
Journal of
Materials Chemistry A

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

5 
M

ar
ch

 2
02

5.
 D

ow
nl

oa
de

d 
on

 6
/2

9/
20

26
 2

:0
7:

45
 A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.

View Article Online
View Journal  | View Issue
Advanced interfa
aDepartment of Physics, Ewha Womans Uni

E-mail: wmjo@ewha.ac.kr
bDivision of Energy & Environmental Technol

and Technology (DGIST), Daegu, 42988, Rep

monolith@dgist.ac.kr

† Electronic supplementary informa
https://doi.org/10.1039/d5ta00683j

‡ Geumha Lim and Van-Quy Hoang equa

Cite this: J. Mater. Chem. A, 2025, 13,
10622

Received 24th January 2025
Accepted 4th March 2025

DOI: 10.1039/d5ta00683j

rsc.li/materials-a

10622 | J. Mater. Chem. A, 2025, 13,
cial charge carrier transport
enabling the improvement of open-circuit voltage
in Sb2Se3 solar cells†

Geumha Lim,‡a Van-Quy Hoang,‡b Jaebaek Lee,b Jin-Kyu Kang, b

Kee-Jeong Yang, b Shi-Joon Sung, *b Dae-Hwan Kim *b and William Jo *a

Effective charge carrier flow is essential for optimizing the optoelectrical properties of antimony selenide

(Sb2Se3) and achieving highly efficient solar cells. MoSe2, as an interlayer between Sb2Se3 and an Mo

back-contact layer, serves as a seed layer for the preferential growth of Sb2Se3 nanorod structures,

facilitating efficient electron transfer. This study focuses on investigating the altered electrical properties

at the surface and interfaces of Sb2Se3, highlighting the previously unexplored influence of MoSe2 on the

interfacial carrier transport mechanism. Through the introduction of MoSe2, a well grown Sb2Se3 rod

array with a (hk1) orientation was achieved, along with a notable increase in vertical current flow. By

exposing the back interface using a dimple-grinder, the direct examination of the interface band

alignment revealed the role of MoSe2 as an electron barrier. These effects led to a 95% improvement in

power conversion efficiency (PCE), along with significant enhancements in open-circuit voltage (VOC)

and fill factor (FF), underscoring the importance of optimizing interface contact quality.
Introduction

Antimony selenide (Sb2Se3) has recently emerged as a next-
generation light-absorbing material with promising optoelec-
tronic properties for photovoltaic applications.1 Its intrinsic
features, such as benign grain boundaries without dangling
bonds, were expected to result in high power conversion effi-
ciency.2 However, despite extensive efforts, the performance of
Sb2Se3 solar cells remains below expectations.

One critical strategy for enhancing the photovoltaic perfor-
mance of Sb2Se3 involves modulating its anisotropic charge
carrier transport behavior.3 In its unique one-dimensional
nano-ribbon structure, charge carriers can ow efficiently in
the [001] direction along the ribbons. In contrast, along the
[100] direction where nano-ribbons are connected via weak van
der Waals forces, electron transport becomes challenging as
carriers must hop across the gaps.4 Various approaches to
achieve preferential grain growth of Sb2Se3 have been investi-
gated, revealing that substrate selection plays a key role in
controlling crystal growth orientation.5,6 Many materials have
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been introduced to enhance the optical and electrical properties
of the absorber layer in substrate-congured Sb2Se3 solar cells.
For instance, Zhang reported a buried Se seed layer to create
a Se-rich environment, reducing selenium vacancies (VSe),
antimony on selenium sites (SbSe), and interface defects.7 In
addition, a high-resistivity AlOx layer was used as a passivation
layer to enhance device efficiency by inhibiting recombination
at the ITO/Sb2Se3 interface.8 Rijal reported a champion PCE of
7.47% for substrate-type Sb2Se3 solar cells by using an Sb2Se3
seed layer to optimize grain orientation, crystallinity, and rear-
interface properties.9 In particular, in Sb2Se3 solar cells with an
Mo substrate, the introduction of an MoSe2 seed layer facilitates
the formation of an Sb2Se3 nanorod structure with (hk1) orien-
tation. This occurs because MoSe2 provides a localized distri-
bution of high surface-energy planes.10 As a consequence,
vertically grown Sb2Se3 enables efficient carrier transport along
the rod structure, contributing to improved device efficiency.11

In addition to the structural modications, changes in the
interfacial electrical properties were also expected; however,
direct investigations into these effects have been limited.
Establishing a well-dened interface between Sb2Se3 and Mo
can enhance hole extraction, thereby improving the open-
circuit voltage.12,13 In this context, incorporating interlayers
such as MoSe2 can substantially inuence interfacial electrical
properties. In the case of CIGS or kesterite, studies report
differing views on the benets of band structure changes
induced by MoSe2.14–16 To resolve this ambiguity, direct char-
acterization of interfacial contact properties is essential.
This journal is © The Royal Society of Chemistry 2025
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The current study primarily aimed to unveil the carrier ow
dynamics of Sb2Se3 and its interface with the back contact layer.
Among the various deposition methods, co-evaporation was
employed owing to its high reproducibility and suitability for
large-area applications, although its relatively low record effi-
ciency warrants further investigation. By modifying the back
interface of Mo/Sb2Se3 with an MoSe2 interlayer, structural
modication and efficiency improvement were achieved. MoSe2
facilitated the formation of (hk1)-oriented Sb2Se3 nanorod lms,
which enhanced charge carrier ow and reduced carrier
recombination at grain boundaries. The vertical carrier path
throughout the device was identied by analyzing the current
ow within the absorber. Cross-sectional band alignment was
directly characterized using potential distribution measured at
the laterally exposed interface through dimple grinding.17 The
results revealed that MoSe2 creates an energy barrier for elec-
trons, effectively blocking electrons while promoting hole
transport. Consequently, improved back contact quality reduces
interfacial charge recombination, enhancing charge carrier
collection, and thereby optimizing the open-circuit voltage.
Experimental method
Fabrication

Ultrathin MoSe2 layer. The Mo back electrode was sputtered
(DC) onto SLG substrates. An ultrathin MoSe2 layer (∼5 nm) was
deposited at Tsub = 600 °C, followed by a lower-temperature
growth step at Tsource = 630 °C and Tsub = 315 °C.

Fabrication of the Sb2Se3 device. The solar cells were pro-
cessed in a stack of SLG/Mo/MoSe2/Sb2Se3/SnOx/CdS/i-ZnO/
ZnO : Al. Reference Sb2Se3 samples were fabricated without the
MoSe2 layer, where the source tray was rapidly heated to Tsub =
315 °C without intentional Mo selenization of the substrate. A
50 nm CdS buffer layer was deposited using chemical bath
deposition to complete the device. To prevent Sb diffusion into
the CdS layer during the process, a 2 nm ultrathin SnOx layer
was deposited onto the absorber via ALD. The solar cell stacks
were nalized by sputtering i-ZnO (50 nm) and ZnO : Al (300
nm) layers on top. Finally, all samples were sectioned into 16
solar cells (A = 0.185 cm2) by scribing, as described in previous
studies.
Characterization

Surface and cross-sectional images were obtained using a eld-
emission scanning electron microscope (FESEM; Hitachi S-
4800). STEM-EDS was used for elemental mapping of the
prepared materials. Raman spectra were obtained at room
temperature (∼25 °C) using a micro-Raman system in back-
scattering geometry with a 532 nm excitation wavelength. The
laser power was set to 1 mW to avoid beam damage. KPFM and
c-AFM were performed using an atomic force microscope
(MFP3D Origin, Oxford Instruments). A Pt/Ir-coated tip was
used for KPFM to obtain the VCPD map, while a Ti/Pt-coated tip
was used for c-AFM to acquire local current maps. A dimple
grinder (model 657, Gatan Inc.) was employed to expose the
Sb2Se3/back-contact interface by grinding the devices for 10 min
This journal is © The Royal Society of Chemistry 2025
using a polishing wheel with a diameter of 15 mm. Raman
spectra at the exposed interface were obtained with a Raman
spectrometer (XPE-35, Nanobase Inc.) using a laser with
a wavelength of 532 nm. The laser power was set to 1 mW to
avoid beam damage. Current–voltage curves were recorded
under a simulated air mass spectrum of 1.5 global (AM 1.5 G)
and 100 mW cm−1−2 (1 sun) illumination using a 94022A solar
simulator (Newport Co). External quantum efficiency (EQE) was
measured with EQE equipment (McScience) equipped with a Xe
lamp source. It is important to note that conversion efficiencies
were determined without the application of an antireection
coating or post-deposition treatment.

Results and discussion

The top-view and cross-sectional SEM images displayed in
Fig. 1a–d illustrate the morphological evolution of co-
evaporated Sb2Se3 lms grown on different substrates. It was
found that introducing the MoSe2 interlayer on the Mo
substrate induced a transformation in the morphology of the
Sb2Se3 lms, from a uniform single-layer thin lm to a hybrid
double-layer structure comprising vertically aligned nanorod
arrays on a densely packed bottom layer. This indicates that the
thickness of Sb2Se3, with the 1D nanorods extruding to
approximately 1 mm in length above the compact bottom layer,
follows the growth mechanism of Sb2Se3 from surface absorp-
tion to the nanorod array growth stage.11 In particular, the
growth behavior of Sb2Se3 crystals is strongly inuenced by the
substrate type, evaporation rates of the sources, and substrate
temperature. Based on our prior investigations, wemeticulously
evaluated the morphological evolution of co-evaporated Sb2Se3
thin lms, transitioning from initially at and uniform
absorbers to intricately structured nanorod arrays, utilizing
a substantial 100-nm thick MoSe2 interlayer. The intricate
nanostructure of Sb2Se3 nanorods enables efficient transport of
photo-generated carriers from the absorber to the CdS buffer
layer, yielding a high-quality, preferentially oriented (hk1) array
of Sb2Se3 nanorods engineered for enhanced solar cell effi-
ciency. Therefore, a continuous Sb2Se3 lm formed on the ultra-
thin MoSe2 interlayer was anticipated to aid in investigating the
morphological and electrical properties of the at, uniform
regions of Sb2Se3 (Fig. S1a and c, ESI†). Fig. S1b and d† present
the results of a histogram analysis of the grain size of the co-
evaporated Sb2Se3 lms on different substrates. The represen-
tative grain size of Sb2Se3 increases from 262 nm to 292 nm,
accompanied by a higher void density, with the selenization of
the Mo substrate. The morphological evolution of Sb2Se3 could
be attributed to altered crystal growth mechanisms, due to the
differences in surface energy and nucleation dynamics
betweenSb2Se3 and the MoSe2 interlayer. A larger grain size
generally contributes to enhanced optoelectronic properties by
reducing grain boundary density, which can lower non-radiative
recombination and improve charge transport. The MoSe2
interlayer plays a critical role in controlling the morphology of
the Sb2Se3 thin lms and their interfacial properties. The top 1D
nanorod array layer potentially inuences the interconnection
between the Sb2Se3 absorber layer and n-type CdS layer. To
J. Mater. Chem. A, 2025, 13, 10622–10629 | 10623
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Fig. 1 Top-view and cross-sectional scanning electron microscopy (SEM) images of Sb2Se3 films deposited on (a and b) A(Mo) and (c and d)
selenized Mo-coated glass B(MoSe2) under in situ co-evaporation conditions. (e) X-ray diffraction (XRD) patterns of co-evaporated Sb2Se3 films
on A(Mo) and B(MoSe2), with the standard diffraction pattern (JCPDS 00-015-0861) included as a reference. (f) Enlarged XRD patterns, (g)
corresponding calculated texture coefficients, and (h) Raman spectra of Sb2Se3 films deposited on A(Mo) or B(MoSe2) substrates.
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View Article Online
mitigate Se loss and prevent Sb diffusion into CdS, which is
triggered by the nanorod structure, the use of an ultrathin
MoSe2 interlayer is essential. Based on these ndings, we
conclude that optimizing the properties of MoSe2 is crucial for
developing Sb2Se3 nanorod-structured solar cells.

The XRD patterns of Sb2Se3 lms without and with the
MoSe2 interlayer (Fig. 1e) display strong (hk1) diffraction peaks,
apart from a high-intensity peak corresponding to the Mo
substrate onto which the lms were deposited. The peaks
attributed to the absorber were indexed to the orthorhombic
phase of Sb2Se3 without any detectable impurities, and the
space group was Pbnm (62).12,18,19 The Sb2Se3 lm deposited on
the MoSe2 substrate exhibits better crystallinity than that on the
bare Mo substrate, particularly at the typical peak positions of
(101) and (221), as illustrated in the enlarged XRD patterns in
Fig. 1f. It is widely accepted that in a lm composed of [hk0]-
oriented grains – (120), (230), (340), and (360) planes – the
ribbons are stacked parallel to the Mo substrate. In contrast,
a lm composed of (hk1)-oriented grains contains ribbons that
are arranged perpendicular to the substrate. By calculating the
texture coefficients (TC) of these peaks, we identied the typical
crystal planes of Sb2Se3 lms. TC, a structural parameter
dening the texture of a given plane, is expressed as follows:

TC hkl ¼ IðhklÞ
I0ðhklÞ

, 
1

N

X
N

IðhklÞ
I0ðhklÞ

!
; (1)

where I(hkl) denotes the intensity of the experimentally
measured (hkl) diffraction peak, I0(hkl) represents the intensity of
the reection reported in the JCPDS card, and N denotes the
number of Miller indices considered in the analysis.

All Sb2Se3 lms exhibited (hk1)-preferred orientations with
the TC of the (hk1) planes of the Sb2Se3 lms deposited onto
MoSe2 exceeding that of the Sb2Se3 lms on bare Mo substrates
(Fig. 1g). Given that (Sb4Se6)n ribbons are arranged perpendic-
ular to the substrate and carriers are preferentially transported
10624 | J. Mater. Chem. A, 2025, 13, 10622–10629
within the ribbons, the (hk1)-plane-dominated structure is more
suitable for carrier transport in the Sb2Se3 absorber layer,
leading to higher conductivity. In addition, the vertically
aligned nanorods can improve light trapping, potentially
increasing absorption. Raman scattering was employed to
further examine the structures of Sb2Se3 lms and their impu-
rity phases on different substrates, as depicted in Fig. 1h. The
vibrational mode at 190 cm−1 and the peak corresponding to
the stretching vibrations of the Se–Se bond in Se chains and Se8
rings at 253 cm−1 were observed in all the lms, consistent with
previously reported studies.20 These bands did not exhibit
signicant changes upon Mo selenization treatments, indi-
cating that the bulk structure of Sb2Se3 was not substantially
affected.

To evaluate the photovoltaic characteristics of the co-
evaporated Sb2Se3 thin lms deposited onto Mo and MoSe2/
Mo substrates, Sb2Se3 solar cells with a substrate conguration
structure of soda lime glass (SLG)/Mo/(MoSe2)/Sb2Se3/(SnOx)/
CdS/i-ZnO/AZO/Al were fabricated. The ALD_SnOx layer was
applied on top of the Sb2Se3 layer before CdS deposition to
prevent Sb diffusion into the CdS layer, ensuring reproduc-
ibility. Fig. 2a and b illustrate the cross-sectional TEM and
HAADF STEM images of the back Mo/Sb2Se3 and front Sb2Se3/
CdS interfaces of Sb2Se3 solar cell devices A(Mo) and B(MoSe2).
Notably, the Sb2Se3 solar cells exhibited a at, planar structure
in both congurations, with and without the ultrathin (5 nm)
MoSe2 interlayer, consistent with ndings from our previous
studies.5,10 For B(MoSe2), the high-resolution STEM image
conrmed an MoSe2 interlayer thickness of approximately 5
nm, while for A (Mo), the corresponding image conrmed
a smooth interface between theMo and Sb2Se3 layers. According
to the HAADF STEM images, the Sb2Se3 layer exhibits a dense
structure comprising voids (empty volumes) and Sb2Se3 (lled
volume). From the front contact, the CdS buffer, i-ZnO window,
and TCO layers were uniformly deposited onto the at Sb2Se3
absorber layer without any nanorod arrays. Fig. 2d–f present the
This journal is © The Royal Society of Chemistry 2025
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Fig. 2 Cross-sectional transmission electron microscopy (TEM) and high-angle annular dark-field (HAADF) scanning TEM (STEM) images of the
back Mo/Sb2Se3 and front Sb2Se3/CdS interfaces of Sb2Se3 solar cell devices using (a) A(Mo) and (b) B(MoSe2). Energy dispersive spectroscopy
(EDS) line scans of elemental distributions across the devices (c) A(Mo) and (d) B(MoSe2). EDSmapping images of elements (Mo, Sb, Se, Cd, S, and
Zn) for (e) A(Mo) and (f) B(MoSe2).
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EDS line scan proles and corresponding EDS mapping images
of Sb2Se3 devices A(Mo) and B(MoSe2), respectively. The EDS
elemental composition maps for B(MoSe2) reveal dark domains
in the Sb and Se composition maps, extending from the front to
the bottom of the Sb2Se3 absorber layer, indicating spaces
between Sb2Se3 grain boundaries. While a uniform Sb2Se3 layer
formed on the ultrathin MoSe2 interlayer, distinct structural
variations were observed at the grain boundaries of the
absorber.

The morphological and electrical properties of the surfaces
and interfaces of Sb2Se3 thin lms deposited onto Mo-only and
MoSe2/Mo contacts were examined using Kelvin probe force
microscopy (KPFM) and conductive atomic force microscopy (c-
AFM) with an atomic force microscope (AFM) system.

The root mean square surface roughness values for the
Sb2Se3 thin lms obtained from AFM topography, were
37.31 nm and 153.33 nm for A(Mo) and B(MoSe2), respectively.
The increased surface roughness of the lm with the MoSe2
interlayer is attributed to the facile growth of Sb2Se3 with
a preferred (hk1) orientation.10

The effect of this modied dominant crystal orientation on
band bending properties at GBs was investigated. For this, the
This journal is © The Royal Society of Chemistry 2025
VCPD distribution on the Sb2Se3 surface was obtained using
KPFM (Fig. 3a–d). The resulting VCPD values were converted to
surface potential by calculating the sample work function using
the following equation:21

VCPD ¼ DF

e
¼ Ftip � Fsample

e
; (2)

where Ftip and Fsample denote the work functions of the tip and
sample, respectively. Here, Ftip was determined by measuring
the VCPD value of a highly oriented pyrolytic graphite reference
sample with a known work function of 4.60 eV. The potential
difference between GBs and IGs can be represented by the
variation in VCPD at the GBs, expressed as: DVCPD,GBs = VCPD at
IGs (VCPD,IGs) − VCPD at GBs (VCPD,GBs). The statistical distribu-
tion of DVCPD,GBs is presented in Fig. 3e. The displayed values
were extracted from line prole data obtained across 40 GBs in
three different map images, each measured at distinct locations
on each sample. Following the incorporation of the MoSe2
interlayer, the average DVCPD,GBs increased from 32.1 mV to
42.0 mV, accompanied by a reduction in the number of GBs and
IGs with low potential differences. Potential variation at GBs is
signicant as it promotes electron–hole separation and inu-
ences charge carrier recombination properties.22
J. Mater. Chem. A, 2025, 13, 10622–10629 | 10625
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Fig. 3 Band bending at grain boundaries (GBs) and vertical current flow in Sb2Se3 thin films grown on different back-contact layers. Mapping
images of (a and c) morphology and (b and d) contact potential difference (VCPD) distribution on the Sb2Se3 surface for A(Mo) and B(MoSe2),
respectively. (e) Statistical distribution of the potential difference between GBs and intra-grains (IGs), with the red dot on the box plot indicating
the mean value of all measured data. Mapping images of (f and i) morphology and, (g and j) current flow measured at the Sb2Se3 surface, and (h
and k) line profiles extracted along the marked line for A(Mo) and B(MoSe2), respectively.
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Fig. S2a and b (ESI†) present the band bending diagrams of
A(Mo) and B(MoSe2). Based on these, charge carrier dynamics at
the GBs were examined. Upward band bending was observed in
both samples, indicating the formation of an electron barrier at
the GBs that repels electrons and attracts holes.23 Generally,
a higher potential barrier leads to more efficient charge carrier
separation and reduces the number of trap states at GBs, which
can degrade device performance. Overall, the enhanced band
bending observed in the Sb2Se3 lms deposited on the MoSe2/
Mo contact compared to those deposited on the Mo-only
contact is anticipated to suppress electron–hole recombina-
tion and facilitate charge extraction.

The local current ow within the Sb2Se3 thin lms was
investigated using c-AFM. Current maps along the grain struc-
ture were obtained under a +1 V bias voltage, and representative
line proles were extracted along the marked lines on the map
images (Fig. 3f–k). For both A(Mo) and B(MoSe2), current
predominantly owed through IGs rather than GBs. Compared
to the Sb2Se3 thin lm without the MoSe2 interlayer, the overall
conductivity of the lm with the interlayer increased signi-
cantly. Quantitatively, the average current ow increased by 2.2
nA, from 2.1 nA to 4.3 nA, as calculated from measured current
statistics.

In Sb2Se3 with a one-dimensional ribbon structure, charge
carrier transport along the (hk1) orientation is more favorable
than that along the (hk0) orientation. The controlled crystal
orientation within the Sb2Se3 thin lm achieved by introducing
the MoSe2 interlayer may explain the increased vertical current
ow.24 Additionally, improved back-contact band alignment
could contribute to charge transport by effectively preventing
electron leakage and facilitating hole extraction at the back
interface.25 Further details about the band structure will be
discussed later. Overall, the enhanced charge carrier extraction
and transport properties of B(MoSe2) are anticipated to improve
device performance by increasing the short-circuit current (JSC)
and open-circuit voltage (VOC).

To investigate charge transport properties at the interface
and examine interfacial band alignment, the solar cell devices
were mechanically dimpled using a dimple grinder to expose
their interface laterally.17 Schematic cross-sectional illustrations
10626 | J. Mater. Chem. A, 2025, 13, 10622–10629
of the dimpled devices are presented in Fig. 4a and b. The boxed
area indicates the focus of further analysis, with the optical
microscopy images of this region displayed in Fig. 4c and d.
Micro-Raman scattering spectra were obtained across the
interface between the Sb2Se3 and Mo layers at the numbered
spots in the optical images using a 532 nm wavelength laser
(Fig. 4e and f). The laser power was carefully adjusted to prevent
sample damage. At points 1 to 7, two distinct peaks at 190 cm−1

and 209 cm−1 appeared in both samples. These peaks, corre-
sponding to the A1g mode and Sb–Se vibrational mode, are
representative peaks of Sb2Se3.20,26 No signicant peak shis
were observed between the two samples with different back-
contact structures, indicating uniform polishing conditions. A
phase change observed at point 8 conrmed the position of the
back interface. At this point, A(Mo) displayed direct contact
between Sb2Se3 andMo. Conversely, in B(MoSe2), a peak around
240 cm−1 was observed, indicating that the thin MoSe2 layer
positioned between the Sb2Se3 and Mo layers was well exposed
through grinding.27

The topographies and VCPD distributions of the Sb2Se3/Mo
and Sb2Se3/MoSe2 interfaces were obtained using KPFM
(Fig. 4g, h, k, and l). Notably, a signicant change in the VCPD
difference between Sb2Se3 and the adjacent layer was observed,
implying considerable modication of the interfacial band
alignment. A detailed analysis of band bending at the interface
was conducted using potential proles extracted along the
marked line on the topography and VCPD map images (Fig. 4i
and m). The VCPD values were converted into surface potentials
using eqn (1), as previously described. The potential variation at
the interface increased from 70 mV to 123 mV with the intro-
duction of MoSe2. This altered band alignment directly
impacted charge carrier transport. Schematic band diagrams of
the interface, shown in Fig. 4j and n, illustrate these effects. At
the Sb2Se3/Mo interface, a relatively weak ohmic contact
formed, which poorly supported the ow of electrons and holes
along the desired direction.28 In contrast, the insertion of MoSe2
at the back interface created an electron barrier that effectively
blocked electron ow across the junction while promoting hole
transport.29 The improved back-contact quality suppressed
carrier recombination and enhanced carrier diffusion at the
This journal is © The Royal Society of Chemistry 2025

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ta00683j


Fig. 4 Adjustment of the Sb2Se3/back-contact interface band alignment achieved by inserting the MoSe2 interlayer, as examined using
mechanically dimpled solar cell devices. (a and b) Cross-sectional illustrations of dimple-ground devices and (c and d) optical microscopy images
of the exposed interfaces of A(Mo) and B(MoSe2), respectively. (e and f) Raman spectra measured at marked points along the Sb2Se3/back-
contact interface, with assigned Raman peaks for the Sb2Se3 and MoSe2 phases indicated using black circles and squares, respectively. Mapping
images of (g and k) morphology and (h and l) VCPD distribution at the Sb2Se3/back-contact interface for A(Mo) and B(MoSe2), respectively. (i and
m) Surface potential profiles extracted along the marked line in the VCPD map image. (j and n) Sb2Se3/back-contact interface band alignment and
charge carrier (e− and h+) transport properties with and without the MoSe2 interlayer, constructed based on the KPFM results.
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junction, beneting charge carrier transport and contributing
to an increase in open-circuit voltage (VOC).24

Fig. 5a–f illustrate the performance of Sb2Se3 solar cells with
and without the MoSe2 interlayer. The evaluated parameters
include (a) open-circuit voltage (VOC), (b) short-circuit current
density (JSC), (c) ll factor (FF), (d) power conversion efficiency,
(e) shunt resistance (Rsh), and (f) series resistance (Rs) under AM
1.5G illumination. The device parameters of the solar cell
devices without selenization treatment were compared to the
device parameters of those subjected to 20-min selenization.
Although the Jsc of the solar cells indicates minimal statistical
inuence from the MoSe2 interlayer, this interlayer improves
the photovoltaic performance, particularly in terms of VOC and
FF. Specically, Sb2Se3 solar cells with the MoSe2 interlayer
exhibit higher average values and reduced FF variation
compared to those without treatment. The Rsh value of the
devices comprising the MoSe2 interlayer was an order of
magnitude higher than that of the device without MoSe2, while
Rs decreased (Fig. 5c and d). This trend is attributed to reduced
current losses and minimized trap states in the lms.30 The
current density–voltage (J–V) curves of the optimal device are
illustrated in Fig. 5g, and the photovoltaic parameters are listed
in Table 1. The control device with an Mo substrate achieves
This journal is © The Royal Society of Chemistry 2025
a maximum power conversion efficiency (PCE) of 2.835%, with
corresponding VOC, JSC, and FF values of 0.360 V, 22.301 mA
cm−2, and 35.236%, respectively. Remarkably, the device with
the MoSe2 interlayer achieves an enhanced PCE of 5.538%, with
VOC, JSC, and FF values of 0.426 V, 24.667 mA cm−2, and
52.698%, respectively. Additionally, the EQE analysis (Fig. S3a†)
shows better spectral responses at longer wavelengths (700 to
900 nm) using MoSe2, indicating reduced Shockley–Read–Hall
recombination and longer carrier lifetime. The overall
improvement in EQE response is attributed to enhanced light
absorption and charge carrier transport facilitated by the
vertically oriented (hk1) nanorod structure of Sb2Se3. Despite
the signicant increases in VOC and FF, we observed a slight
increase in JSC, mainly due to the unchanged absorber layer
bandgap (Fig. S3b†). This enhancement is attributed to
improved carrier transport, as illustrated schematically in
Fig. 5h and i, for the Mo- and Mo/MoSe2-based devices. The
facilitated carrier ow, attributed to the (hk1)-preferred orien-
tation of the Sb2Se3 absorber layer on the MoSe2 interlayer,
contributes to increased JSC. Additionally, the quasi-ohmic
contact formation between the Sb2Se3 absorber layer and
MoSe2 interlayer signicantly improves VOC and FF.
J. Mater. Chem. A, 2025, 13, 10622–10629 | 10627
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Fig. 5 (a–f) Statistical box plots of the solar cell parameters of the devices. (g) Current density–voltage curves of the devices under the standard
AM 1.5G solar spectrum. Schematic illustrations of the modified charge transport mechanisms in devices with the (h) Mo substrate and (i) Mo/
MoSe2 substrate.

Table 1 Photovoltaic parameters of Sb2Se3 solar cells with and without MoSe2, measured under one Sun AM 1.5G illumination

Samples VOC [V] (average) JSC [mA cm−2] (average) FF [%] (average) PCE [%] (average)

Control 0.36082 (0.36723) 22.3014 (21.6249) 35.2364 (34.4020) 2.835 (2.7316)
MoSe2 0.42604 (0.42697) 24.6678 (24.3959) 52.6986 (50.3075) 5.538 (5.2405)
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Conclusion

This study offers insights into the improved interfacial charge
carrier transport and the resulting enhancement in Sb2Se3 solar
cell performance achieved through the insertion of an MoSe2
interlayer. The formation of MoSe2 at the interface between
Sb2Se3 and Mo promotes the vertical growth of Sb2Se3 with an
(hk1) orientation, consistent with previous studies. This altered
10628 | J. Mater. Chem. A, 2025, 13, 10622–10629
crystal growth enhances band bending at the GBs, reducing
carrier recombination and promoting charge separation. Addi-
tionally, a substantial increase in surface current indicates
efficient charge ow in the vertical direction. We demonstrate
changes in interfacial band alignment at the back contact by
measuring the electrical potential distribution at the interface.
The potential variation at the back interface increased by 53mV,
suggesting that MoSe2 effectively blocks electron transport
This journal is © The Royal Society of Chemistry 2025
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while facilitating hole extraction. Improved ohmic contact
quality signicantly elevates the VOC and FF of the solar cells,
enabling a PCE of 5.538%. These ndings underscore the
importance of ne-tuning of interfacial charge transport prop-
erties to achieve high-performance Sb2Se3 solar cells.
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