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Perovskite solar cells (PSCs) have burst into photovoltaic (PV) research, revolutionising it and demonstrating

that they can achieve performances comparable to technologies already on the market. Despite that, the

major limitation of PSCs' commercialisation is their poor environmental stability. Inorganic carriers

transporting materials have gained attention for enhancing PSCs' durability due to their superior stability

and non-hygroscopic nature. Among them, kesterite Cu2ZnSnS4 (CZTS) is a promising inorganic hole

transporting material (HTM) thanks to its optimal electronic properties, non-toxic, abundant elements,

and simple solution deposition methods. Herein, the effect on the stability of inverted PSCs employing

CZTS nanoparticles (NPs) as HTM is investigated by X-ray photoelectron and ultraviolet photoelectron

spectroscopy, together with steady-state and time-resolved photoluminescence spectroscopies. Special

attention was given to the alteration in the PV performances over time of the CZTS-based device

compared to a control device with a common organic HTM. The enhanced stability of the CZTS NPs-

based devices in opposition to degradation of the devices with a [2-(3,6-dimethoxy-9H-carbazol-9-yl)

ethyl]phosphonic acid (MeO-2PACz) self-assembled monolayer as HTM was demonstrated through solar

simulator measurements and external quantum efficiency. The efficiency of a CZTS-based p–i–n PSC

increased by 34% after three weeks, while the efficiency of the organic HTM-based device decreased by

16% during the same period. Furthermore, CZTS-based PSCs showed a drop-in efficiency of 80% after

four days under a humidity test at 70% RH, while the efficiency of the organic HTM-based devices

dropped by 80% after two days under the same conditions. Moreover, analysis of the

photoluminescence spectra reveals no modification of the CZTS-based PSCs.
1. Introduction

The relentless progression of climate change prompted the
United Nations to set a new target for achieving a climate-
neutral world by the mid-21st century. This means maximum
r Energy Research Centre (MIB-SOLAR),

5, 20126, Milan, Italy. E-mail: vanira.

eering, Swansea University, Fabian Way,

ESI) available: Which reports positions
in XPS spectra for CZTS NPs lm
igh-resolution XPS spectrum of Cu 2p
Sn 3d and S 2p components of CZTS
250 °C; XPS spectra of impurities
for CZTS NPs lms annealed at 350 °
lot; box charts indicating the trend of
several days. See DOI:

5, 9, 1486–1497
reduction in greenhouse gas emissions until they are equal to or
lower than those naturally absorbed by the planet to achieve
a net-zero emissions balance by 2050.1,2 This is necessary to
comply with the provisions of the Paris Agreement to limit the
temperature rise to 1.5 °C above pre-industrial levels.3,4 At
present 73.2% of global greenhouse gases come from energy
production from fossil fuels.5 Therefore, urgent and decisive
action to transition towards sustainable energy solutions is
required. The European Union (EU) has demonstrated a strong
commitment to this transition through its European Green
Deal, aiming for climate neutrality by 2050.6 Solar photovoltaic
(PV) technology stands out due to its vast potential for deca-
rbonised and inexhaustible energy production. In addition,
given its scalability and declining cost, solar PV is poised to play
a crucial role in meeting the EU objectives.7 In this context,
emerging thin-lm perovskite-based PV technology has
garnered signicant attention thanks to its impressive perfor-
mance. The power conversion efficiency (PCE) of perovskite
solar cells (PSCs) swily increased from about 4% in 2009 to
This journal is © The Royal Society of Chemistry 2025
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over 26% in recent laboratory settings.8 This rapid advancement
is largely due to the unique properties of metal halide perov-
skite materials, such as their high absorption coefficients (105–
106 cm−1), tuneable direct bandgap (from 1.1 eV to 2.0 eV), high
carrier mobility (tens of cm2 V−1 s−1),9 and long carrier diffusion
lengths.10 These properties enable efficient light absorption and
charge transport, making PSCs highly competitive with other PV
technologies. Moreover, the simple solution-based fabrication
of PSCs offers several advantages, including low costs for raw
materials and manufacturing, scalability, and the ability to use
exible substrates. This process involves depositing a series of
layers: a transparent conducting oxide (TCO) on a glass
substrate, a hole transport material (HTM), the perovskite light-
absorbing layer, an electron transport material (ETM), and
a metal back contact. The device architectures are dened by
the rst layer deposited on the substrate: when the n-type
semiconductor is the rst on the TCO, the architecture is
called conventional and identied as n–i–p.11–13 On the other
hand, PSCs in p–i–n architecture, also known as inverted
architecture, are increasingly favoured due to their numerous
advantages such as enhanced stability and ease of fabrica-
tion.14,15 Additionally, the p–i–n structure facilitates efficient
charge collection, resulting in higher open-circuit voltages and
improved device performances.16,17 Also, the ability to process
all the layers at sub 150 °C opens up the possibility of low-cost,
high throughput manufacturing methods such as roll-to-roll
manufacturing.18,19 Despite the impressive advancements,
several challenges concerning stability remain in the commer-
cial deployment of PSCs. The primary factors causing irrevers-
ible degradation of the perovskite photo-absorbing layer
include continuous exposure to bias voltage, prolonged expo-
sure to illumination and heat, and moisture.8,20–23 Among these
degradation mechanisms, degradation due to humidity is the
most detrimental one since metal halide perovskite consists of
hygroscopic organic cations, such as methylammonium (MA,
CH3NH3

+) and formamidinium (FA, CH(NH2)2
+), metal cations

as lead (Pb2
+) and tin (Sn2

+), and halide anions, typically iodine
(I−), bromine (Br−), and chlorine (Cl−).24,25 When water mole-
cules come in contact with the perovskite, reactions to form
photoinactive phases occur, generating mainly lead halides and
oxides.24,25 This issue is being tackled from two angles. First,
researchers are developing various strategies to prevent mois-
ture from reaching the perovskite layer, such as using encap-
sulants and improving the inner layers of PSCs.26,27 Second,
efforts are focused on enhancing the inherent stability of PSCs
in the presence of moisture.28,29 In the latter case, one attractive
way is to employ inorganic carriers transporting materials
which offer superior stability, easier synthesis, and lower cost
compared to the commercial organic alternatives.21,30–32 Cu2-
ZnSnS4 nanoparticles (CZTS NPs) emerged as a promising
inorganic HTM due to their earth-abundant, non-toxic nature
and excellent electronic properties, such as high hole mobility
(∼35 cm2 V−1 s−1).33–35 Thanks to these features, kesterite has
been largely employed as absorber material in thin-lm solar
cells to substitute Cu(In,Ga)(S,Se)2 and CdTe thin-lm solar
cells, constituted by rare and toxic elements.36–39 However,
kesterite PV technology has always shown PCE values lower
This journal is © The Royal Society of Chemistry 2025
than CIGS and CdTe solar cells.40 Furthermore, using CZTS NPs
as an absorber layer in solar cells does not work due to the
excessive presence of grain boundaries.41 However, they have
been explored as charge extractors in PSCs,42,43 and recently as
electro/photo-catalysts.44,45 The employment of CZTS NPs as
HTM has proved its worth since 2015 when Wu and colleagues
reached a PCE of 12.8% with a conventional PSC architecture.43

The NPs were dispersed in 1-hexanediol and deposited by spin
coating; the perovskite used was the methylammonium lead
iodide (CH3NH3PbI3, MAPbI3). In 2016, Khanzada and
colleagues obtained the record PCE of 15.4% with an inverted
architecture and MAPbI3 as perovskite.46 The NPs layer was
obtained by depositing a solution of ligand-stripped CZTS NPs
in N-dimethylformamide (DMF) through spin coating. In 2018,
Zuo and colleagues reached a PCE of 13.4% in n–i–p MAPbI3
PSCs using a wurtzite CZTS NPs HTM.47 In 2019, Ashebir and
colleagues prepared CZTS NPs compact lms in situ on glass/
ITO substrates by spin coating a novel molecular precursor
solution.48 In this way, they could better control the HTM's
thickness, achieving a PCE of 6.0%with a 97 nm thick NPs layer.
The device had an inverted architecture, and the perovskite was
again the MAPbI3. Although CZTS NPs are employed as HTM
due to low-cost precursors, simple deposition methods and the
stability they can give to PSCs, few articles in the literature show
the effect on PSCs stability. Additionally, stability was always
investigated over a small period of time. This is the case of
Ashebir and colleagues; they showed that a CZTS NPs-based
device, made as mentioned above, was able to retain 87% of
its efficiency aer 43 days stored in N2 atmosphere.48 Their
control device, a p–i–n PSC with PEDOT:PSS as HTM, almost
degraded aer 35 days of storing. Another work showing the
better stability of PSC given by CZTS NPs is the work of Patel and
colleagues.49 They obtained a n–i–p PSC
(CH3NH3Pb1−xSnxI3−yCly) with CZTS NPs as HTM that out-
performed the organic counterpart (Spiro-OMeTAD) by retain-
ing the 75% of its initial efficiency (9.7%) aer 168 h. Then, both
the devices started to degrade at a similar rate.

This study explores the integration of CZTS NPs as an
innovative HTM to increase the stability of inverted PSCs. The
surface composition of CZTS NPs layers annealed at three
different temperatures (350 °C, 300 °C, and 250 °C) was ana-
lysed. These layers were then incorporated into p–i–n PSCs to
determine the optimal annealing temperature. Once optimised,
CZTS NPs-based devices were compared to control p–i–n PSCs
with the commercial self-assembled monolayer (SAM) of [2-(3,6-
dimethoxy-9H-carbazol-9-yl)ethyl]phosphonic acid (MeO-
2PACz) as HTM. The introduction of CZTS NPs as an HTM
showed promising results. The optimised CZTS NPs-based PSCs
exhibited signicant improvements in operational stability
compared to the control devices using SAM as HTM. The CZTS
NPs-based device demonstrated an increase in efficiency from
4.71% of the rst measurement to 6.04% aer 18 weeks.
Meanwhile, for the SAM-based device, the efficiency decreased
from 12.07%, the best value obtained one week aer the rst
measurement, to 6.87% in 18 weeks. This improvement in PCE
over time was further investigated and found to result from
enhanced charge injection from the MAPbI3 to the CZTS NPs
Sustainable Energy Fuels, 2025, 9, 1486–1497 | 1487
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View Article Online
layer. This suggests the interface between these two layers
improves over time, enhancing overall performance.
2. Experimental details
2.1 Materials

Sulphur powder (>99.5%); copper(II) acetate monohydrate
(Cu(CH3COO)2$H2O, >99%); zinc(II) acetate dihydrate (Zn(CH3-
COO)2$2H2O, 99.99%); tin(II) chloride dihydrate (SnCl2$2H2O,
>98%); oleylamine (CH3(CH2)7CH]CH(CH2)7CH2NH2, 98%); p-
xylene (>99.7%); and terpineol (mixture of isomers) were
purchased from Sigma-Aldrich (St. Louis, MO, USA). Ethyl
cellulose (ethoxy content 48%, 22 cps) was purchased from
Thermo Fisher Scientic (Waltham, MA, USA). Lead(II) iodide
(PbI2, 99.99%) was purchased from TCI (trace metals basis,
Tokyo, Japan). Methylammonium iodide (CH3NH3I, MAI,
99.99%) was purchased from Greatcell Solar Materials (Aus-
tralia). Methylamine (ca. 9% in acetonitrile, CH3NH2 in CH3CN,
MA in ACN) was purchased from TCI (Tokyo Chemical Industry
UK Ltd). Anhydrous acetonitrile (CH3CN, ACN, $99.9%) was
purchased from Fisher Scientic (part of Thermo Fisher
Scientic, UK). Hydrochloric acid (HCl, 37%) was purchased
from Sigma-Aldrich (St. Louis, MO, USA). MeO-2PACz ([2-(3,6-
dimethoxy-9H-carbazol-9-yl)ethyl]phosphonic acid,
C16H18NO5P, $98.0%) was purchased from TCI (Tokyo Chem-
ical Industry UK Ltd). Extra dry 2-propanol ((CH3)2CHOH, IPA,
99.8%) was purchased from Fisher Scientic (part of Thermo
Fisher Scientic, UK). [6,6]-Phenyl C61 butyric acid methyl ester
(C72H14O2, PC61BM) was purchased from 1-Material Inc. (Can-
ada). Anhydrous chlorobenzene (C6H5Cl, CB, 99.8%) was
purchased from Sigma-Aldrich (Germany). Bathocuproine
(C26H20N2, BCP) was purchased from TCI (Tokyo Chemical
Industry UK Ltd). Anhydrous ethanol (CH3CH2OH, EtOH) was
purchased from Thermo Fisher (UK). Silver (Ag) pellets (99.99%)
were purchased from Kurt J. Lesker Co. (US). Pre-patterned 15
ohm per sq. glass/ITO substrates (28 × 28 × 1.1 mm) were
purchased from Kintec Co. (Hong Kong).
2.2 Synthesis of CZTS NPs

CZTS NPs were synthesised by hot injection technique, using
a method well-described elsewhere in the literature with minor
changes.46,50 The synthesis process begins with the preparation
of two solutions. One solution, containing all metal precursor
(Sol-M), was obtained by dissolving in 15 mL of oleylamine the
reactants in the following order: 959.30 mg Cu (CH3COO)2$H2O,
625.40 mg SnCl2$2H2O, and 628.90 mg Zn (CH3COO)2$2H2O.
The other solution was prepared by introducing 312 mg of
sulphur powder in 10 mL of oleylamine (Sol-S). The two
mixtures were prepared in two different three-neck asks, put in
heating mantles and connected to a vacuum/N2 Schlenk line.
Sol-S was warmed at 60 °C and degassed for 1 hour under
constant stirring. Sol-M underwent a three-step temperature
process: (i) degassing at 100 °C under powerful stirring for 1
hour to extract dissolved oxygen and unwanted moisture; (ii)
relling of the ask with N2 while rising slowly the temperature
to the injection temperature of 180 °C, during this step the
1488 | Sustainable Energy Fuels, 2025, 9, 1486–1497
solution colour turned from bluish to yellowish; (iii) rapid
injection of Sol-S into Sol-M aer the changes in the Sol-M
colour, leading to a further quick colour variation from pale
yellow to dark brown. Aer the injection, the temperature
increased to 280 °C, and the solution was le to react for 30
minutes. Then, the heating mantle was removed, and the ask
was let to cool down to room temperature in an inert atmo-
sphere. The nal suspension was washed with a mixture of
chloroform and ethanol in a 1 : 5 (v/v) ratio and centrifuged at
8000 rpm for 2 minutes. The supernatant was removed, and the
washing procedure was repeated several times to remove the
exceeding residues of oleylamine from the CZTS NPs surface,
which may limit the particle-to-particle interactions and reduce
the charge carrier in the HTM lm. Then, the CZTS NPs were
collected, dried under a vacuum and stored under an N2

atmosphere. In our recently published studies, it has been
demonstrated that the synthesis temperature of CZTS NPs is of
fundamental importance for the correct formation of the kes-
terite phase, as conrmed by XRD and TEM, and that puri-
cation with HCl effectively removes organic residues (such as
oleylamine) as proven by the reported elsewhere FT-IR study.51,52
2.3 Device fabrication

The devices under investigation were PSCs utilising methyl-
ammonium lead iodide (CH3NH3PbI3, MAPbI3) as the perov-
skite material, congured in a p–i–n architecture (glass/ITO/
CZTS NPs/MAPbI3/PCBM/BCP/Ag). The control devices
differed from the investigated PSCs only in the HTM. The
commercial SAM MeO-2PACz was used (glass/ITO/MeO-2PACz/
MAPbI3/PCBM/BCP/Ag). All the layers were deposited in air
atmosphere at 30% RH. Before device fabrication, the patterned
glass/ITO substrates (28 × 28 mm2) were cleaned by ultra-
sonication with Hellmanex in deionised water (1 : 40 v/v), pure
deionised water, and IPA for 10, 15 and 20 minutes. The
substrates were subjected to UV-ozone treatment for 20 minutes
before HTM deposition. The CZTS NPs ink was prepared by
dispersing 15 mg of NPs in 1 mL of ethyl cellulose in p-xylene
solution (5 mg mL−1 concentration) in ambient conditions.
Then 150 mL of terpineol were added to increase the solution
viscosity. The resulting ink was sonicated for 30 minutes to
achieve a homogeneous suspension. The CZTS NPs lm was
obtained by spin coating 70 mL of ink at 4000 rpm for 30 seconds
on ITO substrates. Then, the obtained layer was annealed on
a titanium hotplate at different temperatures, 350 °C, 300 °C
and 250 °C for 2 hours. For the control device, the solution of
MeO-2PACz was prepared in anhydrous IPA with 2 mg mL−1

concentration and stirred at 60 °C for 2 hours in a GloveBox
with N2 environment. Before the deposition, it was ltered with
a 0.20 mmPTFE lter. Then, 150 mL of solution was deposited on
ITO, spin-coated at 4000 rpm for 35 seconds and annealed at
100 °C for 10 minutes. Once cooled, the MeO-2PACz layers were
washed with IPA to remove molecules unbonded on the surface
and then annealed at 100 °C for 5 minutes.53 MAPbI3 solution
was prepared by dissolving 461 mg of PbI2 and 159 mg of MAI in
1mL of amixture of ACN :MA in ACN (1.8 : 3.2 v/v) and stirred at
60 °C for 3 hours under N2 atmosphere in a Glove Box. Before
This journal is © The Royal Society of Chemistry 2025
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the coating, the solution was ltered with 0.20 mm PTFE lter,
and 7 mL of HCl was added permillilitre of perovskite solution.54

The perovskite lm was obtained by dynamic spin coating of
120 mL of the described solution at 2000 rpm for 59 seconds and
by annealing the lm at 110 °C for 10 minutes. For electron
transporting material (ETM), PCBM solution was prepared in
air by dissolving 40 mg in 1 mL of CB and stirring at 60 °C for 2
hours. The solution was ltered with the 0.20 mm PTFE lter,
and 75 mL were deposited by spin coating at 3000 rpm for 45
seconds without further annealing at the hot plate. Following
the coating of the PCBM layer, BCP (5 mg mL−1 in EtOH) was
coated by spin coating 200 mL of the solution at 7000 rpm for 10
seconds. A 100 nm thick back metal contact of Ag was thermally
evaporated to complete the device.
2.4 Characterization

X-ray photoelectron spectroscopy (XPS) analysis on glass/ITO/
CZTS NPs samples was carried out using a Kratos Axis Supra
equipped with a monochromated Al Ka source at 225 W (15 kV,
20 mA). Charge calibration was to the C–C peak at 284.8 eV, and
charge neutralisation was not required. High-resolution spectra
at 40 eV pass energy, 1 s dwell time, and typically 5 sweeps were
collected for all elements based on a survey scan at 160 eV pass
energy. Ultraviolet photoelectron spectroscopy (UPS) was
carried out on the Kratos Axis Supra using the He(I) line, and the
electrons collected at a 10 eV pass energy, with the 55 mm
aperture to protect the detector. XPS & UPS data were analysed
in CasaXPS 2.3.24PR1.0 using the Kratos relative sensitivity
factors. Synthetic components were tted to the raw data using
the default GL(30) lineshape. The UV-visible spectra of glass/
ITO/CZTS NPs samples were obtained using a Jasco V-570 UV-
visible spectrophotometer in the 300–1300 nm range. A glass/
ITO substrate was used for the baseline. The thickness of
CZTS NPs layers was measured with a Veeco Dektak 8 prol-
ometer by applying a stylus with a 2.5 mm radius and 4.9 mN of
force. A Keithley and an AAA solar simulator (Newport) char-
acterised the complete device's PV performances. J–V charac-
teristics of the devices were obtained under 100 mW cm−2 (1
sun calibrated with a reference photodiode with KG5 lter) in
the range from 1.2 V to −0.2 V and with a sweep rate of 0.15 V
s−1. A metal mask employed during measurements gave the
devices an active area of 0.09 cm2. External Quantum Efficiency
(EQE) spectra were obtained using a custom-built setup. This
system included Xenon arc and Quartz halogen white light
sources (Bentham) and a Bentham TMc300 monochromator, all
controlled by Labview soware. The photocurrent of the cell was
measured with a trans-impedance amplier (Femto), while the
incident light intensity was calibrated using a silicon reference
photodiode (Newport). The samples were scanned in the
wavelength range of 300–850 nm. The active area was 0.05 cm2,
dened by the incident light spot on the sample. Aer the solar
simulator and EQE measurements, the samples were stored in
a GloveBox with an N2 environment. A high humidity environ-
ment was simulated in a Temperature and Humidity Test
Chamber by applying the standard condition of 70% RH at 30 °
C. Steady-state photoluminescence (PL) measurements were
This journal is © The Royal Society of Chemistry 2025
conducted using an FS5 Edinburgh Instruments spectrouo-
rometer, covering a wavelength range of 690 nm to 850 nm. The
samples were excited at a wavelength of 500 nm, with a 520 nm
bandpass lter in the excitation pathway and a 496 nm longpass
lter in the emission pathway. Time-resolved photo-
luminescence (TRPL) measurements were performed using an
FLS1000 Edinburgh Instruments photoluminescence spec-
trometer. The samples were excited with an EPL405 laser (l_exc
= 405 nm), and the emission was recorded at 775 nm with
a 30 nm emission slit width. The laser repetition period was set
to 1 ms. The TRPL data were tted using a bi-exponential func-
tion to determine the trap-mediated (s1) and radiative (s2)
recombination lifetimes.55 The morphology of the samples was
compared using scanning electron microscopy (SEM) imaging
using a Gemini 500 Zeiss microscope. Moreover, AFM images
were also collected on the samples over 5 mm × 5 mm areas
using a Bruker Multimode Nanoscope V in intermittent contact
mode with silicon tips (spring constant = 40 Nm−1, resonance
frequency z 300 kHz) and with an image resolution of 512 ×

512 pixels.

3. Results and discussion
3.1 CZTS NPs layer

Stable and performing PSCs through inorganic HTMs can be
achieved with an optimal compact and transparent HTM layer.
Therefore, this study's preliminary stage focused on optimising
ink suspension and CZTS NPs lm deposition. At rst, the idea
was to avoid additives or stabilisers in the ink because they
could have limited the charge extraction in the device. Unfor-
tunately, the resulting lms presented drawbacks such as voids,
insufficient compactness, and poor adhesion to the substrate,
even if the solvent, being nonpolar,56 was indicated to disperse
the NPs. Ethyl cellulose was introduced in the CZTS NPs
suspension as a small organic binder, while terpineol was
added to increase the solution viscosity. In this way, it was
possible to set the optimal spin coating parameters and obtain
a compact, void-free, transparent CZTS NPs layer. The downside
of adding ethyl cellulose was that this polymer thermally
degrades from around 250.7 °C up to around 378.4 °C,57 leading
to the need for the CZTS NPs layer annealing temperature
higher than 250 °C. However, this was critical for ITO since the
resistivity of this transparent conductive oxide rapidly increases
above 250 °C, and the lm begins to degrade,57 thermally
reducing PSCs' operating performances. In our experiments,
heat treatment at 350 °C for 2 hours likely compromised the
conductivity of ITO, contributing to a reduction in device
performance.58 One alternative is tin uoride (FTO), known for
its higher thermal stability or decreasing ink deposition
temperature. To overcome these limitations, we are currently
testing conductive inks processable at temperatures below 100 °
C, which could offer a solution to reduce the thermal load on
the substrate during device fabrication. This paves the way for
further studies on CZTS NPs layer deposition optimisation. The
present work investigated the optimal annealing temperature at
350 °C, 300 °C and 250 °C to get a compromise between
removing ethyl cellulose, the ITO degradation in terms of CZTS
Sustainable Energy Fuels, 2025, 9, 1486–1497 | 1489
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Fig. 1 High-resolution XPS spectra of (a) Cu 2p, (b) Zn 2p, (c) Sn 3d and
(d) S 2p components of CZTS NPs film annealed at 350 °C, and XPS
spectra of impurities containing (f) N 1s and (e) C 1s.
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NPs layer composition and PSCs PV performances. Three
samples in the conguration glass/ITO/CZTS NPs were prepared
by annealing the kesterite layer at the abovementioned
temperatures. From here on out, the CZTS NPs layers annealed
at different temperatures, 350 °C, 300 °C and 250 °C, will be
named 350-CZTS, 300-CZTS and 250-CZTS layers. The surface
chemical composition of the lms was investigated using XPS
analysis. The band alignment of the three HTMs with the
MAPbI3 perovskite was investigated by getting the valence band
maximum (VBM) by UPS analysis and by calculating the
conduction band minimum (CBM) by extrapolating the
bandgap from UV-vis spectra.

XPS measurements conrmed the valence states of Cu1+,
Zn2+, Sn4+ and S2− in the CZTS NPs lm. Fig. 1 shows the high-
resolution spectra of Cu 2p, Zn 2p, Sn 3d and S 2p core levels in
the 350-CZTS layer. The doublet reported in Fig. 1a corresponds
to Cu 2p3/2 and Cu 2p1/2 peaks, respectively, at 932.9 eV and
952.7 eV. The 2p3/2 peak position and the split of the two Cu 2p
spin–orbit components of 19.8 eV indicate the oxidation state
+1 of Cu.59 However, a high binding energy shoulder and
a series of satellite peaks between 940.0 and 945.0 eV can be
seen, indicating the presence of Cu2+ and, consequently, of
secondary species such as CuO or CuSO4.60,61 Also, the satellite
peak at 962.7 eV comes from the presence of copper(II) oxide.62

Since in the XPS spectrum of Cu 2p of the CZTS NPs powder, the
satellite peaks are not present (Fig. S1, ESI†), these are probably
due to the oxidation of CZTS NPs lm surface due to the high
annealing temperature. The two peaks at 1022.2 eV and
1045.3 eV in Fig. 1b are assigned to the two core levels 2p3/2 and
2p1/2 of Zn 2p. Fig. 1c shows the Zn L3M4.5M4.5 Auger emission
at a binding energy of 499.6 eV, or a kinetic energy of 986.9 eV, is
consistent with a Zn2+ species.41,63 Fig. 1c also shows the Sn 3d5/2
and 3d3/2 doublets located at 486.9 eV and 495.3 eV, respec-
tively, with a doublet separation of 8.4 eV that conrms Sn's
oxidation state +4.64 The situation is more complex for the
sulphur 2p region (Fig. 1d), where four peaks can be detected. At
161.5 eV and 162.6 eV, the rst two correspond to S 2p3/2 and S
2p1/2, respectively, with a spin–orbit component split of 1.1 eV.
This is consistent with the binding energy range between 160
and 164 eV expected for S in the sulphide phases.64,65 indicating
sulphur in the S2− oxidation state. The other two peaks located
at higher energies are due to other bonding states of sulphur.
Specically, in the energy range between 168.0 and 171.0 eV, the
peaks are related to sulphur's metal sulphate phases.66 There-
fore, the peak at 168.9 eV can be assigned to the 2p3/2 spin–orbit
component of sulphur in the CuSO4 compound,66,67 The peak at
170.0 eV corresponds to the 2p1/2 spin–orbit component of S in
the same compound. The shoulder conrms the existence of the
CuSO4 phase around 935.0 eV in the Cu 2p spectrum (Fig. 1a),
which Buldu et al. have assigned to Cu bonded to the sulphate
ion SO4

2−.67 The formation of this secondary phase can be
attributed to the annealing process of the CZTS NPs lm since
the Cu 2p spectrum of the nanoparticle powder does not report
the CuSO4 shoulder before annealing (Fig. S1†).

XPS spectra were also collected for 300-CZTS and 250-CZTS
layers to study the effects of the annealing temperature on the
layer composition. A comparison of the main XPS peak
1490 | Sustainable Energy Fuels, 2025, 9, 1486–1497
positions for the different analysed annealing temperatures is
reported in Table S1.† Compared to the spectra of the 350-CZTS
lm in Fig. 1, the spectra related to the 300-CZTS sample
(Fig. S2†) have the main peaks of Cu 2p, Zn 2p, Sn 3d and S 2p
core levels in almost the same positions and with similar
doublet splitting energies (Table S1†). This is also true for the
other peaks as Cu satellites, CuSO4 shoulder (Fig. S2a†), Zn
Auger LMM (Fig. S2c†) and S 2p of sulphate (Fig. S2d†). The only
differences between 350-CZTS and 300-CZTS samples are in the
ratio of the sulphide and sulphate peaks: the relative sulphide
peak area is higher in the lm annealed at 300 °C, and in the
relative sulphate peak area, which is reduced for the 300-CZTS
layer. This can suggest that an annealing temperature lower
than 300 °C can promote the presence of S2− instead of SO4

2−.
This can be conrmed especially by the S 2p spectrum of the
CZTS lm annealed at 250 °C (Fig. S3d†), where the areas under
the sulphide peaks are higher than for the sulphide peaks in the
300 °C and 350 °C spectra. Additional evidence that the 250 °C
annealing temperature favours the presence of S in the sulphide
phase can be found in the Cu 2p spectrum in Fig. S3a.† Here,
the CuSO4 shoulder at 935.0 eV has almost wholly disappeared
compared to the 300 °C and 350 °C Cu 2p spectra (Fig. S2a† and
1a respectively). This can indicate a reduced formation of
copper sulphate at low annealing temperatures. Considering
again the Cu 2p spectrum at 250 °C, it is noticeable that the Cu
satellite peaks, and thus most of Cu(II) secondary phases,
disappear. All these facts together suggest that at low annealing
temperatures, the oxidation of the lm surface and the forma-
tion of secondary phases are reduced. Nevertheless, device
performances are not increased using a low-temperature
annealed lm, as shown in the discussion about device char-
acterisation by the solar simulator in Section 2.4 of the present
study. The low operational performance of the 250-CZTS device
can be related to the shoulder at 163.6 eV in the S 2p spectrum
(Fig. S3d†). As Shanthi et al. points out, this shoulder can be
related to a –S–C– bond, which can be due to a reaction between
sulphur and oleylamine.68 This solvent has a boiling point
between 348 and 350 °C. Therefore, it is possible that at 250 °C,
the oleylamine is not entirely removed from the CZTS NPs lm,
reducing the solar performance of the devices. The hypothesis
of the presence of oleylamine is reinforced by the N 1s core level
This journal is © The Royal Society of Chemistry 2025
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Fig. 3 Electronic structures for the 350-CZTS, 300-CZTS and 250-
CZTS layers. The distances of VBM from EFermi were obtained thanks to
XPS analysis; WFs were extrapolated from UPS spectra; and the Bgap

values were obtained through UV-vis measurements. All the other
values have been calculated.
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spectrum of the 250-CZTS layer, Fig. S3e,† which presents
a peak around 400.0 eV related to the organic amine (A) group.63

The high-resolution XPS for N 1s has shown the amine peak also
for the 350-CZTS and 300-CZTS layers Fig. 1e and S2e,†
respectively, suggesting the presence of oleylamine for these
two layers. In the identical spectra, there is also a peak around
402.0 eV, which Hellgren et al.69 attributed to quaternary amine
(QA), and in this case, it may be due to some byproduct of
oleylamine degradation. Notably, it can be consistent with
a range of partly oxidised organic amines due to oleylamine
thermal degradation in the presence of oxygen and oxygen-
containing molecules. The related A and QA peak positions
are reported in Table S1.† Traces of oleylamine can also be
detected in C 1s core level spectra of the 350-CZTS, 300-CZTS
and 250-CZTS samples, Fig. 1f, S2f and S3f† respectively. At high
binding energies, all the spectra present a peak around
288.6 eV, which Ansari et al.70 attributed to a combination of
C–N and O–C]O peaks due to oleylamine. These spectra also
show a peak at 286.4 eV, referable to the C–O–C bonds and,
thus, to ethyl cellulose.71 Unfortunately, the presence of both
oleylamine and ethyl cellulose is conrmed for all three
samples, indicating that the conductivity of 350-CZTS, 300-
CZTS and 250-CZTS HTMs could be reduced by these non-
conductive molecules, also limiting the PV performances of
PSCs. The last peak, at 284.8 eV in these three spectra, is related
to the C–C bond, which can still be linked to both oleylamine
and ethyl cellulose since these molecules present this bond in
their structure. However, it must be noticed that carbon
contaminations are pretty frequent, and the large area under
this peak may be due to the exposure of the layers to air during
both deposition and annealing steps.

Once the surface chemical composition was known, we
investigated how the three different annealing temperatures
affected the band gap (Egap) and the energy levels of the 350-
CZTS, 300-CZTS and 250-CZTS NPs lms. To this aim, XPS and
UPS analysis were employed to obtain the VBM and the work
function (WF) of the three layers, and UV-vis analysis was used
to get the band gap values. VBMxps values were found by
extrapolating the linear portion of VB XPS spectra at lower
energies and intersecting this with the spectral baseline, as re-
ported in Fig. 2.72 These values are obtained versus the Fermi
Fig. 2 Extrapolation of the VBM values from VB XPS spectra of CZTS
NPs film annealed at 350 °C, 300 °C and 250 °C. The VBM values are
0.3 eV, 0.5 eV and 0.4 eV, respectively.

This journal is © The Royal Society of Chemistry 2025
energy, EFermi, which has to be considered at 0 eV, as shown in
Fig. 2. The resulting values have been summed with the WF
values to nd the VBM level versus the vacuum level (VL), as
reported in the band diagram in Fig. 3.

WFs of the 350-CZTS, 300-CZTS and 250-CZTS NPs lms have
been obtained by the formula:73

WF = hn − Ecutoff (1)

Where hn is the photon energy of the UV source (He–I, hn = 21.2
eV) and Ecutoff is the secondary electron energy cutoff at high
binding energies. The linear extrapolation of the UPS spectra's
high and low binding energies can determine this last energy.
Fig. S4† shows UPS spectra and the Ecutoff extrapolation for the
three CZTS NPs layers. By combining the VBM by XPS and the
WF by UPS, it was possible to calculate also the ionisation
potential (IP) through the formula IP = WF + VBMxps, as re-
ported in the electronic structure (Fig. 3). The band alignment
was completed by extrapolating the optical Egap for each sample
through UV-vis analysis. Notably, from the reectance (R)
measurements of the samples, it was possible to estimate the
Kubelka–Munk relation:

FðRÞ ¼ ð1� RÞ2
2R

(2)

With F(R) named Kubelka–Munk function.74 The Kubelka–
Munk curves, Fig. S5,† were obtained by plotting (F(R) hn),2

where hn is the photon energy, as a function of hn. By extrapo-
lating the linear part of the curves to the x-axis, the optical Egap
for each CZTS NPs HTM was determined to be 1.92 eV, 2.40 eV
and 2.34 eV for the 350-CZTS, 300-CZTS and 250-CZTS lms
respectively. Finally, the conduction bandminimum (CBM) and
the electron affinity (c) were estimated by the formula CBM =

VBM − Bgap and c = IP − Bgap and reported in Fig. 3. The ob-
tained Bgap values are large compared to the typical values re-
ported in the literature around 1.4–1.6 eV.75 However, it must be
noticed that the charge connement and the electronic struc-
ture change in the nanoscale.76 Moreover, the thickness of these
layers was on the nanoscale, while thicker layers are reported in
the literature on the microscale, which again affects the
absorption and bandgap of thin lms.77,78
Sustainable Energy Fuels, 2025, 9, 1486–1497 | 1491
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Table 1 Solar cell parameters for devices with CZTS NPs HTM
annealed at 350 °C, 300 °C and 250 °C

Sample Jsc (mA cm−2) Voc (V) FF (%) PCE (%)

350 °C 14.64 0.77 41.58 4.71
300 °C 13.75 0.28 27.68 1.08
250 °C 17.56 0.41 29.21 2.12

Fig. 5 JV curves under illuminated conditions of the CZTS-based and
the control devices measured over days to investigate the stability of
both the perovskite solar cells.
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3.2 Perovskite cell stability investigation

Here, the stability of PSCs was tested by comparing devices with
two different HTMs: the inorganic CZTS NPs and the commer-
cial organic MeO-2PACz. To this aim, complete devices were
characterised through a solar simulator, External Quantum
Efficiency (EQE) and moisture measurements over a prolonged
time. JV measurements were rst performed on devices with
350-CZTS, 300-CZTS and 250-CZTS HTMs to investigate the
optimal temperature for the best performance. As reported in
Table 1, the 350-CZTS device has shown the best performance
compared to the other two, even though XPS measurements of
the 250-CZTS layer showed the best phase composition with
a reduced number of secondary phases (Fig. S3†). This is why it
performed better than the 300-CZTS based device. However, the
250 °C and 300 °C layers may still contain oleylamine aer lm
annealing, as suggested by the XPS analysis. Oleylamine, with
a high boiling point of around 350 °C, is difficult to remove at
lower temperatures. Since oleylamine is a non-conductive
molecule, its presence can decrease the photovoltaic perfor-
mance of the devices by hindering hole extraction. The high
series resistance supports this observed in both the 250-CZTS
and 300-CZTS devices, Fig. 4, which indicates poor charge
extraction at the interfaces.

Compared to SAM HTM, PSCs with CZTS NPs HTM showed
poor photovoltaic performance with low Jsc and FF. This may be
due to the non-uniformity of the HTM layer, composed of
semiconductive NPs interconnected by an insulating polymer,
ethyl cellulose. A future challenge emerging from this work
could be incorporating organic conductive molecules into the
CZTS NPs layer. More importantly, SEM images of the SAM and
CZTS NPs lms reveal signicant differences in surface
morphology. The AFM and SEM analyses (Fig. S6†) show that
Fig. 4 Illuminated JV curves for the devices based on CZTS NPs HTM
annealed at 350 °C, 300 °C and 250 °C.

1492 | Sustainable Energy Fuels, 2025, 9, 1486–1497
the SAM (MeO-2PACz) lms offer uniform coverage at sub-mm
and tens-of-mm scales. At a scale of 200 nm, regular structures
associated with the molecular organisation of the MeO-2PACz
are observed, with height variations substantially conned to
less than 10 nm. In contrast, the CZTS lms, while effectively
covering the perovskite, exhibit a relatively much higher density
of inhomogeneities. Namely, large agglomerates are detected,
both by AFM and SEM, with lateral size and height exceeding
300 nm. The irregular structure of the CZTS lm compromises
the effective charge extraction since the agglomerates observed
on the surface of the CZTS lm could create localised points
prone to short-circuiting the device. Efforts are underway to
develop a novel deposition method to prevent their formation,
thereby enhancing the uniformity of the CZTS NPs lms.

Based on the above results, the 350-CZTS HTM was selected
to investigate perovskite solar cell stability further. The perfor-
mance of the CZTS-based device was compared to a control
device using the common SAM HTM, as shown in Fig. 5. This
gure presents the illuminated current–voltage curves of the
two investigated devices, the CZTS-based and the control
perovskite solar cells. Fig. 5, along with Tables 2 and 3, reveals
a decline in performance for the control device, while the
performance of the CZTS-based solar cell improves, indicating
superior stability.

This trend is further conrmed by the box charts in Fig. S7
and S8,† which display the solar parameters of 64 additional
devices. The enhanced stability of the CZTS-based device is also
evident in the EQE spectra shown in the ESI (Fig. S9).† With
Table 2 Solar cell parameters of the CZTS-based device over weeks
(w)

CZTS Jsc (mA cm−2) Voc (V) FF (%) PCE (%)

w0 14.64 0.77 41.58 4.71
w1 16.55 0.70 47.59 5.89
w2 15.72 0.81 49.91 6.38
w3 16.57 0.83 45.30 6.24
w10 16.97 0.81 45.59 6.26
w16 16.18 0.79 48.89 6.24
w18 17.09 0.78 45.08 6.04

This journal is © The Royal Society of Chemistry 2025
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Table 3 Solar cell parameters of the SAM-based control device over
weeks (w)

SAM Jsc (mA cm−2) Voc (V) FF (%) PCE (%)

w0 17.75 0.96 52.58 8.94
w1 18.24 0.96 68.60 12.07
w2 17.05 0.97 65.60 10.84
w3 17.60 0.97 49.38 8.44
w10 20.16 0.66 50.07 6.67
w16 16.87 0.79 53.51 7.11
w18 20.04 0.76 45.18 6.87

Fig. 6 PSCs parameters trends after various hours under moisture
conditions.
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time, the control device decreases the overall quantum effi-
ciency in the region below 600 nm and above. At the short
wavelength, the dominant recombination occurs near the front
contact interface (HTM/MAPbI3), so EQE conrms the
improvement with time of the charge extraction operated by
CZTS NPs while highlighting the degradation of the SAM effi-
ciency.12,79 EQE also justies the overall lower efficiency of the
CZTS-based device, showing that the parasitic absorption of the
HTM heavily impacts the light that the device can exploit.12,79

Transmittance spectra (Fig. S10†) conrm this evaluation and
highlight the reduced optical transmittance of the CZTS NPs
layer compared to the MeO-2PACz one. This reduction in
transmittance, particularly in the visible range, heavily impacts
the light available for effective photoelectric conversion. This
can be overcome by inverting the architecture to exploit the
stabilising properties of CZTS NPs. Accordingly, it is increas-
ingly urgent to design an ink that can be deposited at lower
temperatures than those explored here.

A discrepancy between the Jsc derived from the EQE inte-
gration and that obtained using the solar simulator (SS) was
observed, with Jsc-EQE higher than Jsc-SS. Although less common,
this behaviour can be explained by considering two main
factors.

First, the illuminated area during the J–V measurements
(0.09 cm2) is larger than that used for the EQE measurements
(0.05 cm2). Perovskites exhibit a non-uniform chemical
composition and defect concentration across the lm, and
a larger tested area can lead to lower PV performance.80 Second,
the solar simulator used is calibrated with a photodiode
designed for organic cells, which partially lters the UV
components of the spectrum.81 This spectral mismatch can
affect the measurement of Jsc-SS compared with the EQE, which
uses a calibrated monochromatic source. The observed results
are, therefore, consistent with the intrinsic characteristics of
perovskites and with the experimental conditions adopted.

The superior performance of the CZTS-based cell is further
illustrated by the IV characteristic measured in dark conditions
(Fig. S11†), where the built-in potential is absent over different
days for the CZTS-based device, in contrast to the control device.
The minimum of the dark curves at zero voltage for the CZTS
NPs-based devices suggests that the CZTS/MAPbI3 interface is
less prone to ion accumulation than that between SAM and
MAPbI3.82 However, the dark current in the CZTS-based PSCs is
higher than that of the conventional devices. In the former, the
This journal is © The Royal Society of Chemistry 2025
dark current can be due to the non-uniformity of the CZTS NPs
layer or thermal charge generation at the CZTS NPs/MAPbI3
interface. Ollearo et al. demonstrated that the activation energy
(Ea) of this thermal process is comparable to the energy differ-
ence 4 between the CBM of the perovskite and the VBM (or
HOMO level, depending if the HTM is organic or not) of the
HTM.83 Therefore, they suggest that the VBM of the HTM also
inuences the dark current due to the thermally activated
charge generation. In our case, a higher dark current for the
CZTS NPs-based PSCs could suggest that the band alignment
between CZTS and MAPbI3 is not ideal—however, the HOMO
level for SAMMeO-2PACz reported by Ollearo et al.83 It is close to
the VBM of the 350-CZTS layer reported in Fig. 3, around 5.2 eV.
Thus, in the present case, the Ea may be due to oleylamine and
ethyl cellulose residues affecting the interface between the CZTS
NPs HTM and the MAPbI3, potentially reducing the thermal
charge generation Ea at this interface.

To further assess the stability enhancement by the inorganic
HTM, a reference device and a CZTS-based device were sub-
jected to highly humid conditions (70% relative humidity at 30 °
C) and periodically measured using a solar simulator. Fig. 6
presents the trends in photovoltaic parameters observed over
various hours of exposure to high humidity. Aer 72 hours, both
devices ceased to function, although the performance of the
CZTS NPs HTM device was consistently better than that of the
reference device. This suggests that the perovskite degradation
was slower in the CZTS-based device despite a silver back
contact, which typically accelerates perovskite degradation
under humid conditions.
3.3 CZTS NPs/MAPbI3 interface

Over time, the improved stability and increased PV performance
of the CZTS NPs-based PSCs suggest a different interaction
between the MAPbI3 and the CZTS NPs than between the
perovskite and the SAM. Steady-state photoluminescence (PL)
and time-resolved photoluminescence (TRPL) analyses were
conducted on fresh and aged samples to understand these
Sustainable Energy Fuels, 2025, 9, 1486–1497 | 1493
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Fig. 7 Steady-state PL spectra of (a) MAPbI3, SAM/MAPbI3 and CZTS/
MAPbI3 compared at day 1 of ageing. PL spectra from day 1 to day 49 of
ageing of (b) MAPbI3, (c) SAM/MAPbI3 and (d) CZTS/MAPbI3 samples.

Table 4 Trap-mediated recombination lifetime (s1) and the radiative
recombination lifetime (s2) values of the MAPbI3, SAM/MAPbI3 and
350-CZTS/MAPbI3 samples

s (ns) MAPbI3 SAM/MAPbI3 350-CZTS/MAPbI3

s1 19.33 17.16 12.67
s2 65.98 44.93 30.14
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interfaces better. These measurements were performed on the
investigated CZTS NPs/MAPbI3 interface, the control SAM/
MAPbI3 interface, and the bare MAPbI3 layer. Fig. 7 shows the
normalised PL spectra for the three samples, glass/ITO/MAPbI3,
glass/ITO/350-CZTS/MAPbI3 and glass/ITO/SAM/MAPbI3, and
their evolution over time. The samples were stored in air
atmosphere, in a box with silica gel absorbing part of the
environmental moisture, to evaluate any change in PL spectra
due to the deterioration of the HTM/MAPbI3 interfaces. From
the spectra of day one, it is possible to see that all the peaks are
centred around 770.2 nm, in line with the PL peak position of
MAPbI3, 770.0 nm.84 Additionally, aer days of ageing, the peak
position remained consistent, suggesting the absence of phase
segregation, typically evidenced by a shi in the peak position.
The main difference among these spectra is the reduced emis-
sion of the MAPbI3 on the CZTS NPs layer.
Fig. 8 TRPL spectra of (a) MAPbI3, SAM/MAPbI3 and CZTS/MAPbI3
compared at day 1 of ageing. PL spectra from day 1 to day 49 of ageing
of (b) MAPbI3, (c) SAM/MAPbI3 and (d) CZTS/MAPbI3 samples.

1494 | Sustainable Energy Fuels, 2025, 9, 1486–1497
This result, along with the faster decay of the CZTS TRPL
spectra compared to the SAM spectra, Fig. 8, suggests that the
photogenerated holes are rapidly transferred from the perovskite
to our HTM, reducing the number of radiatively recombining
charge carriers. This results in more efficient hole extraction at
the CZTS NPs/MAPbI3 interface.85 Table 4 shows the trap-
mediated recombination lifetime (s1) and the radiative recombi-
nation lifetime (s2) values of the three PL samples. The faster
quenching of the PL emission in the CZTS NPs/MAPbI3 sample
indicates a more effective charge transfer at this interface again.
The notable behaviour observed in the CZTS-based devices is the
increase in efficiency can be attributed to a different interaction
between the MAPbI3 perovskite and the CZTS compared to the
SAM, with the CZTS promoting a more efficient charge transfer.
These results align with recent studies highlighting the effec-
tiveness of chalcogenide materials in passivating lead-related
defects (Pb2+ and Pb0), thus increasing the device stability.86

4. Conclusions

This study successfully demonstrated the enhanced stability of
inverted PSCs using CZTS NPs as an HTM. Incorporating CZTS
NPs led to signicantly improved device longevity compared to
organic HTMs, such as MeO-2PACz. Devices with CZTS NPs
showed more resilience to environmental degradation, partic-
ularly humidity, and increased PCE over time, suggesting that
the CZTS NPs/MAPbI3 interface matures, enhancing charge
transfer efficiency. Specically, the optimised CZTS-based
devices retained higher performance aer several weeks, out-
performing their organic HTM counterparts. PL and TRPL
analyses showed that CZTS NPs improved hole extraction effi-
ciency from the perovskite layer, resulting in better charge
transfer and reduced recombination than organic HTMs.
Although challenges remain, such as improving the uniformity
and conductivity of the CZTS layer and decreasing the treat-
ment's temperature, this research paves the way for developing
more robust, sustainable, and efficient perovskite solar cells by
leveraging earth-abundant materials like CZTS, making PSCs
more viable for commercial applications.
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Renewable Sustainable Energy Rev., 2021, 144, 111017.

8 R. Jose, T. M. Brown and J. K. Ling, Perovskite Solar Cells:
Prospects of Commercialization, Elsevier Science, 2024.

9 L. M. Herz, ACS Energy Lett., 2017, 2, 1539–1548.
10 Y. Cheng, Y. Peng, A. K. Y. Jen and H.-L. Yip, Sol. RRL, 2021,

6, 2100545.
11 T. Webb, S. J. Sweeney and W. Zhang, Adv. Funct. Mater.,

2021, 31, 2103121.
12 V. Triletti, N. Manfredi, A. Listorti, D. Altamura,

C. Giannini, S. Colella, G. Gigli and A. Rizzo, Adv. Mater.
Interfaces, 2016, 3, 1600493.

13 V. Triletti, V. Roiati, S. Colella, R. Giannuzzi, L. De Marco,
A. Rizzo, M. Manca, A. Listorti and G. Gigli, ACS Appl. Mater.
Interfaces, 2015, 7, 4283–4289.

14 N. G. Park, Adv. Energy Mater., 2019, 10, 1903106.
15 M. R. Samantaray, Z. Wang, D. Hu, M. Yuan, H. Song, F. F. Li,

G. Jia, L. Ji, X. Zou, H. H. Shen, B. Xi, Y. Tian, X. Q. Xu,
D. J. Lee and H. Y. Hsu, Sol. RRL, 2024, 8, 2400235.

16 Z. Guo, A. K. Jena, G. M. Kim and T. Miyasaka, Energy
Environ. Sci., 2022, 15, 3171–3222.

17 P. Caprioglio, J. A. Smith, R. D. J. Oliver, A. Dasgupta,
S. Choudhary, M. D. Farrar, A. J. Ramadan, Y. H. Lin,
M. G. Christoforo, J. M. Ball, J. Diekmann,
J. Thiesbrummel, K. A. Zaininger, X. Shen, M. B. Johnston,
D. Neher, M. Stolterfoht and H. J. Snaith, Nat. Commun.,
2023, 14, 932.

18 D. Burkitt, R. Patidar, P. Greenwood, K. Hooper,
J. McGettrick, S. Dimitrov, M. Colombo, V. Stoichkov,
D. Richards, D. Beynon, M. Davies and T. Watson,
Sustainable Energy Fuels, 2020, 4, 3340–3351.

19 X. Zhang, L. Shen, P. Baral, S. N. Vijayaraghavan, F. Yan,
X. Gong and H. Wang, Sol. Energy Mater. Sol. Cells, 2022,
246, 111894.

20 Y. Ma, Z. Lu, X. Su, G. Zou and Q. Zhao, Adv. Energy
Sustainability Res., 2022, 4, 2200133.

21 P. Zhu, C. Chen, J. Dai, Y. Zhang, R. Mao, S. Chen, J. Huang
and J. Zhu, Adv. Mater., 2024, 36, e2307357.

22 Y. Ding, Q. Guo, Y. Geng, Z. Dai, Z. Wang, Z. Chen, Q. Guo,
Z. Zheng, Y. Li and E. Zhou, Nano Today, 2022, 46, 101586.

23 C. Duan, A. Tang, Q. Guo, W. Zhang, L. Yang, Y. Ding, Z. Dai
and E. Zhou, Adv. Funct. Mater., 2024, 34, 2313462.

24 K. Sun and P. Müller-Buschbaum, Energy Technol., 2023, 11,
2201475.

25 B. P. Kore, M. Jamshidi and J. M. Gardner,Mater. Adv., 2024,
5, 2200–2217.

26 S. Baumann, G. E. Eperon, A. Virtuani, Q. Jeangros,
D. B. Kern, D. Barrit, J. Schall, W. Nie, G. Oreski,
M. Khenkin, C. Ulbrich, R. Peibst, J. S. Stein and
M. Köntges, Energy Environ. Sci., 2024, 17, 7566–7599.

27 H. Zhang, J. W. Lee, G. Nasti, R. Handy, A. Abate, M. Gratzel
and N. G. Park, Nature, 2023, 617, 687–695.

28 F. Kong, E. Güzel and S. Sonmezoglu, Mater. Today Energy,
2023, 35, 101324.
Sustainable Energy Fuels, 2025, 9, 1486–1497 | 1495

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4se01309c


Sustainable Energy & Fuels Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

9 
Ia

nu
ar

iu
s 

20
25

. D
ow

nl
oa

de
d 

on
 1

5/
02

/2
02

6 
17

:0
7:

27
. 

 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
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