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ABSTRACT: Antimony sulfide (Sb2S3) thin film have a suitable
band gap (1.73  eV)  and high  absorption  coefficient,  indicating
potential  prospects  in  indoor  photovoltaics.  The  open-circuit
voltage  (VOC)  attenuation  under  indoor  weak  light  limits  the
performance  and  application,  which  is  affected  by  the
heterojunction  interface  quality.  Hence,  we  propose  a  hole
transport  layer  free  Sb2S3  indoor  photovoltaic  cell  using  Li-
doped TiO2 as the electron transport  layer to overcome weak-
light  VOC  loss.  The  Li-doped  TiO2  films  prepared  by  spray
pyrolysis  LiCl  additive  precursor  reveal  higher  surface
potentials, enhancing electron collections. The doped interface
also promoted subsequent grain growth of Sb2S3 thin film. The
champion  device,  configured  as  FTO/TiO2:Li/Sb2S3/Au,
achieves an efficiency of 6.12% with an optimal Li doping ratio
of  8%  in  the  TiO2  layer.  The  Li  introduction  at  the  junction
interface  suppresses  the  photocarrier  recombinations  under
indoor light, thus improving device performance. The indoor power conversion efficiency of the Li-TiO2 based Sb2S3 device
reaches 12.7% under the irradiation of 1000-lux LED, showing 48% improvement compared with the undoped device. The
Li-doped TiO2/Sb2S3 photovoltaic device demonstrates significant advantages, particularly in cold and monochromatic light
conditions, opening new prospects for indoor application.
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1    Introduction
Antimony sulfide (Sb2S3) occupies a place in the absorber materials
for  solar  cells  [1],  which  is  attributed  to  its  abundant  reserves,
environmentally  friendly  properties,  and  excellent  stability  both  in
air and water [2]. Nowadays, with the vigorous development of the
internet  of  things  technology  (IoT),  the  demand  for  energy
absorption  and  reuse  continues  to  expand,  bringing  indoor

photovoltaic  applications  into  the  spotlight.  According  to  the
theoretical calculations, the theoretical maximum power conversion
efficiency (PCE) in the optimal band gap of 1.9 eV can exceed 60%
under  visible  LED  light  illuminations  [3].  Sb2S3 exhibits  an
exceptional absorption coefficient (105 cm−1) within the visible light
range of 450–600 nm. Simultaneously, the 1.73 eV band gap of the
Sb2S3 solar  cell  aligns  perfectly  with  the  optimal  band  gap  value,
establishing  it  as  an  ideal  candidate  for  indoor  photovoltaic
applications [4].

In  Sb2S3 photovoltaic  devices,  the  interfacial  barriers,  lattice
mismatch,  intrinsic  defects,  and  orientations  are  critical  issues  to
affect  device  performance,  especially  in  weak-light  indoor
conditions  [5].  The  study  on  process  optimization  [6],  device
structure  [7],  and  defect  passivation  [8]  of  the  Sb2S3 solar  cells
achieved  significant  advancements  [9–11].  The  primary  methods
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employed  for  the  fabrication  of  Sb2S3 photovoltaic  devices  are
chemical  water  bath  deposition  (CBD)  [12],  rapid  thermal
evaporation (RTE) [13, 14], vapor transport deposition (VTD) [15],
and hydrothermal  method (HT) [16].  The Sb2S3 photovoltaic  cells
based  on  the  solution  method  have  achieved  high  performance.
Seok et al.  conducted surface vulcanization treatment on the Sb2S3
film using thioacetamide (TA) treatment, resulting in a PCE of 7.5%.
Wang  et  al.  reported  8.32%-efficiency  Sb2S3 solar  cells  prepared
through the CBD method [12]. In the device structure, organic hole
transport  layers  (HTL)  such  as  spiro-OMeTAD  and  P3HT  face
application bottlenecks related to cost and stability [17]. Nevertheless,
the  vacuum  method  for  Sb2S3 enables  the  straightforward
construction  of  HTL  free  full-inorganic  photovoltaic  devices  [18].
The  performances  of  the  vacuum-based  HTL  free  photovoltaic
devices  still  fall  short  of  the  requirements  for  commercialization.
Interestingly, wide band-gap Sb2S3 photovoltaic cells, which are well-
matched to the entire visible spectrum, can be further developed to
enhance device performance for indoor applications.

Indoor  photovoltaic  cells  serve  as  crucial  carriers  of  energy  and
information, playing a vital role in the development of smart cities
that  prioritize  non-toxicity  and  stability  [19].  Sb2S3 photovoltaic
cells  based on titanium oxide (TiO2) as an electron transport layer
(ETL)  meet  indoor  requirements  [20].  It  has  been  reported  that
solar  cell  performance,  particularly  open  circuit  voltage  (VOC)  and
short circuit current (JSC), experiences significant degradation under
weak  light  conditions  due  to  insufficient  charge  extraction  and
separation.  The  low  conductivity  of  TiO2 is  attributed  to  the
presence  of  oxygen  vacancies,  and  the  observed  energy  level  shift
indicates a lower conduction band in TiO2 compared to that of the
Sb2S3 absorption  layer  [21, 22].  Consequently,  this  results  in
decreased electron flow from the Sb2S3 layer, hindering the efficient
transfer  of  photogenerated charge carriers  at  the interface.  Doping
emerges  as  a  crucial  approach  for  modifying  lattice  vacancies  and
Fermi  levels,  thereby  addressing  this  issue  and  enhancing  electron
extraction [23].  A Ru-doped TiO2 compact layer was used in dye-
sensitized  solar  cells,  serving  as  a  blocking  layer  to  reduce  charge
recombination  [24].  The  conductivity  and  surface  morphology  of
the TiO2 film can be enhanced by doping Al, Cs, and Y to improve
the performance of perovskite solar cells [25]. Meanwhile, the study
of  Zn-doped  TiO2 film indicated  the  enhancement  of  the VOC for
Sb2S3 solar  cells  [26].  Thus,  doping  for  TiO2 ETL  is  an  efficient
strategy  to  improve  heterojunction  quality  and  regulate  voltage
attenuation.

In  this  work,  the  Sb2S3 thin  film  photovoltaic  device  in  the
configuration  of  FTO/TiO2:Li/Sb2S3/Au  is  developed  for  indoor
applications. To mitigate the VOC attenuation under weak light, the
Li+ ions are incorporated into the TiO2 layer employing a precursor
solution  with  lithium  chloride  (LiCl).  The  influences  of  Li  doping
concentration  on  devices  are  investigated  by  material
characterization  and  electrical  property  measurements.  The  Li
doping  TiO2 layer  significantly  enhances  the VOC and  PCE  of  the
device.  The  optimized  Sb2S3 photovoltaic  cell  obtains  6.12%
efficiency  in  a  standard  sunlight  (AM 1.5G).  Moreover,  under  the
illumination of LED (1000 lux), the device exhibits PCEs of 11.3%
and 12.7% in warm and cold light, respectively. 

2    Results and discussion
The  spray  pyrolysis  method  offers  several  advantages  for  the
preparation  of  TiO2 films,  including  low  cost,  convenient

adjustment of film thickness, and doping capability. The ion doping
helps  to  enhance  the  conductivity  of  TiO2 ETL  and  suppress
interfacial  defects  to  overcome  weak-light VOC attenuation  of  the
Sb2S3 photovoltaic devices [27]. Figure 1(a) illustrates the schematic
diagram  depicting  the  process  of  TiO2 preparation  through  spray
pyrolysis.  The  LiCl  serves  as  the  source  material  to  achieve  Li
doping  in  the  TiO2 films.  The  LiCl  is  solid  powder  at  room
temperature,  inexpensive,  and  easily  soluble  in  the  precursor
solution  of  TiO2,  enabling  precise  control  over  doping  levels.  The
Sb2S3 thin  film  is  deposited  on  the  Li-doped  TiO2 film  using  the
RTE  method  to  fabricate  the  HTL-free  photovoltaic  cell  in  the
configuration  of  FTO/TiO2:Li/Sb2S3/Au,  as  illustrated  in Fig.  1(b).
The  absorption  spectrum  of  the  Sb2S3 film  is  shown  in Fig.  1(c),
which ranges from 360 to 720 nm and covers  visible  wavelengths.
As  shown  in Fig.  1(d),  according  to  the  reported  research  and
calculations,  the  theoretical  maximum  efficiency  of  the  Sb2S3
photovoltaic  cell  under  the  AM  1.5G  is  26%  [28, 29].  However,
under  LED  irradiation  conditions,  the  theoretical  maximum
efficiency  is  more  than  50%,  which  is  attributed  to  its  wide  band
gap (1.73 eV) [30, 31]. This positions Sb2S3 as an ideal material for
indoor photovoltaics, efficiently absorbing indoor lights.

The compositions of Li doping of TiO2 films are investigated by
X-ray  photoelectron  spectroscopy  (XPS).  The  binding  energy  has
been  calibrated  concerning  the  carbon  signals.  The  typical  peaks
arising from TiO2 films (Ti 2p, Ti 2s,  Ti 3p, O 1s) [32] are readily
apparent (Fig. S1 in the Electronic Supplementary Material (ESM)).
High-resolution characteristic spectra of Ti 2p, O 1s and Li 1s lines
probed  for  the  undoped  and  Li-doped  TiO2 film  are  shown  in
Figs. 2(a)–2(c), respectively. The Ti 2p peaks at 464.1 and 458.5 eV
(Fig. 2(a)), the Ti–O peak at 529.7 eV and the O–H peak at 531.8 eV
(Fig.  2(b))  are  well  matched  with  the  standard  peak  positions  of
TiO2 [33, 34]. Ti and O reveal a good combination with an atomic
ratio of 1:1.9. As shown in Fig. 2(c), the peak of 57.1 eV represents
the Li  signal  detected for Li-doped TiO2 film [35].  The main peak
positions  of  Ti  and  O  remain  unchanged  after  Li  doping,  which
does not destroy the chemical bonds and crystal lattices. Because of
the  small  atomic  radius  of  Li,  it  undergoes  interstitial  doping  in
TiO2 [36]. At the same time, the Li doping boosts the conductivity
of TiO2 from 1.57 × 10−7 to 1.09 × 10−6 S/cm (Fig. S2 in the ESM).
The surface morphology and roughness of undoped and Li-doped
TiO2 films  are  characterized  by  scanning  electron  microscope
(SEM) and atomic force microscope (AFM). As shown in Figs. 2(d)
and 2(g), the surface roughness of the undoped and Li-doped TiO2
films  are  38.6  and  36.2  nm,  respectively.  Both  the  two  TiO2 films
have  compact  surfaces  composed  of  large  grains  (Fig.  S3  in  the
ESM).  The Li  doping does  not  significantly  affect  the  morphology
or  roughness.  Subsequently,  surface  potentials  and  charge
distributions  of  the  TiO2 film  are  further  investigated  by  Kelvin
probe  force  microscopy  (KPFM).  Obviously,  Li  doping  causes  a
significant change in the surface potential of the TiO2 film, revealing
overall improvement and more uniform distribution (Figs. 2(e) and
2(h)).  The  extracted  surface  height  and  potential  values  of  the
control and Li-doped TiO2 films are illustrated in Figs. 2(f) and 2(i).
The  surface  potential  of  undoped  TiO2 films  ranges  from −4  to
4  mV,  while  Li-doping  increases  it  to  approximately  120  mV.
Furthermore, the higher surface potentials and conductivity from Li
doping  indicate  lower  work  function  and  stronger  electronic
collection ability of TiO2 ETL.

To evaluate  the  effect  of  Li  doping  (0%,  4%,  6%,  8%,  10%,  and
12%  (Li/(Li+Ti))  in  TiO2 on  the  post-deposited  Sb2S3 layer,  the
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surface  morphologies  of  Sb2S3 thin  films  are  studied  via  SEM,  as
depicted in Figs. 3(a)−3(f), respectively. Obviously, the Li doping in
TiO2 enhances the crystallization of the Sb2S3 films. On the 8% Li-
doped TiO2,  the Sb2S3 crystals  exhibit  optimal  fullness  and density
while  maintaining  a  flat  film  surface  with  minimal  voids.
Additionally,  the  average  grain  size  is  approximately  500  nm  by
measurement. Large and densely packed grains are advantageous in
reducing  grain  boundary  scattering  and  facilitating  carrier
migration.  However,  when  the  doping  ratio  reaches  12%,  the
quality of the Sb2S3 film decreases significantly. Excessive doping of
Li results in the precipitation of numerous particles on the surface
of  TiO2 film  during  annealing,  which  compromises  the  quality  of
heterojunction and ultimately impedes the growth of the Sb2S3 film.
Figures  3(g) and 3(h) depict  the  SEM  cross-section  images  of
Sb2S3/TiO2 films  doped  with  ratios  of  0%  and  8%.  It  can  be
observed  that  the  TiO2 and  Sb2S3 films  exhibit  distinct
demarcations.  The thickness of  the TiO2 film is  about 50 nm, and
the  Sb2S3 film  is  about  450  nm.  Under  identical  deposition
conditions, Li-doped TiO2 facilitates the growth of the Sb2S3 film. In
addition, the X-ray diffraction (XRD) measurement (Fig. S4 in the
ESM)  indicates  that  Li-doped  TiO2 enhances  diffraction  peaks  at
crystal  directions  (110),  (120),  and  (220)  of  the  Sb2S3 film  to
improve crystal quality.

The  effects  of  Li-doped  concentrations  for  TiO2 on  the
performance  of  Sb2S3 photovoltaic  devices  are  investigated.
Figs.  4(a)–4(d) present  statistical  performance indicators  including
VOC, JSC,  fill  factor (FF),  and PCE. With the increases in Li doping
ratio  from  0%  to  8%  (Li/(Li+Ti)), VOC, JSC,  and  PCE  exhibit
significant  enhancements.  The  8%-Li  doping  ratio  for  TiO2 film

realizes  optimal  performance.  When the  doping  ratio  exceeds  8%,
the  performances  show  a  downward  trend.  Moreover,  the  device
with  a  doping  ratio  of  12%  demonstrates  a  sharp  decline  in
performance.  Excessive  doping  damages  the  lattice  of  TiO2 and
heterojunction  interface,  causing  serious VOC loss.  The  current
density  vs.  voltage  (J–V)  curves  of  the  four  devices  are  shown  in
Fig. 4(e). The PCE of the control Sb2S3 solar cell without Li doping
is 5.03% with a VOC of  645 mV. Notably,  the Sb2S3 device with an
8%  Li  doping  ratio  in  TiO2 achieves  a  PCE  of  6.12%,  a VOC of
713 mV, a JSC of 17.04 mA/cm2, and an FF of 50.3%. The Li-doped
TiO2 ETL  leads  to  a  12%  and  20%  improvement  in  the VOC and
PCE, respectively. The external quantum efficiency (EQE) spectrum
with  varying  doping  densities  is  shown  in Fig.  4(f).  The  doping
density in TiO2 enables higher EQE across the full spectrum range,
enhancing  the JSC.  The  EQE  of  the  Sb2S3 device  with  the  8%  Li-
doped  TiO2 is  beyond  80%  at  the  wavelengths  of  400–550  nm,
manifesting  superior  light  absorption  and  utilization  capabilities
within indoor visible light.

The quality factor (A) and reverse saturation current density (J0)
are  important  parameters  for  the  PN  junction,  which  can  be
determined from the dark J–V curves in Fig. 5(a). Compared to the
undoped  TiO2 device  (3.17  ×  10−5 mA/cm2),  the  Li-doped  TiO2
device  exhibits  a  smaller J0 (1.31  ×  10−5 mA/cm2),  indicating  faster
carrier  transmission  and  reduced  charge  recombination  due  to
doping.  In  addition,  the  A  of  the  Li-doped  TiO2 device  decreases
from  1.91  to  1.78,  confirming  an  enhancement  in  PN  junction
quality. The charge recombination lifetime (τr) and transfer lifetime
(τt) are important parameters for analyzing the charge states, which
can be characterized by time-resolved transient photovoltage (TPV)

 

Figure 1    (a) Schematic diagram of spray pyrolysis. (b) Device structure of Li-doped ETL Sb2S3 photovoltaic cells. (c) UV–vis absorption spectrum of the Sb2S3 film. (d)
Theoretical SQ limit at various values of Eg.
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and  transient  photocurrent  (TPC).  As  shown  in Fig.  5(b),  the  Li-
doped  TiO2 device  exhibits  a  higher τr value  of  164  μs  from TPV
decay  under  open  circuit  conditions  compared  to  the  undoped
TiO2 device  with  a τr value  of  96.3  μs.  This  indicates  that  the
recombination  of  photocarriers  is  better  suppressed  in  the  PN
junction. In Fig. 5(c), the calculated τt values from TPC decay under
short-circuit conditions for the undoped and Li-doped TiO2 devices
are  8.22  and  5.25  μs,  respectively.  Therefore,  the  Li  doping  of  the
TiO2 film  effectively  passivates  defects  in  the  PN  junction  to
suppress  recombination  and  enhance  charge  transfer.  The  carrier
recombination  characteristics  in  photovoltaic  devices  can  be
analyzed  using  electrochemical  impedance  spectroscopy  (EIS),
where  the  abrupt  PN  heterojunction  capacitance  can  be
approximated  using  a  parallel-plate  capacitor  model  with  an
equivalent  circuit  diagram  (Fig.  5(d)).  The  recombination
resistances  (Rrec)  of  the  undoped  and  Li-doped  TiO2 devices  are
6.4  and  15.2  kΩ,  respectively.  The  higher Rrec values  indicate
positive effects on carrier separation and transport. The VOC and JSC
characteristics  dependent  on  the  intensity  of  light  (Ilight)  are
investigated  to  analyze  the  recombination  mechanism  in  the
devices. Figure 5(e) illustrates the light-dependent VOC for the two
devices. In a trap-free photovoltaic device, a specific value (n) of 1 is
observed between the  slope  of VOC versus  ln(Ilight)  and (kT/q).  For
undoped  TiO2 and  Li-doped  TiO2 devices, n values  of  1.34  and

1.21  are  obtained  respectively,  indicating  reduced  trap-assisted
recombination  in  alkali  metal-doped  devices. Figure  5(f)
demonstrates a power law relationship between JSC and Ilight (JSC ∝
Ilight

α)  for  the devices  [37].  The α values for undoped TiO2 and Li-
doped  TiO2 devices  are  found  to  be  0.973  and  0.986  respectively,
suggesting  that  trap-assisted  recombination  dominates  in  these
devices.  Furthermore,  a  larger α value  reveals  an  enhanced carrier
extraction  capability  in  Li-doped  TiO2 device  [38].  Based  on  the
above  the  performance  degradation  of  Sb2S3 devices  in  weak  light
environments is expected to be mitigated by Li-doped TiO2.

The  Sb2S3 photovoltaic  devices  are  irradiated  by  two  kinds  of
LED  lights  to  investigate  indoor  photovoltaic  performance.
Figure  6(a) illustrates  the  spectral  composition  of  different  color
temperature modes of the LED lamp used at an illuminance level of
1000  lux.  The  cold  light  with  around  6000  K  of  temperature  is
mainly  blue,  while  warm  light  with  a  temperature  of  3000  K  is
primarily  orange  [39].  The  wavelength  of  common  indoor  light
sources  ranges  from  420–720  nm,  which  aligns  perfectly  with  the
absorption  range  of  the  Sb2S3 absorption  layer.  This  indicates
that  Sb2S3 can  effectively  cover  the  entire  indoor  spectra,
making  it  highly  suitable  for  indoor  photovoltaic  applications.
Figures  6(b)–6(e) present  variations  in  photovoltaic  performance
for  device  groups  with  Li-doped  TiO2 under  different  LED  light
intensities.  And  the  related  photovoltaic  parameters  are  listed  in

 

Figure 2    XPS spectra of (a) Ti 2p, (b) O 1s and (c) Li 1s for undoped TiO2 and Li-doped TiO2. AFM surface roughness images of (d) undoped TiO2 film and (g) Li-
doped TiO2 film. KPFM results (CPD) for the samples of (e) undoped TiO2 film and (h) Li-doped TiO2 film. Surface potential trend diagram of (f) undoped TiO2 film
and (i) Li-doped TiO2 film (the orange color shows the contact current difference, whereas the height is represented by purple color).
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Table 1. The photovoltaic performance is enhanced under the two
LED  lamps,  resulting  in  a  significant  increase  in  overall
performance. The VOC attenuation is effectively suppressed at light
intensities  below  500  lux  (Fig.  6(b)).  Meanwhile,  the  device
maintains  an  FF  of  above  52%  (Fig.  6(c)).  Both  groups  of  devices

show  an  increase  in JSC under  cold  light  conditions  due  to  better
spectral  matching  between  Sb2S3 and  cold  light  (Fig.  6(d)).  As
shown in Figs. 6(e) and 6(f), the champion device achieves a PCE of
12.7% at  1000  lux,  which  is  improved by  48% compared  with  the
undoped  group  (8.6%).  Consequently,  the  HTL-free  Sb2S3 indoor

 

Figure 3    Top-view SEM images of the Sb2S3 films grown on TiO2 layers with different Li doping ratios (Li/Ti): (a) undoped, (b) 4%, (c) 6%, (d) 8%, (e) 10%, and (f) 12%.
Cross-section SEM images of the Sb2S3 films grown on TiO2 layers with (g) undoped and (h) 8% doping ratios.

 

Figure 4    (a) VOC, (b) JSC, (c) FF, and (d) PCE statistical data of Sb2S3 devices with different Li doping ratios in TiO2. (e) J–V and (f) EQE curves of the devices.
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photovoltaic  cells  exhibit  superior  performance  in  cold  light
environments.

Monochromatic  light  is  commonly  observed  in  various  indoor
settings,  such  as  interior  decoration.  The  four  typical
monochromatic  light  sources  in  the  experiment  are  shown  in
Fig.  7(a),  which  are  blue  (400  nm),  green  (530  nm),  bright  red
(625 nm), and deep red (700 nm). An optical  power densitometer
calibrates the irradiances of all the light sources to 0.5 mW/cm2. The
resulting PCE is presented in Fig. 7(b). Following Li doping in the
TiO2 ETL, the device exhibits enhanced responses to four different
monochromatic  lights.  The  PCEs  of  the  photovoltaic  device  are

 

Figure 5    (a) Dark J–V curves, (b) TPV decay, (c) TPC decay, and (d) EIS analysis of the two devices. (e) The VOC and (f) JSC versus light intensity plots.

 

Figure 6    (a) Wavelength distribution of LEDs for testing. (b) VOC, (c) FF, (d) JSC, and (e) PCE of the undoped and Li-doped devices varied with light intensity. (f) J–V
performance of the two devices under 1000 lux cold and warm light illuminations.

 

Table 1    Photovoltaic  parameters  of  the  control  and  optimal  doping
concentration devices under different illumination conditions

Light Device group VOC (mV) JSC
(mA/cm2) FF (%) PCE (%)

AM 1.5 G
Undoped TiO2 645 15.44 50.54 5.03

8%-Li-doped TiO2 713 17.04 50.28 6.12

LED 1000 lux

(warm light)

Undoped TiO2 449 0.129 48.91 7.98

8%-Li-doped TiO2 511 0.137 54.86 11.30

LED 1000 lux

(cold light)

Undoped TiO2 452 0.133 51.15 8.60

8%-Li-doped TiO2 518 0.149 55.99 12.73
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12.96%,  17.24%,  14.28%,  and  9.86%  under  illuminations  of  blue,
green,  bright  red,  and  deep  red,  respectively.  All  the  curves  with
rectification  effects  reveal  a  good  response  to  weak  light.  The
performance of the Li-doped TiO2 device under red light realizes a
large improvement by more than 30%. Among them, the response
to  green  light  is  the  strongest,  with  an  achieved  FF  of  more  than
60%.  Therefore,  the  Li-doped TiO2 device  has  obtained significant
improvement  in  performance  in  monochromatic  light,  thus
indicating  it  is  highly  suitable  for  applications  in  the  indoor
monochromatic light environment. 

3    Conclusion
In  summary,  we  propose  an  HTL-free  full-inorganic  Sb2S3 indoor
photovoltaic cell in a configuration of FTO/TiO2:Li/Sb2S3/Au using
Li-doped TiO2 ETL to overcome weak-light VOC loss. The Li-doped
TiO2 films  prepared  using  spray  pyrolysis,  exhibit  higher  surface
potentials that enhance electron collection. Additionally,  Li doping
promotes  the  growth  of  Sb2S3 grains,  resulting  in  a  high-quality
heterojunction  of  TiO2/Sb2S3.  The  PCE  of  all  inorganic  Sb2S3
photovoltaic  devices  based on Li-doped TiO2 under  AM 1.5G has
reached 6.12%, with a VOC of 713 mV, a JSC of 17.04 mA/cm2,  and
an  FF  of  50.3%.  The  Li-doped  TiO2 layer  increases  device
recombination  resistance  from  6.4  to  15.2  kΩ  while  exhibiting  a
short  charge transfer  lifetime of  5.25 μs  and a  long recombination
lifetime  of  164  μs,  indicating  excellent  charge  extraction  and
transport  effects.  Notably,  the  champion device  achieves  a  PCE of
12.7%  at  1000  lux,  indicating  a  48%  improvement  over  the
undoped sample (8.6%). It maintains a high VOC and FF even under

indoor  weak  light  conditions  due  to  the  inhibited  carrier
recombination  loss.  Additionally,  the  device  exhibits  excellent
response  to  monochromatic  light  sources,  particularly  green  light,
achieving a PCE of 17.24%. 

4    Methods
 

4.1    Device fabrication.
The FTO conductive  glasses  (2.5  cm × 2.5  cm)  as  substrates  were
conducted by ultrasonic cleaning. The TiO2 precursor solution was
prepared  by  mixing  titanium  diisopropoxide  bis(acetylacetonate)
(75  wt.%  isopropanol,  Sigma)  with  absolute  ethyl  alcohol  in  a
volume  ratio  of  1:9  and  stirred  for  over  48  h.  The  Li-doped  TiO2
films  were  prepared  by  controlling  the  precursor.  The  lithium
chloride (LiCl) powder (99%, Aladdin Industrial Corporation) was
added  to  the  precursor  solution  at  quantities  of  0.088,  0.176,  and
0.352  g  per  10  mL  of  solution  to  obtain  different  doping
concentrations. The TiO2 precursor solutions were sprayed onto the
FTO substrates using N2 gas at a temperature of 450 °C followed by
annealing at 560 °C for 30 min. The Sb2S3 films were deposited by
the RTE method. The 0.4 g Sb2S3 powder (98%, Aladdin Industrial
Corporation) was used as the evaporation source. The RTE vacuum
equipment  (OTF-1200X)  which  was  equipped  with  a  covered
graphite  block,  maintained  the  sample  temperature  at  300  °C  for
15  min.  Then,  the  temperature  was  increased  from 300  to  560  °C
within  15  sand  remained  constant  for  another  40  s.  The  vacuum
level  was  maintained  below  4  ×  10−3 Torr  in  the  evaporation
process.  After  cooling  to  room  temperature,  the  compact  Sb2S3

 

Figure 7    (a) Common monochromatic light sources for testing. (b) Performance comparison under monochromatic lights with the irradiation of 0.5 mW/cm2. (c) and
(d) J–V curves under monochromatic lights with the 0.5 mW/cm2 irradiation.
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films  were  obtained.  The  gold  electrodes  (device  area,  0.04  cm2)
were fabricated by thermal evaporation,  constructing the device in
the configuration of FTO/TiO2:Li/Sb2S3/Au. 

4.2    Characterizations and measurements.
The  surface  and  cross-sectional  morphologies  of  the  devices  were
analyzed using  a  Dual  Beam FEG SEM (Helios  G4 CX) equipped
with a focused ion beam (FIB) technique. The XRD patterns were
measured  using  a  Rigaku  SmartLab  instrument  (Cu  Kα radiation,
40  kV,  30  mA)  within  the  range  of  10°  to  60°  at  a  scan  rate  of
10 °/min. The absorption spectrum of the device was measured in
the wavelength range of 300–800 nm using an Agilent CARY5000
spectrophotometer.  Surface  states  were  characterized  by  XPS
analysis  using  an  ESCALAB  250  instrument.  All  XPS  binding
energies  were  calibrated  based  on  the  C  contamination  peak  at
284.8  eV  in  the  C1s  spectrum.  Surface  roughness  and  potential
profile  analyses  were  conducted  using  a  Bruker  Dimension  Icon
with  an  MESP  probe  operating  at  a  frequency  of  1  Hz.  A  power
meter  (Keithley  2400)  and  a  solar  simulator  (SUN  2000,  ABET)
with  a  power  density  of  100  mW/cm2 were  used  to  measure  the
current  density  voltage  (J–V)  curve  of  the  device.  The  external
quantum  efficiency  (EQE)  spectra  were  tested  by  the  QE  system
(Zolix  SCS100,  CROWNTECH).  The  dark  state  current–voltage
curves  were  performed  using  a  semiconductor  characterization
system (Keithley  4200-SCS,  USA)  at  a  frequency  of  50  kHz and a
DC  bias  voltage  of −1  to  1  V.  Electrochemical  impedance
spectroscopy  (EIS)  was  measured  using  an  electrochemical
workstation (VPS) in the frequency range of 1 Hz to 1 MHz under
unbiased voltage. 

Electronic Supplementary Material: Supplementary material (XPS
patterns, I–V curve  and  top-view  SEM  images  of  TiO2 films  and
XRD  patterns  of  Sb2S3 films)  is  available  in  the  online  version  of
this article at https://doi.org/10.26599/NR.2025.94907271. 
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