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A B S T R A C T

An ultrathin CeO2 intermediate layer was introduced at the hetero-interface between the p-type Cu2ZnSnS4 
(CZTS) absorber and the n-type CdS buffer to enhance carrier collection and overall device performance by 
hindering hole tunneling in kesterite thin-film solar cells. The CeO2 layer was deposited by chemical bath 
deposition and pulsed laser deposition (PLD), and the impact of these deposition methods on the structural and 
compositional properties was systematically investigated. XPS and SEM/EDX analyses revealed that PLD sup
presses Ce2O3 formation and enables precise control of the thickness of the CeO2 layer. The optimized (<5 nm) 
CeO2 interlayer was integrated into two different solar cell architectures: monograin layer solar cells and thin- 
film solar cells, resulting in enhanced device performance. The power conversion efficiency increased from 
7.1% to 9.0% for monograin layer cells and from 4.5% to 6.7% for thin-film devices.

1. Introduction

Kesterite materials, Cu2ZnSn(S,Se)4 (CZTSSe), are quaternary chal
cogenide semiconductors used as absorber layers in thin-film solar cells. 
They are attractive due to their composition based on earth-abundant, 
relatively low-toxicity elements, together with a direct, composition- 
tunable band gap of about 1.0–1.5 eV and absorption coefficients 
above 104 cm− 1, enabling efficient light harvesting in thin films [1,2]. 
For this reason, kesterites are widely regarded as a more sustainable 
alternative to conventional thin-film technologies such as Cu(In,Ga)Se2 
(CIGS) and CdTe. The mixed S/Se composition currently defines the 
state of the art, with certified CZTSSe efficiencies reaching 15.04% [3], 
while pure-sulfide Cu2ZnSnS4 (CZTS) has recently reached a certified 
efficiency of 11.96% [4]. Despite the attractive properties of the kes
terite family, device performance remains limited by a pronounced Voc 
deficit, reflecting substantial non-radiative recombination losses. These 
losses originate from the complex defect chemistry of kesterites as well 
as recombination pathways associated with both the absorber bulk and 
the heterojunction [5–7]. In pure-sulfide CZTS, such limitations are 
particularly severe at the absorber/buffer (CdS) interface, where a high 
density of surface and near-surface defects, together with non-ideal band 
alignment with CdS can enhance interfacial recombination and hinder 
efficient charge separation [8] [9].

The beneficial role of a thin wide-bandgap surface region was first 
identified in CIGS solar cells, where a Cu-poor ordered vacancy com
pound (OVC) formed at the absorber surface is considered to improve 
junction formation [10,11]. Due to its wider bandgap relative to the 
chalcopyrite bulk, this near-surface region can function as a 
hole-blocking layer, suppressing interfacial recombination while pre
serving efficient electron transport across the heterojunction [6,11,12]. 
Inspired by this concept, the insertion of an ultrathin wide-bandgap 
interlayer between CZTS and CdS has emerged as a widely investi
gated strategy to mitigate junction losses [13–15]. When properly 
engineered, this intermediate layer can simultaneously (i) passivate 
electrically active interface states, (ii) modify the interfacial electro
statics and band bending, and (iii) provide a selective energy barrier for 
holes, thereby suppressing interfacial recombination while preserving 
efficient electron extraction through tunnelling across the 
nanometre-scale layer [16–19]. More generally, properly engineered 
ultrathin interlayers can improve charge carrier collection by promoting 
selective carrier transport across the heterojunction. In this context, 
oxide interlayers are especially attractive due to their chemical stability, 
wide bandgaps (minimizing parasitic absorption), and compatibility 
with scalable deposition routes.

Among the investigated oxides, SnO2 has been demonstrated as an 
effective ultrathin interfacial layer at the CZTS/CdS junction to improve 
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junction selectivity and suppress interfacial recombination [16]. This 
improvement is attributed to the combination of wide-bandgap passiv
ation and favorable band alignment, where the oxide layer acts as a 
partial hole-blocking barrier while remaining sufficiently thin to avoid 
an excessive increase in series resistance. TiO2 has also been investigated 
in kesterite solar cells, both as an ultrathin interfacial passivation layer 
and as an alternative electron-selective interface. These studies indicate 
that TiO2 can improve the TiO2/CZTSSe junction through more favor
able energy-level alignment and reduced interface-related recombina
tion. In devices using an ALD-deposited TiO2 passivation layer, this has 
been reflected in a higher Voc and an increased recombination activation 
energy extracted from temperature-dependent measurements [17,20].

A well-established interlayer material is Al2O3, which is well known 
in photovoltaics for its excellent surface passivation properties. In CZTS- 
based devices, ultrathin ALD-Al2O3 inserted at the absorber/buffer 
interface has been reported to reduce acceptor-like interface states, in
crease the depletion width, and suppress interfacial recombination [18] 
[21] [22,23]. Nevertheless, Al2O3 also highlights a general constraint of 
interlayer approaches: if the layer is too thick or highly insulating, or if it 
is chemically modified during subsequent CdS chemical bath deposition, 
it may introduce an additional transport barrier or increase series 
resistance that reduces the FF [18,22]. Therefore, most successful 
implementations require sub-nanometre to few-nanometre thickness 
control and careful integration with the buffer deposition process. 
Overall, prior studies on SnO2, TiO2 and Al2O3 interlayers demonstrate 
that ultrathin oxides can improve the absorber/buffer heterojunction 
through interface engineering, yielding enhanced charge carrier 
collection and improved photovoltaic performance [5,13,24].

Building on this concept, we introduce a CeO2 interlayer at the 
CZTS/CdS interface. CeO2 is a non-toxic, earth-abundant oxide with a 
wide bandgap (∼ 3.2–3.6 eV), minimizing parasitic absorption [25,26]. 
Importantly, CeO2 offers an excellent lattice match with CZTS 
(mismatch <0.4%), with lattice constants a = b = 5.43 Å [27], for CZTS 
and a = b = 5.41 Å for CeO2 [26], which is expected to promote a 
high-quality, low-defect (potentially epitaxial) interface, thereby miti
gating interface recombination. In addition to structural compatibility, 
the deeper valence band position of CeO2 relative to CZTS is expected to 
provide an enhanced hole-blocking barrier. The valence band offset 
(VBO) at the CZTS/CeO2 interface (~1.8-2.0 eV) is significantly larger 
than that of CZTS/CdS (~1.0-1.2 eV), which is expected to further 
suppress non-radiative recombination at the heterojunction and 
improve device performance [25,26,28,29]. Based on the literature 
values reported in these studies, the schematic energy band alignment of 
the proposed CZTS/CeO2/CdS heterojunction, highlighting the 
hole-blocking role of the CeO2 intermediate layer, was constructed and 
is shown in Fig. 1.

A critical processing requirement is to prevent partial reduction of 
CeO2 to Ce2O3, which is not lattice-matched to CZTS and exhibits less 
favorable optoelectronic properties. Ce2O3 crystallizes in a hexagonal 

structure (space group P3m1) with lattice constants a = b = 3.89 Å and 
c = 6.18 Å, and has a narrower bandgap of approximately ~2.4 eV 
compared with CeO2 [26,30,31]. The formation of Ce2O3 could there
fore increase parasitic absorption and introduce additional structural 
and electronic mismatch at the interface, counteracting the intended 
recombination suppression.

In the present work, the preparation of CeO2 interlayers was sys
tematically investigated and optimized using two different methods: 
chemical bath deposition (CBD) and pulsed laser deposition (PLD). The 
influence of the optimized CeO2 interlayer on the performance of CZTS 
MGL and thin film solar cells is evaluated.

2. Experimental

2.1. Preparation of CeO2 by chemical bath deposition

CeO2 films were deposited by chemical bath deposition on soda-lime 
glass (SLG), SiO2 and CZTS monograin powder crystals at 60 ◦C in a 
weakly acidic solution (pH~6) containing 0.01M Ce(CH3COO)3 and 
0.005M KClO3 in deionized water under continuous stirring. The 
deposition time was varied from 10 to 60 min. In selected experiments, 
the deposition was repeated over multiple consecutive cycles under 
identical conditions to increase the layer thickness. This approach was 
used to assess the capability of the CBD method for controlled thickness 
variation. The chemical reactions expected to occur during the process 
include the oxidation of Ce3+ to Ce4+ (Eq. (1)), followed by spontaneous 
hydrolysis of Ce4+ leading to CeO2 formation (Eq. (2)) [32]. 

2Ce3+ + ClO3
− → 2Ce4+ + ClO2

− (1)

Ce4+ + 2H2O → CeO2 + 4H+ (2)

2.2. Preparation of CeO2 by pulsed laser deposition

CeO2 films were deposited by pulsed laser deposition on SLG, SiO2, 
CZTS MGL membranes and thin films at room temperature. A Neocera 
Pioneer 120 PLD system equipped with a UV excimer laser (λ = 248 nm, 
Coherent Compex Pro 102 F) was used. The laser beam was focused onto 
an area of approximately 5 mm2 on the CeO2 target, with a target-to- 
substrate distance of 9 cm. During deposition, the substrate was 
rotated to ensure uniform distribution of the ablated material, while the 
target was rastered to achieve uniform consumption of its surface and 
avoid local overheating. Depositions were performed under two 
different ambient conditions: in an oxygen background pressure of 50 
mTorr and under high dynamic vacuum around 10− 5 Torr. The number 
of laser pulses was varied from 20 to 3000, while all other deposition 
parameters were kept constant (pulse repetition rate: 3 Hz; pulse energy: 
200 mJ).

2.3. Fabrication of CZTS monograin layer and thin film devices

The schematic structure of MGL solar cell, consisting of Au/CZTS/ 
CeO2/CdS/i-ZnO/ZnO:Al/Ag/glass is shown in Fig. 2a. The CZTS 
absorber, in the form of monograin powder, was synthesized from high 
purity (99.999%) binary precursors in a KI (99.99%) molten salt me
dium sealed in evacuated quartz ampoules [33]. The growth mecha
nisms of CZTS monograin powders in a molten salt medium have been 
extensively described in previous studies [34–39]. Before implementing 
the monograins as absorber layer in MGL solar cells, the powder crystals 
underwent sequence of post-treatments. The powder crystal surfaces 
were first cleaned and chemically etched for 5 min in a 1% v/v 
Br2–MeOH solution, followed by etching for 5 min in a 10% m/m KCN 
solution. The etched monograins were subsequently post-annealed in a 
dual-zone tube furnace at 840 ◦C in sulfur atmosphere (PS = 2050 Torr) 
for 60 min.

Fig. 1. Schematic representation of the proposed energy band alignment of the 
CZTS/CeO2/CdS heterojunction, illustrating the hole-blocking effect of the 
CeO2 intermediate layer.
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The post-treated CZTS powder crystals were then partially embedded 
in an epoxy layer coated onto a transparent substrate to form the so- 
called monograin membrane. After complete polymerization, the 
membrane surface was covered with CeO2 by PLD process. A CdS buffer 
layer was subsequently deposited onto the CeO2 covered monograin 
membrane from alkaline solution by the CBD method [40]. This was 
followed by deposition of an i-ZnO/ZnO:Al window layer by 
radio-frequency (RF) magnetron sputtering process. Finally, Ag-paste 
was applied as front collector, and the structure was sealed onto a 
glass substrate using a transparent polymer adhesive. A more detailed 
description of the MGL device preparation can be found in Ref. [33] 
[41].

The schematic structure of the CZTS thin-film solar cell (SLG/Mo/ 
CZTS/CeO2/CdS/i-ZnO/ITO/Au) is illustrated in Fig. 2b. CZTS thin 
films were deposited on Mo-coated SLG substrates by a spin-coating 
technique. The CZTS precursor solution was prepared by dissolving 
40.7 mmol of thiourea (TU), 9.35 mmol of CuCl, 5 mmol of SnCl2⋅2H2O, 
and 6 mmol of ZnCl2 in 10 mL of dimethylformamide (DMF). The solu
tion was heated to 80 ◦C until complete dissolution was achieved. The 
resulting CZTS solution was spin-coated onto cleaned Mo-coated SLG 
substrates at 3000 rpm for 30 s, followed by a short annealing step at 
350 ◦C for 2 min and a cooling period of 5 min. This coating and 
annealing cycle was repeated 10 times to obtain a CZTS absorber layer 
with a thickness of approximately 1.5 μm. The absorber layer deposition 
was performed entirely under ambient air conditions. Subsequently, 
sulfurization was carried out in an OTF-1200X tube furnace using 0.3 g 
of sulfur placed in a graphite box. The temperature was ramped up at a 
rate of 20 ◦C min− 1 to 650 ◦C and maintained at this temperature for 
20 min under an Ar atmosphere. After sulfurization, CeO2 layers of 
varying thicknesses were deposited by PLD. Subsequently, a CdS buffer 
layer (~50 nm) was deposited by CBD, followed by deposition of 
~50 nm of i-ZnO and 250 nm of ITO using RF magnetron sputtering. 
Finally, Au top contact grids (d~100 nm) were deposited through a 
shadow mask using a sputtering system. The device area was defined by 
mechanical scribing, resulting in an active area of approximately 
0.22 cm2. Additional details of the fabrication process are provided in 
our previous work [42].

2.4. Characterization

The morphology of the Ce-O layers deposited on the surfaces of CZTS 
powder crystals was investigated using a Zeiss Ultra 55 high-resolution 
scanning electron microscope (SEM). Imaging was performed in in-lens 
secondary electron mode at an accelerating voltage of 4 kV. The chem
ical states of the Ce–O layers were studied by X-ray photoelectron 
spectroscopy (XPS) using a Kratos Analytical Axis Ultra DLD 

spectrometer operated under ultrahigh vacuum conditions (base pres
sure 10− 9 mbar). The instrument was equipped with a monochromatic 
Al Kα X-ray source and an achromatic Mg Kα/Al Kα dual-anode X-ray 
source. The achromatic Mg Kα source was used to collect secondary 
survey spectra to distinguish and separate the core-level and Auger 
peaks in the XPS spectra. The optical transmittance of the CeO2 layers 
deposited on SLG substrates was measured using a Shimadzu UV-1800 
Ultraviolet–Visible-Near-Infrared (UV–Vis–NIR) spectrophotometer in 
the wavelength range of 300-1000 nm.

The electrical performance of CZTS monograin layer and thin film 
solar cells was characterized by current-voltage (J-V) measurements 
using a Keithley 2400 source meter under standard test conditions (AM 
1.5, 100 mW/cm2) using a Newport Oriel Class A 91195A solar simu
lator. Considering that the active working area of the MGL solar cells is 
around 75% of the total area [43], the power conversion efficiency 
values were re-calculated for the active area (ηactive).

3. Results and discussion

The morphology of the CeO2 films was analysed by SEM, and 
representative images are presented in Figs. 3 and 4. For CBD, a uniform 
and continuous CeO2 layer with good surface coverage was obtained on 
CZTS MGP crystals. However, the experimental results indicated that the 
Ce-O layer thickness remained nearly constant under the applied 
deposition conditions, showing no dependence on the deposition time. 
Cross-sectional SEM images of CeO2 films deposited on CZTS MGP 
crystals by CBD at 60 ◦C for 10 min, three consecutive 10-min cycles, 
and 60 min are shown in Fig. 3a–c.

For PLD, deposition under an oxygen background pressure resulted 
in a uniformly distributed CeO2 layer with a structurally porous 
morphology (Fig. 4a). In contrast, deposition under high vacuum con
ditions (Fig. 4b) yielded a uniform, smooth layer with good surface 
coverage. These results demonstrate that the morphology of the CeO2 
layer can be controlled by adjusting the PLD deposition environment. A 
cross-sectional SEM image of a CZTS MGP crystal coated with a CeO2 
layer deposited by PLD in vacuum, followed by CdS deposition via CBD, 
is shown in Fig. 4c. The image confirms that the CeO2 layer remains 
stable during the subsequent CBD process and is not dissolved in the CdS 
deposition solution.

UV-Vis measurements were performed on CeO2 deposited on SLG 
substrates by CBD and PLD. The optical bandgap energies were deter
mined from transmittance data using Tauc plots. As shown in Fig. 5, the 
band gap of the CeO2 films was 3.46 eV for CBD and 3.38 eV for PLD, 
these values correlate well with the literature [25,26].

The valence state of Ce in the samples was determined by XPS 
measurements. For Ce-O films deposited on SiO2 by either PLD or CBD, 

Fig. 2. Schematic structure of CZTS solar cells: a) monograin layer; and b) thin film configuration.
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the Ce 3d core level spectra (Fig. 6a) are dominated by the characteristic 
Ce4+ multiplet (shown in green) associated with CeO2 [33]. The peaks 
labelled as u, u2 and u3 correspond to the Ce4+ 3d3/2 chemical states, 
while v, v2 and v3 correspond to the Ce4+ 3d5/2 states. Their fitted 
binding energies are located at about 900.5 eV (u), 906.9 eV (u2), and 
916.3 eV (u3) for the 3d3/2 components, and 882.0 eV (v), 888.2 eV (v2), 
and 897.9 eV (v3) for the 3d5/2 components. In addition, weaker features 
assigned to Ce3+ (shown in yellow) are observed at 896.1 eV (u0) and 
902.9 eV (u1) for the 3d3/2 states, and at 880.5 eV (v0) and 884.2 eV (v1) 
for the 3d5/2 states [33].

These results indicate that both PLD- and CBD-grown films on SiO2 
are predominantly composed of CeO2, with a minor contribution from 
Ce3+ species. It should be noted that the presence of Ce3+ does not 

definitely confirm the formation of Ce2O3 during deposition, as partial 
reduction of CeO2 may also occur during prolonged X-ray exposure or 
ion beam sputtering [44,45]. In this context, the intense peak at 
approximately 916-917 eV is particularly important, as it is a charac
teristic peak distinguishing Ce4+ from Ce3+ [45–47].

A significantly different behaviour was observed for Ce-O films 
deposited on CZTS powder by the CBD method (see Fig. 6b). The spec
trum exhibits only Ce3+ related features, with peaks at 900.2 eV (u0) and 
903.8 eV (u1) assigned to Ce3+ 3d3/2 states, and peaks at 882.1 eV (v0) 
and 885.7 eV (v1) assigned to Ce3+ 3d5/2 states. Notably, the Ce4+

components characteristic of CeO2, including the feature near 916 eV, 
are absent, indicating the formation of the undesired Ce2O3 phase. For 
comparison, Ce-O films deposited by CBD on SiO2 substrate in the same 

Fig. 3. The cross-sectional SEM images of a CeO2 films deposited on CZTS MGP crystals by CBD at 60 ◦C: a) 10 min; b) 3 × 10 min; and c) 60 min.

Fig. 4. The cross-sectional SEM images of CeO2 films deposited on CZTS MGP crystals by PLD: a) under an oxygen backgroundpressure; b) under high vacuum; and c) 
CZTS coated with PLD-CeO2 deposited under high vacuum, followed by CBD-CdS.

Fig. 5. Direct Tauc plots used for band gap determination of CeO2 thin films deposited on soda-lime glass by CBD (left) and PLD (right). UV-Vis transmittance spectra 
are shown in the inset graphs.
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bath together with CZTS powder exhibited identical behaviour. These 
results suggest that CBD on CZTS powder predominantly leads to the 
formation of Ce2O3, and that the presence of CZTS powder in the solu
tion also promotes Ce2O3 formation on SiO2. This behaviour is likely 
associated with partial dissolution or surface modification of CZTS 
crystal in the deposition solution, which alters the local redox envi
ronment. The presence of dissolved species (e.g., Cu+/Cu2+, Sn2+/Sn4+, 
or sulfide-related species) may shift the oxidation–reduction balance, 
inhibiting complete oxidation of Ce3+ to Ce4+ and favoring the forma
tion of Ce2O3. This indicates that the substrate plays an active role in 
determining the phase formation during CBD, highlighting a key limi
tation of solution-based deposition for this system.

Therefore, to evaluate the influence of the intermediate layer and its 
thickness on CZTS MGL device performance, CeO2 films were deposited 
by PLD. As a first step, the effect of the deposition atmosphere was 
examined by comparing solar cells with CeO2 layers prepared under 
high vacuum and in an O2 background pressure. As shown in Fig. 7, the 
deposition environment strongly affects the photovoltaic response of the 
cells. Under otherwise identical conditions (100 laser pulses), the device 

with CeO2 deposited under O2 background pressure exhibited markedly 
better performance, with Voc = 0.745 V, Jsc = 17.31 mA/cm2, 
FF = 57.4%, and η = 7.4%, whereas the cell with CeO2 deposited under 
vacuum reached only Voc = 0.667 V, Jsc = 12.13 mA/cm2, FF = 41.9%, 
and η = 3.4%. The less pronounced diode-like behavior of the vacuum- 
deposited sample indicates deterioration of the junction quality and 
increased carrier transport losses. Overall, these initial results demon
strated that, under the applied conditions, an oxygen atmosphere is 
more suitable for CeO2 deposition than high dynamic vacuum.

Consequently, CeO2 films were deposited on CZTS MGP crystals 
under oxygen background pressure of 50 mTorr with the number of laser 
pulses varied from 20 to 3000 to control the film thickness.

SEM analysis revealed a strong dependence of the CeO2 film thick
ness on the number of laser pulses, ranging from ~41 nm for 3000 pulses 
to ~5 nm for 100 pulses (see Fig. 8). At lower pulse counts, the deposited 
films became too thin to be reliably measured by SEM, indicating that 
the deposition rate decreases proportionally with the reduction in pulse 
count.

The characteristic J–V parameters of MGL solar cells as a function of 
CeO2 layer thickness on CZTS monograins are presented in Fig. 9. The 
data are based on measurements of 10 solar cells with a contact area of 
4.5 mm2. The performance of MGL solar cells shows a strong depen
dence on CeO2 thickness. The open-circuit voltage (Voc) remained rela
tively stable (760-780 mV) up to 100 pulses, after which it gradually 
decreases. This trend suggests that thicker CeO2 films deposited at 
higher pulse counts may introduce resistive barriers at the interface. The 
fill factor (FF) exhibits a similar trend, maintaining values above 60% at 
low pulse counts but decreasing sharply beyond 75 pulses, indicating 
increased series resistance or limitations in charge transport. The short- 
circuit current density (Jsc) initially increased, reaching a maximum at 
around 100 pulses, and then decreased at higher pulse counts. This 
behaviour indicates the existence of an optimal thickness range in which 
the CeO2 layer effectively functions as a hole-blocking layer, while a 
thicker layer hinders charge collection.

Consequently, the overall power conversion efficiency follows a 
similar trend, reaching a maximum of 9.0% at the optimal CeO2 thick
ness (~75 pulses), and decreasing at higher thicknesses due to the re
ductions in FF, Voc and Jsc. At lower pulse counts (20-50 pulses), the 
CeO2 layer is likely discontinuous; although the device parameters are 
improved compared to the reference sample (without CeO2 layer), they 
remain lower than those achieved with an optimal CeO2 thickness.

These trends are directly reflected in the shape of the illuminated J-V 
curves (Fig. 10). The reference device without CeO2 exhibits a typical 

Fig. 6. Ce 3d XPS spectra of Ce-O films a) deposited on SiO2 by PLD and CBD; and b) deposited by CBD on CZTS and on SiO2 in the same bath with CZTS. Peaks 
labelled as u, u2 and u3 refer to Ce4+ 3d3/2 states, while v, v2 and v3 refer to Ce4+ 3d5/2 states. The characteristic peaks of Ce3+ 3d3/2 and 3d5/2 states are labelled as 
u0, u1 and v0, v1, respectively.

Fig. 7. The J-V characteristics of CZTS MGL solar cells with CeO2 intermediate 
layer deposited by PLD under an oxygen background pressure and under 
high vacuum.
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diode-like photovoltaic response. After deposition of CeO2 (75 pulses), 
the J-V characteristics show an increase in Jsc together with enhanced 
forward current at a given applied voltage, indicating improved charge 

collection. In contrast, the device with a thicker CeO2 layer (3000 pul
ses) exhibits an S-shaped or double-diode-like response in the forward- 
bias region. This S-shaped J–V behavior is characteristic of transport- 

Fig. 8. Cross-sectional SEM images of CeO2 layers deposited on CZTS MGPs by PLD with different laser pulse numbers, demonstrating the decrease in layer thickness 
with reduced pulse counts.

Fig. 9. Box plots of open-circuit voltage (Voc), short-circuit current density (Jsc), fill factor (FF) and efficiency (Eff.) of CZTS MGL solar cells as a function of CeO2 
layer thickness, which was controlled by varying the number of PLD laser pulses from 20 to 3000.
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limited interfaces and can be attributed to the formation of an energy 
barrier that prevents carrier extraction. In this case, the increased 
thickness of CeO2 layer reduces tunneling probability and enhances 
carrier accumulation at the interface, leading to recombination and 
pronounced reduction in FF. This behaviour is consistent with previous 
reports on intermediate layers acting as overly thick insulating barriers 
[48,49].

The EQE spectra (Fig. 10) are in good agreement with the J-V 

characteristics. Compared to the reference device, the solar cell with the 
optimally thin CeO2 layer (75 pulses) exhibits an almost spectrally 
uniform increase in EQE over the 450-820 nm wavelength range, cor
responding to the observed increase in Jsc. The spectrally uniform in
crease suggests improved photocarrier collection rather than 
wavelength-selective optical enhancement. This behavior is consistent 
with reduced interfacial carrier losses at the CdS/CZTS heterojunction 
due to the hole-blocking and/or passivating effect of the ultrathin CeO2 

Fig. 10. J-V characteristics (left) and EQE spectra (right) of CZTS MGL solar cells without and with CeO2 layer deposited by PLD using 75, 200 and 3000 laser pulses, 
representing optimal and excessively thick layers, respectively.

Fig. 11. Box plots of open-circuit voltage (Voc), short-circuit current density (Jsc), fill factor (FF) and efficiency (Eff.) of CZTS thin film solar cells as a function of CeO2 
layer thickness, which was controlled by varying the number of PLD laser pulses from 20 to 200.
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layer. In comparison, solar cells with thicker CeO2 layers (200 and 3000 
pulses) exhibit progressive reduction in EQE, with a pronounced 
decrease in the 500-800 nm range for the sample prepared with 3000 
pulses. The observed decrease in EQE is consistent with the corre
sponding reduction in Jsc and the transport-limited J-V characteristics, 
confirming the strong dependence of device performance on the CeO2 
thickness.

The effect of the CeO2 intermediate layer was also investigated in 
CZTS thin-film solar cells. Based on the MGL solar cell results, where 
CeO2 depositions above 100 laser pulses led to performance deteriora
tion, a relatively low deposition range was selected for thin-film devices 
to investigate the effect of increasing CeO2 thickness and to assess the 
onset of possible detrimental effects at higher thicknesses. CeO2 layers 
were deposited on CZTS thin films in an oxygen background of 50 
mTorr, with the number of laser pulses varied from 20 to 200. The 
corresponding photovoltaic parameters as a function of CeO2 layer 
thickness are presented in Fig. 11. The data are based on measurements 
of 16 solar cells with a contact area of 22 mm2.

For CZTS thin film solar cells, all device parameters showed 
improvement compared to the reference cell without CeO2 intermediate 
layer, resulting in an increase in device efficiency from 4.5% to 6.7%. 
This enhancement is mainly attributed to a significant increase in FF 
from 36% to 46% and an improvement in Voc from 703 mV to 731 mV. 
Similar to the MGL solar cells, the highest efficiency for the CZTS thin 
film devices was obtained for CeO2 layer deposited using 75 pulses.

The J-V characteristics and EQE spectra of the thin-film solar cells 
(see Fig. 12) follow the same overall trend as observed for the MGL 
devices. The solar cell with the optimally thin CeO2 layer (75 pulses) 
shows the highest EQE over most of the measured spectral range, 
whereas solar cells with thicker CeO2 layer (200 pulses) exhibits a lower 
EQE response. This trend is consistent with the J-V characteristics and 
indicates that the variation in Jsc is mainly related to differences in 
charge carrier collection.

These results demonstrate that a carefully optimized CeO2 interme
diate layer can significantly enhance the performance of CZTS solar 
cells, independent of device architecture. However, excessive layer 
thickness introduces optical and electrical losses that ultimately degrade 
device efficiency. Given the strong dependence of photovoltaic param
eters on CeO2 thickness, further optimization is required, particularly to 
achieve precise thickness control and to improve the structural and 
electronic quality of the CeO2 layer.

4. Conclusions

This study demonstrates that the introduction of ultrathin CeO2 in
termediate layer at the heterointerface between the p-type CZTS 
absorber and the n-type CdS buffer effectively enhances carrier collec
tion. While both CBD and PLD produced uniform Ce-O layers with good 
surface coverage on CZTS monograin powder crystals; XPS analysis 
revealed that CBD predominantly resulted in Ce2O3 formation, whereas 
PLD enabled the deposition of stoichiometric CeO2 with controlled 
thickness. SEM analysis showed that the thickness of PLD-CeO2 films 
increased from ~5 nm (100 pulses) to ~41 nm (3000 pulses), exhibiting 
non-linear dependence on pulse number. Ultrathin CeO2 layers (<5 nm), 
achieved at 75–100 pulses, were found to be optimal, effectively acting 
as hole-blocking layers without introducing significant transport bar
riers. Incorporation of these optimized CeO2 interlayers into both 
monograin layer and thin-film CZTS solar cells led to substantial per
formance improvements, with power conversion efficiency increasing 
from 7.1% to 9.0% and from 4.5% to 6.7%, respectively. Despite the 
observed improvements, the overall device efficiency remains below the 
current state-of-the-art for CZTS-based solar cells. This indicates that 
bulk and interface defects in addition to other loss mechanisms still limit 
device performance. Therefore, the CeO2 interlayer should be consid
ered as part of a broader interface and absorber optimization strategy.
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