts down on interfacial recombination. As
a result, the VOC stays impressively high at 0.77 V, showing that
not having CeOx does not lead to any extra voltage losses.

Figure 26a demonstrates that the photogeneration profile of
the ETL-free device is identical with the ETL-assisted coun-
terpart (Figure 23a), confirming that the removal of CeOx does
not affect optical absorption or carrier generation. More impor-
tantly, the recombination rate distributions (Figures 23b, 26b)
show that: (i) the dominant recombination occurs within the
absorber bulk region in both structures, (ii) there is no pro-
nounced spike in recombination observed at the FTO/Cs2TiBr6
interface in the ETL-free device, and (iii) the interfacial recom-
bination peak at the front junction remains comparable between
the ETL-assisted and ETL-free configurations. These observa-
tions indicate that removal of the CeOx ETL does not introduce
significant front-interface recombination losses. These find-
ings confirm that the FTO/Cs2TiBr6 interface does not intro-
duce significant additional recombination pathways when CeOx

is removed, while the primary recombination contribution re-
mains within the Cs2TiBr6 absorber. Furthermore, the con-
duction band offset at FTO/Cs2TiBr6 is small (- 0.17 eV), en-
abling efficient electron extraction, and the valence band off-
set is large (+1.53 eV), providing strong hole blocking. This
makes the FTO/Cs2TiBr6 interface to inherently function as an
electron-selective contact, which explains why the ETL-free de-
vice achieves comparable PCE without increased interfacial re-
combination.

The QE spectrum of the ETL-free device is comparable
with the ETL-assisted counterpart, supporting the equivalent
value of JSC recorded in both devices. This nearly perfect
QE across the visible spectrum shows that photocarrier gener-
ation and collection are working well. Also, the lack of short-
wavelength QE suppression indicates that there is less parasitic
absorption compared to the device that uses CeOx. Eliminating
the optical losses in the ETL leads to more high-energy photons
that can reach the absorber, which helps to slightly boost the JSC
and PCE.

3.21. Practical implications and modeling limitations

It is important to point out that SCAPS-1D uses a one-
dimensional drift-diffusion model, which assumes that the ma-
terial properties are uniform and that the interfaces are perfectly
planar [79–85]. Because of this, the simulation ignores factors
like grain boundaries, pinholes, lateral variations, or any non-
uniformities in morphology that might often be found in real-
world devices [12, 84]. These factors can create extra recom-
bination pathways and add series resistance, which ultimately
results in lower practical efficiencies. Therefore, the optimized
performance (high PCEs of 27.12 and 27.14% for the ETL-
assisted and ETL-free devices, respectively) highlighted in this
study are more of a theoretical maximum under ideal condi-
tions, mainly aimed at shedding light on how interface defect
density and band alignment influence the proposed devices.
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4. Conclusion

In summary, this work has proposed an efficient lead-
free FTO/CeOx/Cs2TiBr6/CZTSe/CuO/NiETL-assisted PSC
through numerical simulation using SCAPS-1D software. The
device was optimized using optimal values of layer thickness,
bulk and interface defect density, back contact work func-
tion, and doping concentration of the HTLs. The optimized
FTO/CeOx/Cs2TiBr6/CZTSe/CuO/Pt ETL-assisted device de-
livered a PCE, FF, JSC, and VOC of 27.12%, 83.78%, 41.69
mA/cm2, and 0.77 V, respectively. Results show an increase
in PCE values from 27.12 to 36.10% with rising sunlight con-
centration from 1 to 50 suns. The counterpart ETL-free design
(FTO/Cs2TiBr6/CZTSe/CuO/Pt) of the optimized cell yielded
a comparable PCE of 27.14%, suggesting that the ETL is dis-
pensable, and its removal leads to a simple and cost-effective
design. The ETL-free design for the Cs2TiBr6/CZTSe photoac-
tive heterostructure is investigated for the first time, demonstrat-
ing that efficient carrier separation and transport were achieved
without an ETL under the idealized SCAPS-1D simulation con-
ditions. The PCE, FF and VOC values of the optimized device
agrees with the SQ limit for a single-junction solar cell uti-
lizing an absorber with bandgap of 1.8 eV. The impressively
high JSC originates from the combined photogeneration in both
Cs2TiBr6 and CZTSe photoactive layers, where the narrow-
bandgap CZTSe layer extends the photoresponse into the near-
infrared region and contributes significantly to carrier gener-
ation. As a result, the optimized structure is best described
as a Cs2TiBr6/CZTSe dual-absorber-like photovoltaic structure.
The reported ETL-assisted and ETL-free device performances
represent an idealized prediction under SCAPS-1D simulation
conditions, because practical effects such as shunting, pinholes,
interfacial inhomogeneity, and contact barriers were not explic-
itly considered. It is hoped that this work would extend the lit-
erature for Cs2TiBr6-based PSC with and without incorporating
the ETL.
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