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ring approach of in-air-processed
Sb2S3 solar cells enabling 7.5% AM 1.5G device
efficiency and an 18% indoor milestone
performance
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Among the wide range of emerging absorber materials under development, Sb2S3, with its optimal bandgap

of 1.7 eV and distinctive anisotropic properties, stands out as a material offering an excellent trade-off

between intrinsic stability, cost-effective deposition, and high performance under both, AM 1.5G and

indoor illumination. While current strategies focus on absorber optimization, interface engineering

remains largely unexplored. In this work, we introduce, for the first time, a ZnO interfacial layer

deposited via ultrasonic spray pyrolysis (USP) in air at the TiO2/Sb2S3 interface. This innovation extends to

a fully cadmium-free device architecture, in which all key layers—TiO2 electron transport layer, ZnO

interlayer, and Sb2S3 absorber—are processed entirely via USP under ambient conditions. A record

efficiency of 7.5% under AM 1.5G illumination and an 18% indoor milestone performance is demonstrated

for a TiO2-based Sb2S3 solar cell platform, featuring a 150 nm thick absorber—the thinnest Sb2S3
absorber delivering such performance to date. Comprehensive characterization reveals the critical role

of the ZnO interfacial layer, highlighting its impact on absorber grain size, interface and bulk defects, and

device functionality. We propose refinements to indoor measurement protocols, accounting for

variations in source temperature and incident power, paving the way for reliable indoor PV performance

evaluation.
Introduction

The growing demand for advanced photovoltaic (PV) applica-
tions in modern society requires the development of energy
materials and devices with customized properties. At this scale,
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of Chemistry 2025
the emerging PV technologies must go beyond mere competi-
tiveness with current established technologies in performance
and reliability under the AM 1.5 solar spectrum. They should
also drive expanded PV deployment by leveraging research
expertise to address and embrace alternative applications, such
as indoor photovoltaics (IPV). Thin-lm technologies such as
cadmium telluride (CdTe) and copper indium gallium selenide
(CIGS) have been expertly designed to maximize power
conversion efficiency (PCE) under the AM 1.5 outdoor solar
spectrum, with an ideal bandgap around 1.4 eV. Yet, in the
context of indoor applications, these cutting-edge technologies
reveal signicant limitations, as their performance is compro-
mised by the fundamentally different illumination spectrum,
highlighting an urgent need for innovative solutions tailored
specically for indoor energy harvesting. In recent years, there
has been a focused and vigorous exploration of emerging
photovoltaic materials, including organic, dye-sensitized, and
perovskite solar cells (PSCs), which promise superior spectral
matching for indoor applications. While performance
exceeding 44% has been achieved under low-light conditions,1,2
J. Mater. Chem. A

http://crossmark.crossref.org/dialog/?doi=10.1039/d5ta05790f&domain=pdf&date_stamp=2025-10-08
http://orcid.org/0000-0002-6041-0074
http://orcid.org/0000-0003-4658-4403
http://orcid.org/0000-0003-0234-2170
http://orcid.org/0000-0003-1980-3391
http://orcid.org/0000-0002-2610-5973
http://orcid.org/0000-0003-4881-5041
http://orcid.org/0000-0003-3063-922X
http://orcid.org/0000-0003-2821-6076
http://orcid.org/0000-0001-6522-1427
http://orcid.org/0000-0002-5554-1985
http://orcid.org/0000-0002-5686-2975
http://orcid.org/0000-0002-6008-7561
http://orcid.org/0000-0001-5863-2295
http://orcid.org/0000-0002-9346-946X
http://orcid.org/0000-0002-1870-3543
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ta05790f
https://pubs.rsc.org/en/journals/journal/TA


Journal of Materials Chemistry A Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

9 
O

ct
ob

er
 2

02
5.

 D
ow

nl
oa

de
d 

on
 1

0/
13

/2
02

5 
6:

27
:0

2 
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
and these materials benet from low-temperature deposition
processes and tunable properties, legitimate concerns remain
regarding their overall long-term stability and, in the case of
lead-based perovskites, their toxicity.3 In this context, antimony
sulde (Sb2S3) has emerged as a promising inorganic PV
absorber material for single-junction solar cells and as the top
subcell in tandem solar cells. This is due to its exceptional
intrinsic properties, including a high absorption coefficient (a >
104 cm−1 in the visible region), a bandgap of 1.7 eV, excellent
stability, and its abundant availability in nature.4,5

Given these advantages, Sb2S3 has the potential to enable
resilient and low-cost IPV technology. Despite extensive
research on Sb2S3 as a conventional PV absorber (leading to an
impressive device PCE exceeding 8%, under AM 1.5 illumina-
tion),6,7 demonstrating and validating the material's response to
low-light and indoor illumination conditions remains a major
focus within the research community. Fig. 1 illustrates the state-
of-the-art efficiencies of Sb2S3 solar cells and recent efforts to
demonstrate their operation under low-light conditions.8–15 The
corresponding devices information and their PV parameters
under different illumination conditions are summarized in
Table S1 in the SI. From Fig. 1, a few major aspects can be
emphasised: (i) the majority of research efforts are dedicated to
the development and optimization of Sb2S3 devices with a CdS
electron transport layer (ETL), showing a breakthrough in both,
AM 1.5 power conversion efficiency (AM 1.5-PCE) of ∼8%
(labelled with an orange star in the rst box plot on the le6,7)
and “indoor’’ power conversion efficiency (I-PCE) of ∼20% (ref.
11) (forth box plot). (ii) For Cd-free Sb2S3/TiO2 cell platforms,
research efforts are signicantly limited with a maximum
Fig. 1 State-of-the-art efficiencies of Sb2S3 solar cells and recent eff
highlights that the major efforts in the development of Sb2S3 solar cells a
power conversion efficiency under standard test conditions (AM 1.5-PC
a record “indoor’’ power conversion efficiency (I-PCE) of ∼20% (under 10
of-the-art PCE and I-PCE performances of the TiO2/Sb2S3 device platf
(7.08%)16 and the red filled stars representing the performance indicators
under 1 sun illumination and competitive I-PCE values achieved with a
previously reported AM 1.5-PCE and I-PCE at different illumination cond

J. Mater. Chem. A
achieved AM 1.5-PCE of 7.08% (ref. 16) (blue lled star in the
very right box plot) and a very recent demonstration of device
operability under low light conditions with a maximum I-PCE of
11.26% under 1000 lux (3000 K LED source).15 (iii) For both, CdS
and TiO2 device platforms, the improvements in PCE and I-PCE
performance originate from the optimization of Sb2S3 absorber
quality (including optimized grain growth control during
deposition and/or applications of efficient post deposition
treatments).17–21 Thus, the engineering of the main interface
(i.e., incorporation of a suitable interface layer between Sb2S3
and the ETL) remains largely unexplored. Furthermore, the
high discrepancy in Fig. 1 in presenting the I-PCE performances
is likely to be related to the wide variety of indoor lighting
scenarios, thus limiting the feasibility of direct comparison of
indoor results between groups. This illustrates that there is
a clear challenge in establishing a unied protocol for testing
and validating I-PCE performance, and that a more holistic
approach mapping various illumination scenarios is needed.

The cumulative results presented in Fig. 1 show that there is
massive potential for Sb2S3 devices to make a disruptive
breakthrough in the IPV eld. Theoretically, the maximum PCE
that could be achieved by a single-junction Sb2S3 solar cell is
28.64% with an open-circuit voltage (VOC) of 1.402 V, a short-
circuit current density (JSC) of 22.46 mA cm−2, and a ll factor
(FF) of 91%, under 1-sun AM 1.5G illumination.22,23 Under
indoor conditions, however, a maximum theoretical PCE
approaching 50% is possible owing to the improved matching
between the bandgap and the indoor light source.24,25 The
deciency in VOC remains one of the major challenges,
requiring identication of innovative strategies for absorber
orts demonstrating their operation under low-light conditions. This
re focused on the CdS based platform with demonstration of a record
E) of ∼8% (ref. 6 and 7) (orange filled star in the very left box plot) and
00 lux, LED 3000 K).11 The box plots on the very right, show the state-
orm with the blue filled star marking the highest reported efficiency
in this study, establishing a new record for TiO2-based Sb2S3 solar cells
very thin absorber thickness. Hollow blue and red stars refer to the
itions, respectively.

This journal is © The Royal Society of Chemistry 2025
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and interface optimization in the device. To overcome these
limitations, controlling the growth process of Sb2S3 crystals is
crucial to improve lm quality and device performance.18,21,26

Drawing inspiration from previous experience, for instance with
PSC, interface engineering has proven to be a critical approach
for enhancing device performance, including under indoor
illumination conditions.27,28 For Sb2S3, previous studies have
shown that the incorporation of ZnS,29,30 Zn(O,S),31 and gra-
phene nanoribbons32 has high potential to suppress the inter-
face recombination at the buffer/absorber interface while also
enabling control over crystal orientation and lm morphology.
Considering these approaches, in this work we address the
challenge of interface engineering in Sb2S3 solar cells,33,34 by
incorporating, for the rst time, a ZnO interface layer by ultra-
sonic spray pyrolysis (USP) at the main interface between TiO2

and Sb2S3. Our innovation lies in the development of a Cd-free
device platform in which all key component layers in the cell
stack (including, the TiO2 ETL, ZnO interface layer, and Sb2S3
absorber) are processed using USP in an air environment.
Considering our comprehensive results, we nd that intro-
ducing an ultra-thin ZnO layer at the TiO2/Sb2S3 interface
primarily plays a morphological role. Specically, the ZnO layer
serves as a templating interface that critically inuences the
grain growth and size, with very little impact on the grain
orientation of the Sb2S3 absorber. This represents a fundamen-
tally different approach from conventionally reported dual-
buffer layer congurations such as CdS/In2O3, SnO2/CdS, or
SnO2/TiO2 and CdS/TiO2 in Sb-chalcogenide solar cells.35–37

Furthermore, photoluminescence (PL) and surface photo-
voltage (SPV) measurements provide compelling evidence that
the improvements observed in VOC and overall power conver-
sion efficiency (PCE) are attributable to the reduction in non-
radiative recombination, occurring both at the TiO2-ZnO/Sb2S3
interface and within the bulk absorber grown on the ZnO
templating layer. This is in agreement with the XPS based band
alignment, suggesting that ZnO has an impact on interface
recombination suppression. These ndings directly support the
notion that while the ZnO layer was initially introduced for
interface engineering, it yields benets from both structural
and electronic perspectives.

A competitive PCE of 7.5% was achieved under AM 1.5G (100
mW cm−2), marking a new record performance for TiO2-based
Sb2S3 solar cells. It is worth mentioning that the absorber layer
in our champion device has an average thickness of approxi-
mately 150 nm, which is about 35% thinner than that of devices
with the highest globally recorded efficiencies.6,7 Despite this
reduced thickness, the device exhibited an impressive JSC of
17.9 mA cm−2 (18.4 mA cm−2, highest value), surpassing
recently reported values in the literature for devices with thicker
absorber layers.6,7,16,20 The interface engineering, achieved
through ZnO insertion, not only enhanced the JSC but also
signicantly improved the VOC from 686 mV to 729 mV. PL
studies conrmed that the improvement in VOC is attributable
to a reduction in non-radiative recombination at the interface
between TiO2 and ZnO. Furthermore, we performed a compre-
hensive indoor measurement to explore the inuence of ZnO on
the indoor efficiency of Sb2S3 solar cells, using a novel andmore
This journal is © The Royal Society of Chemistry 2025
holistic approach considering a wide array of lighting scenarios
in terms of both source temperature and incident power. By
reporting surface plots of performance under a range of realistic
illumination condition, we assess the resilience of the devices
and nd that cells incorporating interfacial ZnO are not only
more efficient under all applied indoor illumination conditions,
but also more resilient to low injection conditions. Under
maximum injection conditions, an outstanding indoor effi-
ciency of 18.2% was obtained under a 6000 K white LED illu-
mination power density of 6200 mW cm−2, highlighting the
remarkable capability of Sb2S3 solar cells to maintain high
efficiency even in indoor environments. Finally, various realistic
use-case scenarios are considered by introducing a new type of
diagram in which both the IPV and IoT devices can be simul-
taneously represented, illustrating the practical applications of
our technology. These results underscore the promising
potential of Sb2S3 solar cells for indoor PV applications, where
optimizing performance under reduced light is crucial.

Results and discussion
Morphological and structural properties of ultrasonic-sprayed
Sb2S3 lms employing a ZnO interfacial layer deposited at
different temperatures

The primary focus of this work was to identify whether an
interface engineering approach, via inclusion of a ZnO interface
layer on top of the TiO2 ETL layer, could yield higher device
performance. A key starting point was to determine if the
addition of the ZnO layer modied the grain structure and
ribbon orientation of the Sb2S3 lms. As noted earlier this is
crucial not only for overall lm coverage but also due to the role
of anisotropy in the carrier transport of the lm. In this context,
the rst approach was to screen and understand the effect of
ZnO deposition temperature on the morphology and structure
of the Sb2S3 absorber. For this purpose, the USP deposition of
ZnO was kept constant at 70 cycles, while the deposition
temperature was varied from 350 to 500 °C.

The surface morphology of Sb2S3 lms grown on TiO2 and on
TiO2 coated with ZnO over 70 cycles at different temperatures
was characterized by eld emission scanning electron micros-
copy (FE-SEM) as shown in Fig. 2a–e. SEM images reveal slight
improvement in lm coverage, particularly for lms prepared
with ZnO deposition temperatures of 400 °C and 450 °C. The
small white grains were identied as uncovered TiO2 regions.
These uncovered TiO2 areas are attributed to the high rough-
ness of the FTO surface. During lm fabrication, TiO2 conforms
to the FTO surface texture, while Sb2S3 lls the cavities, forming
a regular and smooth surface. However, since the absorber
thickness does not exceed 100 nm under the previously
described deposition conditions, parts of the TiO2 surface
remain uncovered (see SEM images in Fig. S1a and b in the SI).
Additionally, energy-dispersive X-ray (EDX) spectroscopy anal-
ysis was performed on two distinct regions, spot 1 (white grain
area) and spot 2 (completely covered area), as shown in Fig. 2f
(see Fig. S1b and d in the SI). The results indicated a higher Ti
content in spot 1 (white grain) compared to spot 2, while the Sb
content was higher in spot 2 than in spot 1, conrming our
J. Mater. Chem. A
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Fig. 2 (a–e) Top-view scanning electron microscopy (SEM) images of Sb2S3 thin films prepared directly on top of the TiO2 ETL, and after the
incorporation of the ZnO interface layer deposited with a fixed 70 spraying cycles at different temperatures ranging from 350 °C to 500 °C,
respectively. (f) EDX analysis conducted for uncovered and covered areas on the TiO2/ZnO: 450 °C/Sb2S3 stack surface. (g) Raman spectra, (h)
XRD patterns and (i) texture coefficient of dominant diffraction patterns, of crystalline Sb2S3 films deposited on a 70-cycle ZnO interface layer
sprayed at different temperatures.
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observation that the white grains correspond to uncovered TiO2

areas. Despite the presence of uncovered TiO2 areas which act
as pinholes in the absorber layer, the devices (both with and
without ZnO deposited at different temperatures) show very
good performance at this stage. In this context, we would like to
provide a more detailed explanation of how these uncovered
areas could affect device operation. In thin-lm solar cells,
several types of “pinhole” interfaces can form, including direct
contact between the transparent conducting oxide (TCO) and
the HTL or metal back contact; TCO or ETL with the absorber;
and absorber with the metal contact. The electrical nature of
these interfaces (whether ohmic or non-ohmic) depends on the
conductivity and relative band alignment of the materials
involved. In our case, exposed TiO2 regions are in direct contact
with the hole transport layer (P3HT), forming a non-ohmic
interface.38 While such pinholes may act as localized leakage
paths, their impact on overall device performance is not gov-
erned solely by area fraction. Previous experimental studies
have shown that the use of HTL is crucial for controlling non-
ohmic shunting losses.38,39 Additionally, the electrical proper-
ties of the surrounding absorber domains play a critical role in
current distribution.40

These factors modulate the extent to which the pinholes affect
key parameters like VOC and FF, without necessarily inducing a full
device shunt. In the next sections, we will address the impact of
absorber coverage on device performance.

Furthermore, the phase composition of crystalline Sb2S3
lms was studied by using Raman spectroscopy and XRD
technique. Raman spectra obtained with a laser excitation
J. Mater. Chem. A
wavelength of 530 nm are depicted in Fig. 2g. The spectra
display eight peaks at frequencies of 92, 127, 155, 190, 238, 284,
302, and 312 cm−1. The absence of any Sb2O3 secondary phase
conrms the successful formation of a single stibnite phase,
further supported by XRD data. The detected peak at 238 cm−1

arises from S–Sb–S in-plane bending vibrations, while the out-
of-plane S–Sb–S bending mode occurs at 190 cm−1. The low
frequency vibration modes observed at 155 and 92 cm−1 are
associated with lattice modes. The peaks centred at 284, 302,
and 312 cm−1 correspond to the stretching vibrational modes of
Sb–S. Fig. 2h shows the evolution of XRD patterns of crystalline
Sb2S3 lms as the deposition temperature of ZnO increased
from 350 °C to 500 °C. The detected diffraction peaks can be
assigned to orthorhombic stibnite with Pnma 62 space group
(JCPDS 01-075-4012). These peaks correspond to (200), (102),
(202), (011), (111), (302), (211), (212), and (402) planes. To
quantitively evaluate the degree of preferred crystallographic
orientation, the texture coefficient (TC) is calculated using the
Harriss equation.41 As depicted in Fig. 2i, the TC values of the 011,
111, and 211 diffraction peaks all exceed 1.0 regardless of the ZnO
deposition temperature, reaching a maximum of 2. This suggests
that the ZnO deposition temperature has only a slight impact on
crystallite orientation, with no evidence of preferential orientation,
as later conrmed by pole gure measurements (see Fig. 5 b and
d). Additionally, the Scherrer equation was used to estimate the
size of coherently scattering domains in Sb2S3 from the 211
diffraction peak,42 which increased from 34 nm to 46 nm as the
ZnO deposition temperature was raised from 350 °C to 450 °C (see
Table S2 in the SI).
This journal is © The Royal Society of Chemistry 2025
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Surface composition of TiO2/ZnO and TiO2/ZnO/Sb2S3

The next step involves optimizing the fabrication of the ZnO
layer by varying the number of spraying cycles from 20 to 270
cycles, in increments of 50 cycles, while maintaining a xed
deposition temperature of 450 °C. This process aimed to eval-
uate how variation in ZnO spraying cycles affect the device
performance. The deposition temperature of 450 °C was
selected based on the solar cell output parameters obtained in
the previous step (see the SI, Fig. S2, S3 and Table S2). This
temperature is also preferred to avoid the transformation of
TiO2 from the anatase phase into rutile,43 as the anatase phase
is generally favored in photovoltaic applications due to its good
electron mobility and stability.44 At the same time, this
temperature ensures sufficient energy for the proper formation
of ZnO.45 At this point, it is worth mentioning that ZnO was
deposited via ultrasonic spray pyrolysis using a 1 : 2 molar ratio
of ZnCl2 to thiourea precursor solution (5 × 10−4 M, ZnCl2).
While this precursor combination is usually used to deposit
ZnS,46 our deposition conditions namely the air environment,
low concentration of thiourea, high deposition temperature,
and the catalytic effect of the underneath TiO2 layer, prevented
the formation of ZnS. Instead ZnO was formed, as conrmed by
XPS analysis. As shown in Fig. 3a Ti 2p exhibited two peaks, Ti
2p3/2, and Ti 2p1/2, located at 459.4 eV and 465.1 eV respectively.
The intensity of these peaks decreased while the intensity of Zn
2p3/2 and Zn 2p1/2 characteristic lines, at 1022 eV and 1045 eV,
respectively, gradually increased with the increasing number of
ZnO spraying cycles as shown in Fig. 3b. The binding energy
difference between two lines is 23.0 eV, indicating the existence
Fig. 3 (a) Ti 2p, (b) Zn 2p and (c) O 1s XPS spectra corresponding to an un
(d and e) High-resolution XPS spectra corresponding to Sb 3d and S 2s

This journal is © The Royal Society of Chemistry 2025
of Zn2+.47,48 Fig. 3c shows the characteristic peak of O 1s, which
consist of two components centred at 529.8 eV and 531.5 eV.
These peaks are ascribed to M–O and surface hydroxyl groups,
respectively.48,49 These ndings are consistent with previous
reports of ZnO deposited on TiO2 surfaces.50–52 Additionally, XPS
spectra of Sb 3d, and S 2s for the Sb2S3 lm deposited on TiO2

coated with ZnO over 150 cycles are given in Fig. 3d and e. The
binding energy at 539.1 eV is ascribed to the Sb 3d3/2 core level
of Sb2S3,53 while the peak centered at 225.8 eV corresponds to
the S 2s level in Sb2S3.54
Impact of ZnO thickness variation on Sb2S3 solar cell
characteristics

In this section and based on the previous ndings, sets of
devices were fabricated with varying ZnO thickness as a func-
tion of spraying cycles ranging from 20 to 270 cycles. A sche-
matic representation of the planar superstrate device
architecture of FTO/TiO2-ZnO/Sb2S3/P3HT/Au along with the
current density–voltage (J–V) curves of champion devices with
and without the ZnO interface layer, under standard AM 1.5G
illumination is illustrated in Fig. 4a and b. The PV parameters of
Sb2S3 solar cells employing different ZnO interlayer spraying
cycles and pristine TiO2 are summarized in Table 1. The varia-
tion of ZnO spraying cycles was intended to achieve superior
improvement in solar cell performance. The PCE signicantly
improved from 5.6% to 7.5% aer the insertion of a 150-cycle
ZnO interface layer. To our knowledge, this represents the
highest efficiency reported for TiO2/Sb2S3 solar cells. This
enhancement is primarily due to the increase in VOC from
-cleaned surface of TiO2 coated with ZnO over 20, 150 and 270 cycles.
of Sb2S3 films deposited on top of ZnO over 150 cycles.
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Fig. 4 (a) Current density voltage (J–V) curves and (b) EQE spectra and integrated photocurrent of champion devices for both the pristine TiO2

ETL and with ZnO deposited at 450 °C under illumination power of 100mW cm−2, respectively. The inset in figure (a) shows a schematic diagram
of the device architecture: FTO/TiO2/ZnO/Sb2S3/P3HT/Au. (c) Band alignment diagram of TiO2/ZnO/Sb2S3 interfaces, band positions deter-
mined from XPS analysis of the device surfaces. (d) Statistical box plots of the obtained PV parameters based on various ZnO spraying cycles (for
at least seven devices).

Table 1 Photovoltaic performance parameters of the champion Sb2S3
solar cells with and without the ZnO interface layer, measured under
100 mW cm−2 illumination power

Device VOC (mV) JSC (mA cm−2) FF (%) PCE (%)

Without ZnO 686 14.1 59 5.6
ZnO-20 cycles 590 14.1 48 3.9
ZnO-70 cycles 658 14.2 61 5.6
ZnO-120 cycles 731 15.3 62 6.8
ZnO-150 cycles 729 17.9 58 7.5
ZnO-170 cycles 719 18.4 55 7.2
ZnO-220 cycles 737 15.1 57 6.3
ZnO-270 cycles 718 14.1 53 5.3
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686 mV to 729 mV and JSC from 14.1 mA cm−2 to 17.9 mA cm−2.
To verify the reliability of this improvement, a statistical anal-
ysis was conducted on the device parameters, including PCE,
VOC, JSC, and FF for at least 7 devices, as represented in Fig. 4d.
The photovoltaic parameters derived from ZnO-based devices
are superior compared to those of control devices. The
J. Mater. Chem. A
increment in VOC values is strong evidence for better interfacial
contact between TiO2 and Sb2S3 aer the insertion of ZnO.
Additionally, the dramatic rise in shunt resistance associated
with the utilization of ZnO indicates a signicant mitigation of
shunt pathways.

To elucidate the origin of these performance improvements,
we further analysed the charge transport and recombination
processes through dark J–V characteristics and impedance
spectroscopy (see Fig. S4 in the SI). The ZnO-based device shows
a lower reverse saturation current density (4.3 × 10−7 vs. 1.6 ×

10−6 mA cm−2) and reduced ideality factor (∼1.65). For both
devices, the ideality factor n > 1, indicating that Shockley–Read–
Hall recombination is dominant.55 Impedance Nyquist plots
further showed a higher recombination resistance for the device
including ZnO (2246 vs. 1894 U), conrming that the ZnO
interlayer effectively suppressed carrier recombination in the
space charge region and/or at interfaces.

The observed drop in PCE aer increasing ZnO spraying
cycles up to 270 cycles can be attributed to the decrease in both
shunt resistance and the ll factor compared to the values
This journal is © The Royal Society of Chemistry 2025
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obtained when using 120–220 cycles. More likely at this stage,
the thicker ZnO layer has a deleterious effect on the growth of
Sb2S3, as the crystallite size decreases from 48 nm to 39 nm
when the number of spraying cycles increases from 150 to 270
(see Table S4 in the SI). We further measured the external
quantum efficiency (EQE) spectra for champion devices, both
control and with the ZnO layer. As illustrated in Fig. 4b, the ZnO
based device shows a higher spectral response with a maximum
EQE value of 91% at 420 nm, and an integrated JSC of 14.9 mA
cm−2 against 10.6 mA cm−2 for the reference device, demon-
strating that photogenerated carriers are effectively dissociated
in the active layer followed by more efficient electron transfer to
the FTO through the TiO2/ZnO layer.56

As mentioned above, incorporation of a 150-cycle ZnO layer
at the interface resulted in a signicant increase in all PV
parameters. To understand the role of the ZnO interface layer
from the perspective of band alignment (efficiency of the charge
transport at the main interface) we performed additional XPS
analysis based on the secondary electron cutoff (SEC) and
valence band maximum (VBM) and proposed the energy band
diagram for the TiO2/ZnO/Sb2S3 interface (Fig. 4c). Our analysis
suggests a cliff-like interface alignment between the TiO2 ETL
and the Sb2S3 absorber, and the inclusion of ZnO seems to have
a moderate impact on adjusting this effect. It is important to
mention that the survey and core level analysis showed a large
presence of Ti 2p on the sample surface, resulting in stronger
TiO2signals when probing the SEC and VB compared to ZnO.
This effect created challenges in clearly distinguishing the VB
and WF values of TiO2 and ZnO. This indicates that the ZnO
interface layer is either extremely thin or non-conformal.
Considering this for the ZnO layer we relied on electronic
parameters reported in the literature.57,58 Interestingly the re-
ported VB and WF values in the literature suggest that in fact,
inserting a continuous ZnO layer at the interface does not
promote favourable band alignment. From this point of view,
one could not expect improved charge transfer at the interface.
However, our results suggest that inclusion of ZnO by USP
suppresses interfacial recombination (which would be more
challenging for the cliff alignment) while still remaining thin
and discontinuous enough, to allow tunnelling of the charge
carriers at the main interface.

To provide better understanding of how the microstructure
of the Sb2S3 layer can affect this enhanced performance, elec-
tron backscatter diffraction (EBSD) maps were acquired. As
shown in Fig. 5a–d, the insertion of the ZnO interlayer slightly
modied the in-plane (X–Y) grain orientations. Moreover, the
average grain size of the Sb2S3 layer increased from 0.9 mm to 1.4
mm. Larger grains and thus, a smaller density of grain bound-
aries increases the lifetime of the minority-charge carriers and
consequently the VOC of the solar cell. Moreover, the insertion of
the ZnO interface layer notably inuenced the thickness of the
Sb2S3 layer as visible in the cross-sectional SEM images (Fig. 5e).
This stack exhibits a thicker Sb2S3 absorber layer of 150 nm,
compared with only about 100 nm in the reference lm, despite
both undergoing the deposition with a xed 40 cycles of the
absorber precursor. Such behavior aligns with the known
anisotropic growth characteristics of Sb2S3 depending on the
This journal is © The Royal Society of Chemistry 2025
underlying surface.17 This could also explain why the JSC is
larger for the device stack with the intermediate ZnO layer.
However, it is worth noting that, in this particular case (having
ZnO underneath the Sb2S3 absorber layer), improved device
performance was achieved with an absorber thickness larger
than 100 nm (the reference absorber thickness in this study).
This contrasts with our previous attempts, where increasing the
absorber thickness from 100 nm to 150 nm without incorpo-
rating the underlying ZnO layer, despite achieving full absorber
coverage, did not enhance performance but rather resulted in
a deterioration of the PV parameters, especially JSC and FF.59

This highlights the dual functionality (structural and interface
defect passivation) of the ZnO interface layer allowing the
integration of a thicker Sb2S3 absorber layer with improved
properties, resulting in enhanced device performance.

As discussed above the presence of pinholes in the absorber
can be expected to contribute to shunting pathways in the
device. In our case, the optimized USP-deposited TiO2 platform
enables high-quality, conformal coverage even on slightly rough
FTO, and thus in our device structure, the ohmic contact
between FTO and Sb2S3 is excluded. However, in cases where
pinholes are present in the absorber, several studies have
shown that the choice of the hole transport layer (HTL) becomes
critical in controlling the non-ohmic shunting losses in Sb2S3
and Sb2Se3 solar cells, particularly as it relates to the presence of
absorber pinholes, which in turn depends on the deposition
route and tuning process.38,39 Thanks to a well-standardized
HTL protocol and a reliable baseline reference cell architec-
ture, we show that even with some pinholes in the absorber, the
impact of the ZnO interfacial layer on both the structural and
electrical properties of Sb2S3 and related interface properties, as
well as on the overall device performance, can be clearly
decoupled and highlighted. SEM images (Fig. 5e) showed a clear
improvement in the absorber coverage when comparing the
surface morphology of the ZnO-based lm to that of the refer-
ence lm. This reduction in exposed TiO2 regions is consistent
with the observed improvements in both VOC and FF. These
ndings are in line with previously reported simulations
involving similar TiO2/P3HT interfaces, which demonstrated
that increasing the pinhole area fraction leads to a decrease in
VOC and FF.38 Collectively, our results indicate that the benets
of introducing a ZnO interlayer extend beyond electronic band
alignment to include a signicant morphological impact, which
plays a critical role in enhancing Sb2S3 absorber quality and
overall device performance.

Although the growth mechanism of Sb2S3 on TiO2/ZnO is not
yet fully understood, we propose a tentative explanation that
extends our previously reported Sb2S3 growth mechanism on
TiO2,60 supported by the analysis of our current results and the
cumulative effects observed. Crystalline Sb2S3 typically forms
through a two stage process: in the rst stage, amorphous
islands develop via the Volmer–Weber (island) growth mode
during ultrasonic spray pyrolysis at 185 °C, where the high
surface energy drives the formation of discrete 3D islands that
expand vertically and laterally on the TiO2 before coalescing
into a continuous layer.60 Crystallization then occurs in the
second stage during rapid annealing at 270 °C under nitrogen,
J. Mater. Chem. A
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Fig. 5 EBSD orientation distribution maps (in which the local orientations are represented by false colors, see legend), as well as the corre-
sponding pole figures and the inverse pole figures acquired on the crystalline Sb2S3 deposited on TiO2 (a, b) and TiO2 coated with ZnO deposited
over 150 cycles (c, d), respectively. Cross-section and surface SEM images of Sb2S3 thin films prepared directly on top of TiO2 surface and after
the incorporation of a 150-cycle ZnO interface layer deposited at 450 °C. (e) SPV in phase and phase shifted by 90° signals of the bare TiO2

surface and TiO2 coated with ZnO layers deposited using 20, 150 and 270 cycles (f).
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leading to the formation of a polycrystalline absorber layer.
Along with these growth stages, the initial nucleation is strongly
governed by the surface/interface chemistry of the underlayers.
On one hand, XPS O 1s spectra (Fig. 3c) conrm the presence of
surface OH groups in all ZnO coatings, which may contribute to
increased surface polarity and hence to decreased surface/
interface energy.61 However, if one relies only on the implica-
tion of OH, then the effect of 270-cycle ZnO cannot be fully
described.

This leads us to hypothesize that, under this condition, the
150 cycle ZnO provides an optimal balance between surface
polarity, coverage, and morphology, effectively reducing the
interfacial free energy and enhancing the work of adhesion.61,62

According to heterogeneous nucleation theory, this reduc-
tion lowers the barrier via a smaller contact angle q, thereby
J. Mater. Chem. A
promoting the formation of fewer but larger and more stable
islands in the rst stage.63,64 Subsequent annealing at 270 °C
drives their crystallization, during which strong coalescence
occurs because the rate of material transfer between larger
islands is high. Orientation selection becomes more
pronounced in this stage, driven by the minimization of inter-
facial and surface energies. As a result, large grains with lower
surface energies grow predominantly in lateral directions,
leading to the formation of a dense, continuous Sb2S3 absorber
lm, while still exhibiting a largely random grain orientation. A
similar effect has been reported for a very thin Ce2S3 interlayer
at the CdS/Sb2S3 interface, where the reduction of interface
energy facilitated heterogeneous nucleation, leading to larger
grains and more uniform lms.20
This journal is © The Royal Society of Chemistry 2025
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Fig. 6 PL spectra measured under approximately 160-sun excitation,
together with the normalised PL spectra extracted from the EQE
spectra. The grey boxmarks the second order of the exciting laser. The
PL quantum efficiency is estimated to be 10−11 and 10−12, for the
sample with and without ZnO, respectively.
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Furthermore, we performed modulated SPV to gain deeper
insights into the role of ZnO in enhancing VOC. The SPV tech-
nique can provide valuable insights into the surface properties
concerning both fast and slow processes in relation to the
modulated period. The in-phase (x-signal) and 90° phase-shif-
ted (y-signal) SPV signals correlate with the fast and slow
responses, respectively. Positive (or negative) x-signals indicate
the preferential separation of electrons towards the bulk (or
surface). Furthermore, the sign of the y-signal, in comparison to
the x-signal, gives more information about the preferential
direction of trapped charges. If x and y signals have opposite
signs, it indicates that both trapped and fast separated charges
are directed in the same direction. Fig. 5f depicts the modulated
SPV spectra of the in-phase and 90° phase-shied signals,
measured for pristine TiO2 and TiO2 coated with ZnO deposited
over 20, 150 and 270 cycles. The in-phase signals are positive for
all the samples, revealing that photogenerated electrons pref-
erentially separate towards the internal interface, consistent
with the fact that TiO2 and ZnO are intrinsically n-type
semiconductors.65,66

The SPV response of pristine TiO2 shows a redshi in the
onset energy of the y-signal compared to the x-signal; this can
be attributed to the slow discharge of deeper defect states.
However, this shiwas not observed aer depositing ZnO at 150
and 270 cycles, validating the effectiveness of ZnO in passiv-
ating the defect states in the TiO2 layer and as a result,
improving the quality of the TiO2/Sb2S3 interface. The corre-
sponding bandgap (Eg) of pristine TiO2 and 150-cycle ZnO
coated TiO2 was determined to be 3.36 eV and 3.24 eV
employing the squared SPV-amplitude signal (Fig. S6, SI).

To better understand the increase in VOC we studied absolute
PL spectra of a sample without a ZnO layer and a sample with
150-cycle ZnO. The non-radiative loss in these samples is still
very high, such that under 1 sun equivalent excitation no PL
from the samples was detected. Using higher laser power and
a focussing lens, so that the excitation ux density reaches
approximately 160 suns, the PL spectra in Fig. 6 were obtained.
The maxima are at 1.58 and 1.57 eV, much lower than the band
edge of 1.81 eV extracted from the inection point of the EQE
spectra in Fig. 4c. However, the EQE onset is rather gradual,
partly due to the reduced thickness of the absorber lms and
partly due to bandgap uctuations and tail states, in which case
the PL maximum can be shied much lower than the band
gap.67,68

To check if the observed luminescence originates from the
absorption edge or if it is rather due to tail states, we use the
relation between the luminescence spectrum and the EQE,
based on the reciprocity principle:68,69 fPL(E) ∼ EQE(E)fbb(E),
where fbb is the black body spectrum. These “reconstructed PL
spectra” are also shown in Fig. 6. It can be seen that the maxima
of the measured PL spectra are close to those of the recon-
structed PL spectra. We therefore assume that the measured PL
spectra are indeed due to states near the absorption edge and
not due to defects. Then we can use the PL quantum efficiency
YPL to estimate the non-radiative VOC loss from kT ln YPL to be
about 660mV and 720mV for the sample with and without ZnO,
respectively. From the derivative of the EQE spectra with respect
This journal is © The Royal Society of Chemistry 2025
to E we can estimate the width of the effective band gap
distribution s.70 This width is related to the radiative loss of VOC
viaDVOCrad= s2/(2qkT). The EQE spectra in Fig. 4c yield a width
of the band gap distribution of 73 meV, resulting in a radiative
loss of about 100mV. Because of the very gradual increase of the
EQE spectra at the absorption edge the radiative loss cannot be
neglected. Taking the Shockley–Queisser VOC of the bandgap
(1.5 V) and subtracting the radiative and non-radiative losses,
we reach a VOC of 740 mV and 680 mV, for the samples with and
without ZnO, respectively, very close to the best measured VOC
(Table 1). We can thus conclude that the improvement in VOC is
entirely due to a reduction in the non-radiative recombination
at the TiO2 and ZnO interface and/or in the bulk of the absorber,
grown on the different interfaces.
Deep level transient spectroscopy analysis

Deep level transient spectroscopy (DLTS) analysis was used to
interrogate the electrically active defect content in the highest
efficiency device produced with a ZnO interfacial layer. DLTS
analysis was primarily developed for analysis of single crystal
materials with Schottky contacts. In these structures well-
dened single defect peaks are typically observed and the
“standard” maxima analysis approach for the determination of
defect properties for a selection of rate windows, is easy and
highly accurate.71 For thin lm heterojunction devices there is
a signicantly higher degree of complexity, and while this
approach is still possible it can be prone to systematic errors.

The standard DLTS maxima analysis approach is only valid
for single non-overlapping levels which produce an exponential
decay transient. Due to the limited energy resolution of the
maxima analysis approach, it can be unsuitable where multiple
overlapping levels cause non-exponential decay transients.
Instead, the defect content can be identied by directly evalu-
ating the decay transient to identify the time constants and
amplitudes of the multiple emission processes occurring at
J. Mater. Chem. A
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Fig. 7 DLTS analysis of the champion device (a) Arrhenius plots for deep levels extracted viamulti-exponential fitting to decay transients across
three-period width measurements (20 ms, 200 ms and 500 ms), (b) complete modelled DLTS spectra using all levels with their respective
weightings, superimposed on the DLTS spectra of the champion device.
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each temperature. This can be done either via a Laplace style
analysis72 or by discrete level estimation based on a multi-
exponent t. While both approaches were applied here, the
multi-exponent t using S. Provencher's DISCRETE algorithm73

was found to produce more reliable data. The Arrhenius plots
for identied defects are given in Fig. 7a with associated trap
energy values and capture cross sections given in Table 2.
Because it is possible to t multiple combinations of exponen-
tials to a particular decay transient, the validity of extracted data
needs to be established with reference to a physical model.

A set of 5 defect states were identied in the 265–581 meV
range, all of which are likely to act as centres for non-radiative
recombination and ultimately limit performance. The
modelled responses of each individual defect were then calcu-
lated and a composite t was produced by weighting the
concentration of each defect (Table 2). The validity of the
determined levels was then established via comparison of the
outputted DLTS spectra (capacitance change, DC, for a given
“rate window” versus temperature) with the modelled data,
given in Fig. 7b. We note at this point that we quote normalised
weightings rather than absolute trap density values, NT, which
are oen quoted in DLTS analysis. Trap density is determined
by scaling the magnitude of the capacitance changes against
shallow doping density, determined from capacitance–voltage
measurement. There can be signicant variations in both these
terms due to unrelated capacitive effects for thin lm hetero-
junction devices such as these (e.g. contacting and interface
Table 2 Trap energy (ET) and capture cross section (sP) values from
Arrhenius fitting along with weightings used to fit the DLTS spectra

Defect level ET (meV) sP (cm−2) Weighting

1 265 5.6 × 10−17 0.09
2 352 8.8 × 10−17 0.11
3 360 3.6 × 10−17 0.33
4 408 4.5 × 10−15 0.19
5 581 1.0 × 10−13 0.28

J. Mater. Chem. A
charge accumulation).74 Hence, we elect to forgo the unreliable
absolute values in favour of a normalised ratio approach.

The recorded DLTS spectra show a clear main peak position,
one which is very broad and with a non-symmetric tail, indic-
ative of multiple defect peaks contributing to the spectra. The
composite t suggests that the main peak observed is composed
of levels 2–5, with an additional contribution to the low
temperature tail from level 1. While the t around the main
peak is of good quality, there are clear gaps in the t at 200–220
K and <180 K. This suggest that there are additional defects
producing signals in these ranges, but despite multiple
attempts it was not possible to identify these levels. A limitation
of DLTS is that it cannot directly interrogate the source of
electrically active defects. Instead reference to density func-
tional theory (DFT) calculations of defect formation energies
offers the most reasonable route for defect identication.

For Sb2S3 this is highly challenging. Because of thematerial0s
low crystal symmetry, each defect type results in multiple
associated trap states spread throughout the bandgap.75 Indeed,
given the variety of defects that occur within the 265–581 meV
range, and the associated uncertainty when compared to
calculations simulated at 0 K, we cannot denitively state
whether the defects result from antisite or vacancy defects of
either type. However, irrespective of the nature of the defects
observed, and performance benets delivered via the additional
interface layer, their impact as recombination centres suggests
that improved material quality for Sb2S3 is achievable. If these
defects can be engineered out of the device, further perfor-
mance gains beyond the current state of the art would be
eminently possible.
Indoor performance validation: renements to indoor
measurements

For indoor photovoltaic performance evaluation, a direct
comparison is proposed between the control device and below
1000 mW cm−2. While peak efficiency reaches 11.2% under
indoor conditions (incident power in the 1500–3000 mW cm−2
This journal is © The Royal Society of Chemistry 2025
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range), it quickly drops well below the 10% threshold and
approaches the 5% value when incident power is below 500 mW
cm−2. For an incident power of 46 mW cm−2 (T = 4000 K), the
efficiency drops down to a value of 4.02%. At this point, it is
useful to introduce a resilience factor, that is the ratio between
the highest and lowest efficiency, taken at a xed temperature
(in this case, we choose T = 4000 K), and between the incident
power densities of ∼3000 mW cm−2 and ∼50 mW cm−2 respec-
tively. This resilience factor R4000 is in this case equal to R4000 =

4.02/10.55 = 0.38. This indicate a poor resilience to changes in
the lighting scenarios and would be a problem for powering IoT
systems under normal operating conditions.

The device including interfacial ZnO (Fig. 9), on the other
hand, shows much higher resilience to low incident power
densities. Starting from a higher peak value of about 15.5% for
power densities in the 1500 mW cm−2 incident power density
range, the device remains above 13% for an incident power
density down to 200 mW cm−2 and remains at 12.3% for an
incident power of 50 mW cm−2 (T = 4000 K). This illustrates an
impressive resilience and usability range for this sample.
Referring again to the previously introduced resilience factor
between 3000 mW cm−2 and 50 mW cm−2, it corresponds to R4000

= 0.78, that is, an IPV system with a very consistent perfor-
mance record for the device with a 150-cycle ZnO interfacial
Fig. 8 Surface plot of the PV figures of merit for the sample without inte
color temperature (y-axis) are simultaneously varied: (a) open circuit v
conversion efficiency.

This journal is © The Royal Society of Chemistry 2025
layer. Rather than focusing on specic lighting conditions,
which would improperly represent the reality of indoor illumi-
nation, we propose instead amore holistic approach where both
source temperature and incident power are varied within
a range typical of common environments, and the PV gures of
merit are presented in the form of surface plots. The illumina-
tion conditions are summarised in Table S5a and b in the SI.

The PV parameters as a function of illumination conditions
are reported in Fig. 8 for the control device, and the device
including interfacial ZnO in Fig. 9. The general trend is very
similar in both cases, that is, with voltage, current and ll factor
nearly independent of the source temperature. This is expected
considering the bandgap of Sb2S3 situated very near the optimal
value, with an excellent spectral matching for lighting scenarios
from 3000 K to 6000 K. In terms of peak values however, and
dependence on incident power density, a clear difference is
observed between the device including interfacial ZnO and the
control device. Indeed, we observe that in the absence of ZnO
(Fig. 8), the FF and VOC are far less resilient to low incident
power densities, resulting in a fast degradation of performances
irrespective of the lighting conditions. For this record sample,
when increasing the power density to 6200 mW cm−2, a case
corresponding to the maximum power density measured in the
office space of the Polytechnique University of Catalonia,
rfacial ZnO where the incident light power density (x-axis) and source
oltage, (b) short circuit current density, (c) fill factor, and (d) power
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Fig. 9 Surface plot of the PV figures of merit for the Sb2S3 solar cell including a 150-cycle ZnO interfacial layer where the incident light power
density (x-axis) and source color temperature (y-axis) are simultaneously varied: (a) open circuit voltage, (b) short circuit current density, (c) fill
factor, and (d) power conversion efficiency.
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a maximum efficiency of 18.2% is reached (Fig. S8), which
represents the highest reported value for this class of materials
under realistic indoor conditions.

This difference in resilience to incident power density can be
readily understood by comparing the shunt resistance between
both samples (Fig. 4d). Indeed, as the incident power is
reduced, the photocurrent diminishes while the shunt current
remains roughly constant. Therefore, the detrimental effect of
the shunt current becomes increasingly prevalent and signi-
cantly reduces performance under low injection conditions. It is
therefore essential, when optimising IPV devices, to properly
control shunt paths for optimal resilience to variable lighting
conditions.

While reporting efficiency is the commonly accepted
approach within the PV community, it is in our opinion an
incomplete representation of a device performance in the
context of indoor PV where the application is to power discrete
IoT devices rather than to maximise energy production. Based
on a recently published study by our groups, we propose
instead, to represent the power generation density of an IPV
device rTPGD in mW cm−2 as a function of the incident power
density at a xed illumination temperature T, on a similar
diagram as the power consumption density of various IoT
devices, rPCD in mW cm−2, that is, the ratio between the peak
J. Mater. Chem. A
power consumption of an IoT device and its surface area
available for IPV. It should be stressed that this approach is
incomplete as it assumes a sufficient voltage on the IPV device
to be above the threshold of the IoT device. It remains none-
theless a much better representation of the performance of IPV
devices under normal operating conditions, where discrete IoT
systems should remain powered under variable conditions.
More details on the methods can be found in the methodology
paper published by our groups.76 The diagram in Fig. 10 shows
the performance of the two previously described devices and
compares them with the following IoT devices, using manu-
facturers data: Philips Hue Motion Sensor, Kona Micro IoT
Gateway, and Pressac CO2 Temperature & Humidity Sensor. The
diagram is made using self-developed soware, which will be
freely shared with the community and is detailed in the afore-
mentioned methodology paper.

Devices differ in their range of applicability, depending on
the IoT sensor considered. The Philips Hue Motion sensor, with
its low rPCD = 0.01 mW cm−2, can readily be powered by both
IPV devices nearly throughout the entire illumination range,
with the exception of very low incident power below ∼0.1 mW
cm−2. In the case of the Pressac CO2 sensor (rPCD = 0.12 mW
cm−2), however, the difference in performance between the two
This journal is © The Royal Society of Chemistry 2025
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Fig. 10 Diagram representing the IPV devices described in this article
and three relevant IoT sensors using their power generation density
and power consumption density (rPCD) respectively as figures of merit;
dashed lines coloured in blue, green, and black represent the rPCD of
the Philips HueMotion sensor, Pressac CO2 sensor and KonaMicro IoT
Gateway, respectively.
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IPV devices leads to a signicantly different range of
applicability.

Indeed, for the device without ZnO, a light incident power
above ∼1.25 mW cm−2 is required to power the IoT system.
When using the IPV device including interfacial ZnO, however,
the IoT sensor can be powered with a light incident power as
low as ∼0.7 mW cm−2. This illustrates how efficiency, while
a useful metric in the eld of PV, should be repurposed for
proper visualisation in the context of IPV and powering IoT
devices. Finally, we see that a high light incident power density
above 2.5 mW cm−2 is necessary to power the Kona Micro IoT
Gateway with the IPV device including interfacial ZnO. In
contrast the IPV device without ZnO is not capable of powering
this IoT system within the expected illumination power range.

In conclusion, the results demonstrate the critical role of
interfacial ZnO in enhancing the performance and resilience of
IPV under varying lighting conditions. The sample with inter-
facial ZnO demonstrates superior resilience, maintaining
higher efficiency at lower incident power densities compared to
the sample without ZnO. This increased stability is essential for
powering IoT devices, as demonstrated in the comparison of
power generation density with the power consumption of
various sensors using a unied diagram focused on power
generation density rather than efficiency alone for evaluating
IPV devices in real-world applications. These ndings demon-
strate the importance of reducing shunt paths and shiing the
focus of performance evaluation towards a consistent power
delivery under diverse indoor conditions.
Experimental section
Materials

FTO substrate (7 U sq−1), methanol (99.9 vol%), antimony tri-
chloride (99.99 wt%), thiourea (TU) (99 wt%), chlorobenzene
(99.5 vol%), and poly(3-hexylthiophene-2,5-diyl) (P3HT)
This journal is © The Royal Society of Chemistry 2025
(regioregular, >90%) were obtained from Sigma-Aldrich. Tita-
nium(IV) tetraisopropoxide (TTIP) (99 wt%) and acetylacetone –

(99 wt%) were purchased from Acros Organics and ethanol
(96.6 vol%) was received from Estonian Spirit. Methanol
(99.9 vol%, Sigma-Aldrich) and zinc chloride (98 wt%) were used
as received.

Fabrication of ZnO-based Sb2S3 solar cells

Sb2S3 solar cells were assembled with the following structure:
FTO/TiO2/ZnO/Sb2S3/P3HT/Au. Initially, pre-cleaned uorine-
doped tin oxide (FTO, ∼10 U sq−1)-covered glass substrates
were heated to 340 °C, upon which a thin layer of the TiO2 ETL
was applied by spraying 70 cycles of a 1 : 1 TTIP : acetylacetone
molar ratio precursor solution, dissolved in ethanol. The as
prepared TiO2 lms were then sintered at 450 °C for 30 min. For
the ZnO interface layer, a precursor solution containing a 1 : 2
molar ratio of ZnCl2 and TU was used, with ZnCl2 concentration
set at (5 × 10−4 M in ethanol). This specic solution concen-
tration was selected based on the research group0s previous
expertise in fabricating extremely thin NiOx layers onto ZnO
nanorods by the chemical spray pyrolysis method.77 We initially
intended to deposit ZnS using ZnCl2 and TU; however, we
conrmed the formation of ZnO instead. This unexpected
outcome can be attributed to following factors: high catalytic
activity of the TiO2 surface,78 the open deposition environment,
as the deposition process was conducted using USP in air, and
the low concentration of TU relative to ZnCl2, especially
considering the relatively high deposition temperature used.79

The deposition was carried out by using the USP method,
typically, 70 cycles of this precursor were sprayed at various
surface temperatures (Ts) ranging from 350 to 500 °C. Aer-
wards, to optimize the thickness of the ZnO layer, we conducted
a series of different spraying cycles ranging from 20 to 270
cycles, all deposited at the optimized temperature of 450 °C.
Next, Sb2S3 absorber layers were ultrasonically sprayed onto
both FTO/TiO2 and FTO/TiO2/ZnO surfaces. A total of 40 cycles
of a 1 : 3 solution of SbCl3 and TU (60 mM SbCl3) in methanol
were sprayed at a surface temperature of 185 °C. The as ob-
tained amorphous Sb2S3 lms were rapidly heat annealed at 270
°C under a nitrogen atmosphere for 6min. For the HTL, 85 mL of
11mgmL−1 P3HT solution was spun coated at 3500 rpm for 20 s
and then thermally activated at 150 under nitrogen for 5 min.
Finally, superstrate Sb2S3 solar cells were coated with an Au
contact using the thermal evaporation technique, with a total
active device area of 7.063 mm2.

Characterization techniques and measurements

Top-view and cross-sectional images of Sb2S3 lms and solar
cells were obtained using a Zeiss EVO-MA15 scanning electron
microscope (SEM) equipped with a Zeiss HR FESEM Ultra 55
system. Phase composition of Sb2S3 lms was characterized by
Raman spectroscopy (Horiba Labram HR 800, ∼143 mW mm−2,
532 nm YAG:Nd laser). X-ray diffraction (XRD) studies were
conducted using a Rigaku Ultima IV system using Cu Ka radi-
ation (l = 1.54 Å, 40 kV, 40 mA) in the 2q (Bragg–Brento)
conguration, with sample rotation. The measurements were
J. Mater. Chem. A
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performed with a 2q step of 0.02° and a counting time 2–10 s per
step. Then the obtained diffraction patterns were compared
with JCPDS 01-075-4012. The surface composition of the ZnO
interlayer and Sb2S3 absorber layer was investigated by X-ray
photoelectron spectroscopy (XPS) using a Thermo Fisher
ESCALAB Xi XPS/UPS system equipped with Al Ka radiation (hn
= 1486.6 eV).

Solar cell performance was evaluated by measuring J–V
curves in forward bias using an AUTOLAB PGSTAT 30. The
measurement was conducted under 100 mW cm−2 illumina-
tion, provided by a calibrated solar simulator (Wavelabs LS2,
LED light source). EBSD maps were acquired using a Zeiss
UltraPlus scanning electron microscope equipped with an
Oxford Instruments Symmetry EBSD detector at 15 keV and
about 6 nA. The maps were recorded and analyzed using the
AZtec soware suite. Modulated SPV spectra were measured in
xed capacitor mode. Samples were illuminated from the top
surface using a double prism monochromator (DPM100)
coupled with a laser driven light source (EQ-99X) in the photon
energy range 0.6–4 eV. The illumination was modulated by
a chopper at a frequency of 8 Hz. EQE spectra were detected by
using a monochromatic light source (Newport 300 W xenon
lamp, 69911 with a Cornerstone 260 monochromator), equip-
ped with a digital lock-in detector (Merlin), and a calibrated Si
reference detector.

For band alignment diagram construction, X-ray photoelec-
tron spectroscopy was conducted in an ultra-high vacuum
(UHV) chamber operating at a base pressure of 1 × 10−9 mbar.
Core-levels and the valence band were probed using a SPECS
monochromatic Al Ka X-ray source (hn = 1486.6 eV). The
experiments were performed at a power of 180 W, using a PSP
Vacuum Technology electron-energy analyser operating at
a pass energy of 10 eV. The secondary electron cutoff (SEC)
measurements were carried out at a lower operating power of
15 W and a pass energy of 2 eV. A −10 V bias was applied to the
sample to separate the spectrometer response. The core levels
were tted using Casa XPS soware, and the spectrum was
calibrated to a C 1s value of 285 eV. Analysis of the SEC and VBM
for TiO2 and TiO2/ZnO/Sb2S3 surfaces is provided in SI Fig. S7,
with a linear t applied to the background and the cut-offs to
calculate the work function and ionization potential. With the
bandgap known, the conduction band minimum was then
derived. Bandgap values were extracted from squared SPV
amplitude spectra for both TiO2 and TiO2/ZnO and from Tauc
plots for Sb2S3.

Absolute PL measurements were conducted using a home-
built absolute PL set-up equipped with a 405 nm laser excita-
tion source at room temperature, and a CCD Si detector.80 The
experimental setup was rst calibrated, and the resulting
spectra were corrected both spectrally and in intensity, as
described in ref. 81 The incident photon ux was initially set to
correspond to the 1 sun photon ux received by an absorber
with a bandgap of 1.7 eV under AM 1.5 illumination. However,
no signal was detected under 1 sun conditions; therefore, the
excitation power was increased to the maximum output of the
laser diode and focussed through a lens, resulting in an inci-
dent power of approximately 160 suns on the sample. The YPL
J. Mater. Chem. A
was calculated using the relation, YPL = FPL/Flaser, where FPL

represents the integrated PL ux of the near-band edge (NBE)
emission peak between 1.56 eV and 1.65 eV, and Flaser repre-
sents the incident photon ux. To prevent any reection, the
semi-transparent Sb3S3 sample was secured to the sample
holder using carbon tape, which exhibits negligible reection
when exposed to the laser source. Since the expected emission
peak at 1.7 eV overlaps with the spectral region of the glass
substrate, reference measurements were performed (i.e. on
quartz/TiO2 and quartz/TiO2/ZnO coated substrates) to isolate
the emission contribution from the Sb2S3 thin lm. Addition-
ally, high reection from the second-order laser signal near the
NBE emission peak rendered the NBE peak less distinguishable.

Deep level transient spectroscopy (DLTS) analysis was con-
ducted using a Phystech FT1230 HERA DLTS system connected
to a Linkam HFSX350 liquid nitrogen fed cryostat in a temper-
ature range of 80–300 K. Capacitance transients were generated
using reverse and pulse biases of 6 V and 0.5 V respectively with
a pulse duration of 1 ms. The resultant transients were
compared over three period widths of 19.2, 192 and 480 ms with
values for the trap energies and capture cross section extracted
from an Arrhenius assessment using the three period widths
and by tting a multi-exponential function to the capacitance
transients.

Indoor characterisation was performed using a Keithley 6430
sourcemeter and a G2V Pico solar simulator controlled with
a self-developed script (Z. Jehl Li-Kao, UPC) allowing to adjust
the spectrum to match that of LED light sources of various
temperatures. The real incident power in each condition was
measured using a Thorlabs PM100D power meter and a S120VC
Standard Photodiode Power Sensor, and the relative accuracy of
the measurement was estimated to be ±4%. We deliberately
chose to report the conditions in units of power density rather
than in Lux, as the latter is based on human vision and has little
scientic value beyond its marketing use by bulb manufac-
turers. Moreover, we observed that most commercial Luxmeters
are highly inaccurate and using such units in the context of
a scientic publication may encourage other groups to use
inaccurate calibration devices. We provide nonetheless a simple
self-developed script82 to calculate the Lux value of any spec-
trum, for readers interested in doing so. The diagram
comparing the power generation density of IPV and the power
consumption density of IoT devices was made with a self-
developed script (Z. Jehl Li-Kao, UPC). The executable version
of the script, discussed in more detail in the aforementioned
methodology paper published by the groups involved in the
present manuscript, can be found here: https://doi.org/10.5281/
zenodo.14226891. The surface plots of IPV performance are
realized with the condition mesh shown in Tables S5a and b.

Conclusion

In conclusion, this study investigated the effect of ZnO as an
interfacial layer on the performance of in-air ultrasonic sprayed
Sb2S3 solar cells. We conducted a series of optimization
processes for the ZnO layer by varying both the deposition
temperature and the number of spraying cycles. Our ndings
This journal is © The Royal Society of Chemistry 2025
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reveal the vital role of ZnO for improving the quality of the TiO2/
Sb2S3 interface and controlling the growth of the Sb2S3absorber.
Increasing the spraying cycles to 150 cycles at a xed deposition
temperature of 450 °C yielded a thicker absorber layer
compared to deposition directly on top of TiO2, as observed in
cross-sectional SEM images, indicating that the presence of
ZnO leads to higher growth rates of Sb2S3 lms. Additionally,
EBSD, SPV and PL measurements proved the effectiveness of
ZnO in reducing grain boundary density, passivating TiO2 and
reducing non-radiative recombination at the interface between
TiO2 and ZnO, which are key factors for VOC enhancement. In
agreement with these ndings, the XPS based band alignment
suggests that ZnO have an impact on interface recombination
suppression. DLTS analysis revealed that, regardless of the
nature of the observed defects and the performance benets
provided by the additional interface layer, their role as recom-
bination centres suggests that improved material quality for
Sb2S3 is achievable. These cumulative improvements led to the
highest device performance of 7.5%, recorded for TiO2 based
Sb2S3 solar cells, featuring a 150 nm absorber—the thinnest
Sb2S3 absorber delivering such performance to date. Further-
more, the optimized ZnO based Sb2S3 solar cell achieved an IPV
efficiency of 18% under 6200 mW cm−2 WLED illumination
power density. This device demonstrated notable resilience and
stability under low-light illumination, retaining an efficiency of
12.3% even at an incident power as low as 50 mW cm−2, which
is essential for powering IoT devices. The proposed renements
to indoor measurement protocols, which account for a wide
array of lighting conditions, including variations in source
temperature and incident power, pave the way for more reliable
indoor PV performance evaluation, enabling consistent power
delivery under diverse indoor conditions.
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