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ARTICLE INFO ABSTRACT

Keywords:
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Kesterite CupZnSn(S,Se)4 (CZTSSe) is an attractive thin-film absorber based on earth-abundant and low-toxicity
elements. Nevertheless, high-performance CZTSSe solar cells still typically employ CdS buffer layers, which pose
significant limitations due to the hazardous nature of Cd and introduce parasitic absorption at short wavelengths.
The use of alternative buffer layers is therefore crucial for further advancing this technology. Among the possible
candidates, ZnySn;_xO (ZTO) has emerged as a promising option due to its wide, tunable bandgap and benign
constituents. In this work, ZTO buffer layers were deposited by Atomic Layer Deposition (ALD) at three different
temperatures (150, 120, 90 °C). However, the as-deposited ZTO films exhibited high resistivity, which was
mainly attributed to the controversial role of defect-related intragap states. To overcome this limitation, com-
plete photovoltaic (PV) devices were annealed in air at 260 °C and subsequently exposed to light soaking. These
post-deposition treatments synergistically improved the electrical conductivity of ZTO and reduced trap-assisted
recombination, thereby enhancing final PV performance. Optical characterisation revealed a widened bandgap
compared to conventional CdS, effectively suppressing parasitic absorption in the blue spectral region and
enhancing short-circuit current density (Jsc) as expected. The best-performing devices were obtained with ZTO
deposited at 90 °C, yielding efficiencies (1) exceeding 7% by optimising the trade-off between junction quality
and ZTO conductivity. These experimental findings are corroborated by numerical SCAPS simulations and
confirm the potential of ALD-grown ZTO as a Cd-free buffer layer for kesterite solar cells.
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1. Introduction wavelengths [10,11]. Moreover, CdS exhibits a non-ideal band align-

ment with kesterites, thereby contributing to the open-circuit voltage

Achieving a sustainable energy transition requires photovoltaic (PV)
technologies based on materials that combine high efficiency, cost-
effectiveness, and earth-abundant constituents. Among the possible
candidates, kesterite CupZnSn(S,Se)4 (CZTSSe) is particularly attractive,
thanks to its high absorption coefficient (over 10* cm’l), direct, tunable
bandgap, and an environmentally benign, low-cost composition [1-4].
However, high-performance CZTSSe solar cells, with record efficiencies
(n) above 16% [5], typically employ CdS buffer layers [6-9], which
present several intrinsic limitations. In particular, the toxicity of Cd
raises sustainability concerns, while its relatively narrow bandgap
(Eg = 2.4-2.5 eV) results in parasitic absorption losses at short

(Voc) deficit, one of the major drawbacks limiting kesterite technology
[12-14]. Additional constraints arise from the considerable lattice
mismatch at the CZTSSe/CdS interface (~2.4%), which promotes
interfacial defect formation and reduces device performance [15].
Lastly, CdS is commonly deposited via chemical bath deposition (CBD),
a technique that is highly sensitive to deposition conditions and may
suffer from limited reproducibility and non-uniform film formation,
often resulting in buffer layers with significant roughness, pinholes, and
particle agglomeration [10,16]. These issues have driven intensive
research toward the development of Cd-free buffer materials, including
ZnsSny O (ZTO), Zn(O,S), ZnS, InyS3, and TiO, [10,17-19]. While
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Table 1

Photovoltaic parameters of the Na-ACZTSSe/CdS reference solar cells, including
the statistical average with standard deviation, the champion cell, and the
representative device selected as the baseline for numerical SCAPS simulations.

CdS-based devices Jsc (mA/ Voc FF (%) 5 (%)
cm?) (mV)
Average 32+3 399 +7 55+1 7.3+£0.7
Champion cell 39 400 53 8.3
Representative cell (used for 34 396 56 7.4
simulations)
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Fig. 1. Comparison between the simulated (solid line) and experimental (red
dots) J-V curves of the representative CdS-based control device. (For interpre-
tation of the references to colour in this figure legend, the reader is referred to
the Web version of this article.)

alternatives like Zn(0,S) (max = 9.8%) [201, In3S3 (§max = 7.6%) [21],
and TiOy (§max = 9.7%) [22] have shown promise when coupled with
CZTSSe, their widespread application is constrained by the use of
expensive elements such as In and modest efficiencies compared to CdS
(Mmax = 16.6%) [5] and ZTO (§max = 13.9%) [23]. In this context, ZTO
has emerged as the most promising candidate due to its earth-abundant,
non-toxic composition and its wide, tunable bandgap (2.6 - 3.5 eV),
which is beneficial for both enhancing light harvesting and improving
band alignment [10,11,24]. The main techniques used to deposit
high-quality ZTO buffer layers are sputtering and Atomic Layer Depo-
sition (ALD). While sputtering allows for faster deposition rate and lower
cost [25], ALD ensures precise control of stoichiometry and thickness, as
well as high reproducibility and excellent uniformity [26-31].
Furthermore, the development of high-throughput variants, such as
Spatial ALD (SALD) and Atmospheric Pressure Spatial ALD (AP-SALD),
makes ALD-ZTO potentially scalable and applicable for industrial pro-
duction [32].

As a result, several groups have optimised ALD-ZTO buffer layers for
kesterite solar cells. In 2016, Li et al. reported the first investigation on
ALD-ZTO in CZTSSe devices, studying the influence of buffer layer
composition and thickness on PV performance [28]. In 2023, Ahmad
et al. improved the band alignment at the p-n junction and facilitated
charge extraction by combining ALD-ZTO with Ag-alloyed CZTSSe
(ACZTSSe) [30]. More recently, it has become evident that, beyond
optimisation of the buffer layer itself, further improvements require
careful engineering of the kesterite/ZTO interface. Indeed, the presence
of several defects at the CZTSSe/ZTO junction causes significant inter-
facial recombination losses, thereby reducing PV performance, partic-
ularly through decreases in Vo and fill factor (FF) [23]. Considering the
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beneficial effect of heterojunction treatment previously demonstrated
for CZTSSe/CdS devices, Zhao et al., in 2026 investigated the effect of a
200 °C annealing treatment on the CZTSSe/ZTO interface [23]. Similar
to the behaviour observed in CdS-based samples, the thermal treatment
promoted favourable elemental interdiffusion at the absorber/buffer
interface, resulting in defect passivation and improved band alignment.
Consequently, non-radiative recombination mediated by interfacial de-
fects was significantly reduced, while carrier transport across the p-n
junction was enhanced. While ALD-ZTO buffer layers have already
enabled high-efficiency kesterite devices [23,30], a deeper under-
standing of their defects and transport properties is still required. In this
work, we investigate the optical, electrical, and defect-related properties
of ALD-ZTO thin films and evaluate their integration in CZTSSe solar
cells, comparing them directly with control CdS-based devices processed
under the same conditions. Specifically, the synergistic effect of thermal
treatment (TT) combined with light soaking (LS) on Na-doped and
Ag-alloyed CZTSSe (Na-ACZTSSe)/ZTO devices has been investigated.
First, a SCAPS model (thoroughly described in the following sections
and in the Supplementary Material File) of the experimental
CZTSSe/CdS reference solar cell was used to determine the kesterite
defectivity. Then, the CdS buffer layer was replaced with ZTO in the
simulations to identify the optimal ZTO stoichiometry and thickness.
Therefore, ZTO buffer layers Zn/Sn = 4 were deposited via ALD at three
different temperatures (150, 120, and 90 °C). However, substituting CdS
with ZTO was not enough, due to the high resistivity of the as-deposited
ZTO films, which was mainly attributed to the controversial role of
defect-related intragap states and the presence of defect states at the
heterojunction interface. To address these limitations, complete PV de-
vices were subjected to thermal treatment in air at 260 °C, followed by
light soaking, which improved the electrical conductivity of ZTO and
reduced trap-assisted recombination. Optical measurements confirmed
the wider bandgap of ZTO compared with CdS, resulting in enhanced
absorption in the blue region and higher short-circuit current density
(Jsc). PV characterisation revealed that the ALD growth temperature
also strongly influences device performance, especially fill factor (FF)
and open-circuit voltage (Voc), highlighting the critical role of deposi-
tion conditions on the absorber/buffer interface quality. The best results
(n > 7%) were obtained for ZTO deposited at 90 °C, which provided the
best balance between preserving the junction and improving the ZTO
conductivity. The efficiencies obtained are in agreement with numerical
simulations, confirming the feasibility of using ZTO for Cd-free kesterite
solar cells.

2. Methods
2.1. Device preparation

Commercial Mo-coated SLG with a SiOy barrier layer at the SLG/Mo
interface was used as the substrate. The kesterite precursor solution was
prepared in ambient air, following the methodology optimised else-
where [33]. TU [2.76 M], CuCl [0.59 M], and AgCl [0.066 M] were first
dissolved in 2-Methoxyethanol (MOE) under vigorous stirring at 80 °C,
yielding a TU-Cu-Ag ink. Then, SnCly [0.42 M], Zn(CH3CO3), [0.46 M],
and NaClO4 eH50 [0.05 M] were added. After complete dissolution, a
0.45 pm nylon membrane was used to filter the so-obtained solution,
which was subsequently spin-coated in eight deposition times onto the
substrates (4000 rpm for 30 s). Each deposited layer was dried on a hot
plate at 300 °C to remove the solvent, forming a 1.1 pm Na-ACZTS
precursor film. The resulting films were then annealed in a graphite
box with Se pellets, yielding Na-ACZTSSe absorber films. The samples
were then completed as PV cells. ZTO buffer layers were deposited by
ALD using a PICOSUN R-200 Advanced system. ZTO deposition tem-
peratures of 150, 120, and 90 °C were investigated. In all cases, depo-
sition was preceded by 40 min of sample thermalisation. Diethylzinc [Zn
(CoHs)s, DEZ] and tetrakis-(diethylamino)tin (IV) [Sn(N(CHs)2)4,
TDMASn] were employed as Zn and Sn precursors, respectively, while
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Fig. 2. Simulated values of a) Jsc, b) Voc, ¢) FF and d) n of CZTSSe/ZTO junction as a function of ZTO stoichiometry.

Milli-Q Hy0 was used as co-reactant and high-purity Ny (99.9999%) as
gas carrier. DEZ and Milli-Q HyO were maintained at 22 °C using Peltier
cooling during the entire deposition process, while TDMASn was heated
to 75 °C. To avoid precursor condensation, the TDMASn line from the
precursor container to the deposition chamber was maintained at 80 °C
for the process at 90 °C, 90 °C for the deposition at 120 °C, and 95 °C
during the deposition at 150 °C. The ZTO films were grown following a
super-cycle scheme consisting of alternated depositions of ZnO and
SnOy, with a ZnO/SnO (Zn/Sn) cycle ratio of 4:1, a nominal growth per
super-cycle of 0.34 nm, and a final thickness of 20 nm. Each ALD cycle
consisted of the sequence DEZ/TDMASn dosing:N; purging:H0 dosing:
Ny purging, with pulse durations of 0.1/0.6:6:0.1:6 s. The carrier gas
flow was set to 150 scem for Ny, DEZ, and HyO, while TDMASn was
delivered at 200 sccm, with a 400 sccm boost in the first 0.4 s. In the
control devices, an 80 nm CdS layer was deposited by CBD to form the
p-n junction. All the devices were completed with AZO (350 nm)
deposited by DC pulsed (2 kHz) magnetron sputtering and with
300 nm-thick thermally evaporated Al grids. Only the reference devices
also included an 80 nm i-ZnO layer deposited by RF magnetron sput-
tering between CdS and AZO layers, following the standard device
process described elsewhere [34]. As demonstrated in our previous
study [24], the i-ZnO layer is not only redundant but also detrimental
when combined with ALD-grown ZTO buffer layers. Finally, the devices
were manually scribed into individual cells with an active area of
0.16 cm? The complete ZTO-based devices were then annealed at
260 °C for 10 min and subjected to light soaking until the PV perfor-
mance converged to stable plateau values.

2.2. Characterisation

Structural properties of ZTO were analysed by XRD using a Rigaku

Miniflex 600 apparatus with a Cu Ka radiation (A = 1.5446 A) generated
at 40 kV and 15 mA, with a silicon array detector in a Bragg Bentano
geometry and 6-20 configuration. ALD-grown ZTO film thicknesses were
measured via spectroscopic ellipsometry using a Film Sense FS-1. The
optical constants were modelled using a Tauc-Lorentz oscillator. J-V
characteristics and light soaking measurements were performed under
standard conditions using a Keithley 2460 source meter in combination
with a 500 W xenon lamp (ABET Technologies Sun 2000 class ABA Solar
Simulator). The ZTO's resistivity (p) was derived using the relation
p = Rgheet ® d, where d is the thickness of the film, and Rgpeet is the sheet
resistance. Rgheet Was measured on square-shaped ZTO films deposited
on borosilicate glass using the Van der Pauw method [35]. A constant
current was applied using a Keithley electrometer, and the resulting
voltage was recorded. Each measurement was repeated three times to
ensure the reliability of the results. Electrical contacts were formed at
the four corners of the samples using silver paste. Optical transmittance
spectra of ZTO films deposited on borosilicate glass were measured
using a Jasco V-570 UV-Vis spectrophotometer. External quantum ef-
ficiency (EQE) spectra were recorded under AC conditions with an op-
tical chopper operating at 78 Hz using a SpeQuest system. Wavelength
selection was carried out with an Omni 300 LOT ORIEL Czerny-Turner
single-grating monochromator. The system was calibrated using Si and
Ge photodiodes. Photoluminescence (PL) measurements were per-
formed using an Agilent Cary Eclipse fluorescence spectrophotometer.
Spectra were recorded using a Xe lamp (power = 75 kW) at an excitation
wavelength of 275 nm over an emission range of 320-750 nm, with
excitation and emission slit widths of 20 nm.

2.3. Device simulation

The solar cell modelling was performed using SCAPS-1D software,
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Fig. 3. Simulated values of a) Jsc, b) Voc, ¢) FF and d) n of CZTSSe/ZTO junction as a function of ZTO thickness. The ZTO composition was fixed to Zn/Sn = 4.

developed at the Department of Electronics and Information Systems,
University of Gent, by M. Burgelman et al. [36]. The software, based on
the electron and hole continuity equations and the Poisson equation, is
used to simulate the J-V characteristic of solar cell architectures. Each
layer of the device is defined by its thickness, optoelectronic properties,
and defect states. Defects at the interfaces can also be included. The
numerical simulations were performed under standard conditions, with
a temperature of 25.0 °C, an illumination power density of
100 mW cm 2, and an air mass of 1.5.

3. Results and discussion

Reference devices employing a conventional CdS buffer layer were
initially fabricated, and their PV parameters are summarised in Table 1.
To establish a reliable baseline for the numerical model, a representative
Na-ACZTSSe/CdS solar cell exhibiting near-average performance
(Jsc = 34 mA/cm?, Vog = 396 mV, FF = 56%, n = 7.4%) was selected.
The experimental J-V characteristic of this solar cell was subsequently
simulated and fitted to derive the optoelectronic parameters and gain
insights into the bulk and interface defectivity of the Na-ACZTSSe
absorber. The simulation was performed considering Mo/MoSe,/Na-
ACZTSSe/CdS/i-ZnO/AZO/Al grid device architecture.

In the simulation, the kesterite bandgap (E,) was fixed at 1.1 eV [4].
Since the p-type doping of the Na-ACZTSSe is largely governed by
copper vacancies (V¢,), and therefore depends on the Cu content of the
absorber, a doping density on the order of 10'® cm ™ was assumed [37],
considering both the precursor metal composition and the influence of
alkaline doping. The remaining optoelectronic parameters were care-
fully selected from the literature [38,39] and subsequently fine-tuned to
match the experimental J-V curve. The complete set of kesterite pa-
rameters used in the simulations is reported in Table S1. The kesterite
bulk defectivity was defined based on extensive analysis of Deep-Level

Transient Spectroscopy (DLTS) data reported in the literature for
CZTSSe [40-45]. The energy level of each defect was determined as the
average value reported across different studies, while the density and
the capture cross section were adjusted to match the experimental
characteristics of the reference device. Since Cugzy, together with V¢, are
the most common intrinsic defects in the kesterite absorbers [46], their
density was assumed to be two orders of magnitude higher than that of
other defects. As the effect of V¢, was already accounted for through the
absorber doping density, V¢, was not explicitly included in the defect
list. The complete set of CZTSSe defect parameters used in the simula-
tion is reported in Table S2. The optoelectronic parameters of the other
layers of the solar cell (MoSey, CdS, i-ZnO and AZO) were selected from
the literature [24,38,39,47] and are reported in Table S3. To improve
simulation accuracy, interface defect states at the CZTSSe/CdS hetero-
junction were also included (Table S4). The interfacial defectivity was
constructed considering two different contributions. In “Interface Defect
17, the potential presence of voids, interstitials and grain boundaries at
the interface was modelled with a gaussian energy distribution [48]. On
the other hand, “Interface Defect 2”, built with a valence band tail en-
ergy distribution, accounts for the electrostatic fluctuations due to the
band tailing phenomenon in kesterites [49]. The comparison between
the simulated and experimental J-V curves of the selected reference
device is reported in Fig. 1.

The simulated J-V curve (solid line) shows excellent agreement with
the experimental reference solar cell (red dots). The series (Rg) and
shunt (Rgy) resistances were extracted from the numerical fitting of the
experimental J-V curve, yielding values of Rg = 0.93 Q cm? and
Rsy = 1.0 @ 10° Q em?. Subsequently, the CdS buffer layer was replaced
with ZTO in the simulation to predict the performance of the CZTSSe/
ZTO heterojunction and identify the optimal ZTO composition, while
maintaining the same kesterite parameters and the same interfacial
defects. The i-ZnO layer was removed from the solar cell architecture, as
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Fig. 4. (a) XRD patterns of ZTO as deposited and after TT in air at 260 °C for 10 min, reporting amorphous character and improved crystallinity, respectively.
Evolution of resistivity during LS for ZTO films (b) with and (c) without TT, evidencing trap saturation effects. (d) Optical bandgap of ZTO films (as deposited, after
TT, and after TT and LS).

previous studies have reported its detrimental effect when combined
with the kesterite/ZTO junction [24]. Since the ZTO composition, which
can be modulated by tuning the Zn:Sn ratio, alters the final properties of
the buffer layer (e.g., band alignment, band gap, electron affinity) and
consequently the PV performance, a compositional simulation study was
performed to determine the best stoichiometry. The band gap and
electron affinity values used for each composition are reported in
Table S5 and derived from the literature [50,51]. The remaining opto-
electronic parameters of ZTO were carefully selected and adapted from
literature [24,52,53] and summarised in Table S6. The simulated PV
parameters of the CZTSSe/ZTO devices as a function of ZTO composition
are reported in Fig. 2. In this simulation, the ZTO thickness was fixed to
50 nm.
As shown in Fig. 2a, the simulated Jsc values for ZTO-based samples
are slightly lower than those of the CdS reference device for all the
investigated ZTO compositions. Nevertheless, Jsc could potentially be
increased beyond the control device through suitable post-deposition
treatments, as discussed in the following sections. A much stronger
dependence on ZTO stoichiometry is observed for Voc (Fig. 2b). Only
ZTO compositions with a Zn/Sn ratio close to 4 are predicted to
outperform the CdS reference, yielding Voc values above 400 mV. In
contrast, the other stoichiometries exhibit values in the 300-370 mV
range, below the reference value of 396 mV. This behaviour can be
attributed to the conduction band offset (CBO) at the kesterite/ZTO
interface. An optimal charge transfer process requires a small and pos-
itive CBO; therefore, the variation of bandgap and electron affinity with
ZTO composition has a significant impact on the achievable Voc. The FF
values obtained with ZTO are consistently higher than those of the
reference CdS-based device for all the investigated compositions
(Fig. 2¢). As a result, the predicted efficiencies (1) reported in Fig. 2d are

comparable to or higher than those with CdS. In particular, the ZTO-
based devices with Zn/Sn ratio of approximately 4 are predicted to
achieve the highest efficiency, thanks to the combination of high FF and
Voc. Then, the stoichiometry was fixed to Zn/Sn = 4, and the PV pa-
rameters of the CZTSSe/ZTO were simulated as a function of ZTO
thickness; the results are reported in Fig. 3. The simulated V¢ is only
weakly affected by the ZTO thickness, while Jgc is strongly dependent on
it (Fig. 3a and b). The highest Js¢ value, and the only one surpassing the
reference device, is obtained for a ZTO thickness of 20 nm. The FF
(Fig. 3c) increases gradually with ZTO thickness and exceeds the CdS
reference value for thicknesses above 20 nm. Consequently, the simu-
lated efficiency is higher than that of the reference device over a wide
thickness range. The maximum efficiency of 8.22% is predicted for a
25 nm thick ZTO layer (Fig. 3d). It should be noted that the efficiency
decrease associated with increasing ZTO thickness is likely under-
estimated in the present simulations. In SCAPS, the series and shunt
resistances must be defined a priori and are not directly linked to the
electrical properties of the simulated layers. As a result, the efficiency
reduction observed at larger ZTO thicknesses mainly originates from
increased bulk recombination within the buffer layer, while the addi-
tional losses associated with the higher electrical resistivity of thicker
ZTO films are not fully captured. Nevertheless, the identification of a
thin ZTO layer, around 20-25 nm, as the optimal thickness can be
considered a robust outcome of the simulation study.
Based on the simulation results, a 20 nm-thick ZTO layer with a Zn:
Sn ratio of 4:1 was identified as the most promising candidate and was
therefore selected for the experimental investigation. The ZTO deposi-
tion temperature was set at 150 °C, consistent with the processing
conditions previously optimised elsewhere [24]. First, the sheet resis-
tance of the standalone ZTO films deposited on borosilicate glass was
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determined via the Van der Pauw method [35]. Nevertheless, the
as-deposited ZTO layer exhibited high resistivity (>25 Q c¢m), which is
incompatible with efficient solar cell operation. Considering that
post-deposition annealing can significantly influence the electrical
properties of ZTO, often inducing a transition from semiconducting to
metallic-like behaviour [54,55], the films were annealed in air at 260 °C
for 10 min to optimise the trade-off between improved ZTO conductivity
and thermal compatibility with the device stack. As a result, structural
modification and defect-related changes were observed. While the
as-deposited ZTO films showed an amorphous structure, with no
well-defined diffraction pattern (Fig. 4a), the samples annealed in air
revealed clear peaks related to ZnO and SnOy. The formation of such
nanocrystallites in the ZTO matrix reduces structural disorder, thereby
improving carrier mobility and enhancing charge transport. Indeed, the
film resistivity was reduced by an order of magnitude to 2.52 Q cm
(Fig. 4b). Besides the improvements associated with the formation of
crystalline domains and film densification, this resistivity drop is also
governed by the complex role of intragap defect states (such as Vo) in
ZTO, which can act as both shallow donors and scattering centres [56].
Annealing in air likely atomically rearranges ZTO and partially sup-
presses structural and chemical defects [57], thus mitigating carrier
scattering and trapping. This defect passivation ultimately improves
carrier mobility and, consequently, enhances the overall electrical
conductivity. Electrical properties were further modulated via LS
treatment (Fig. 4b), during which the ZTO films were exposed to a
simulated AM1.5G solar spectrum for several hours. This procedure is
known to temporarily saturate trap states in the buffer layer, thereby
improving conductivity and device performance [58-61]. Under pro-
longed, continuous illumination, the photo-induced de-trapping of re-
sidual defect states increases the effective carrier concentration,
working synergistically with the prior TT to drastically reduce the ZTO
resistivity (Fig. 4b). The most significant change occurred during the

first hour of illumination, with the resistivity decreasing by more than an
order of magnitude, from 2.52 to 0.12 Q cm. This parameter further
dropped within the second hour, reaching a stable value of 0.10 Q cm.
This resistivity was then maintained with minor fluctuations over the
subsequent LS treatment. For comparison, the effect of LS was also
evaluated on as-deposited ZTO samples, as reported in Fig. 4c. In this
case, the ZTO films exhibited higher resistivity, in the range of
20-25 Q cm, suggesting that LS alone induces only marginal changes in
the electrical conductivity. In contrast, its effectiveness is strongly
enhanced when combined with prior TT. As shown in Fig. S1, extending
the TT time to 20 min did not provide additional benefit when coupled
with LS. Importantly, the wide bandgap of ZTO (3.0-3.15 eV), which
ensures minimal parasitic absorption in the visible range compared to
CdS and makes it suitable as a transparent buffer layer, was maintained
after both TT and LS (Fig. 4d). On the other hand, while TT effect is
permanent, LS beneficial effect seems to be reversible when no illumi-
nation is present, with very slow kinetics (over 18-24h), suggesting the
involvement of intragap states saturating under illumination in normal
operating conditions and discharging during a prolonged rest period in
the dark as shown by PL measurements (Fig. S3) and conductivity
measurements (Fig. S4). Overall, the synergistic effect of TT and LS
suggests that these post-deposition treatments are key steps for opti-
mising CZTSSe/ZTO solar cells. By significantly reducing the resistivity
of the ZTO bulffer layer, TT and LS can decrease the series resistance (Rg)
of the device, thus improving charge collection and, consequently,
enhancing both the short-circuit current density (Js¢) and fill factor (FF).

All the characterisation discussed above was performed on ZTO films
grown by ALD on borosilicate glass. When sandwiched between the
kesterite absorber and the AZO layer in the complete device architec-
ture, ZTO is expected to exhibit minor variations in microstructural
defects and electrical conductivity due to substrate-related effects and
interactions at the interfaces involved. Consequently, the resistivity
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trends measured on glass serve as a qualitative useful reference rather
than an exact representation of the ZTO behaviour in the final PV device.
To evaluate device performance, ZTO films were subsequently deposited
at 150 °C onto Na-ACZTSSe absorbers, whose material properties were
consistent with those adopted in SCAPS simulations. Structural char-
acterisation by XRD, complemented by Raman, carried out on the
absorber, is reported in Fig. S2, confirming its quality and the absence of
secondary phases. The resulting solar cells were subjected to TT and LS
treatments. Compared to the reference devices employing CdS as the
buffer layer, the lower efficiency of the ZTO-based solar cells was pri-
marily attributed to their reduced open-circuit voltage (Voc) (Fig. 5).
Indeed, at a ZTO deposition temperature of 150 °C, the prolonged
residence time in the ALD chamber may promote an excessive diffusion
of Cu, Zn, Sn, and Se from the absorber layer into the growing ZTO film,
leading to the formation of an intermixed interphase region at the p-n
junction and the creation of recombination centres [62]. This thermally
activated interdiffusion and elemental redistribution, which can be
further enhanced during the subsequent TT, alters the local energy
bandgap and the band alignment at the interface, potentially resulting in
a cliff-like conduction band offset [63]. As reported in previous studies
[26], such interface modification can increase surface recombination
and reduce Voc. This effect is expected to be particularly relevant
considering the limited ZTO thickness of 20 nm, where even modest
interdiffusion can significantly affect the p-n junction properties. Addi-
tionally, the prolonged exposure to 150 °C during ZTO-ALD deposition
may further enhance the diffusion of Cu and Se toward the back contact,
a phenomenon typically observed after the high-temperature selenisa-
tion process [64,65]. As a consequence, the formation of Sn- and
Zn-related defects is favoured, thereby degrading the absorber/back

contact interface and contributing to the observed reduction in Vg¢. To
mitigate these effects, ZTO was also deposited at lower temperatures of
120 and 90 °C. As reported in Fig. 5, devices with ZTO deposited at
120 °C exhibited PV performance comparable to those with ZTO
deposited at 150 °C. In contrast, further reducing the deposition tem-
perature to 90 °C resulted in an increase in V¢ of approximately
100 mV. These results support the hypothesis that milder ZTO deposi-
tion conditions improve the quality of the p-n junction by limiting severe
interdiffusion and recombination losses. However, under these condi-
tions, a reduction in FF was also observed. This behaviour can be related
to interfacial transport limitations. Indeed, while lower ZTO deposition
temperature suppresses detrimental interface degradation, it may also
prevent the moderate intermixing and defect passivation beneficial for
charge transport across the kesterite/ZTO junction [64]. Consequently,
the series resistance is increased, and the electron extraction is less
favourable, leading to a reduction in FF. Nevertheless, the significant
gain in Voc compensated for this effect, resulting in the highest PV ef-
ficiencies for devices employing ZTO deposited at 90 °C. All the Cd-free
solar cells reported higher Jsc values than the reference devices
(Fig. 5a). This improvement is consistent with the higher optical trans-
parency of the ZTO films in the visible region as emerges from their
transmittance measurements and the EQE collected on the correspond-
ing Cd-free devices shown in Fig. 6. Indeed, compared with CdS, ZTO
has a wider bandgap, which prevents parasitic absorption and allows
more photons to reach the kesterite absorber layer, thereby enhancing
photogeneration.

While TT and LS have been proven to be effective in modulating the
ZTO conductivity, evaluating their impact on the complete solar cell
stack, especially on the kesterite/buffer layer interface, is essential.
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Table 2

PV performance of the ZTO-based kesterite solar cells. Reported values include

is article.)

the average, standard deviation, and the best-performing cell for all cases.

ZTO Measured Jsc(mA/  Voc (mV) FF (%) 7 (%)

deposition cm?)

conditions

ALD 150 °C As- 22+ 3 338 + 27 36 +2 2.7+ 0.6
deposited (23) (333) 37) (2.9)
After TT 35+1 342 + 17 51+3 6.1 +£0.7
+ LS (37) (356) (53) (6.9)

ALD 120 °C As- 23+ 2 361 + 2 47 £1 3.9+ 04
deposited (25) (362) (49) 4.9
After TT 34+3 351 + 14 50+ 4 59+ 0.8
+ LS (33) (372) (55) (6.9)

ALD 90 °C As- 23+1 377 + 14 42 +2 3.6 + 0.4
deposited (23) (393) (41) 3.8)
After TT 34+1 429 + 17 45 + 2 6.6 £ 0.5
+ LS (36) (441) (46) (7.3)

Fig. 7 and Table 2 provide further insight into the effect of the combined
post-deposition treatments on the PV parameters of the ZTO-based de-
vices, helping to elucidate the results observed in Fig. 5. The corre-
sponding representative J-V curves are shown in Fig. 8. The beneficial
impact of TT and LS is evident for all the investigated ZTO deposition
conditions. Indeed, regardless of the ZTO deposition temperature, the
as-fabricated solar cells exhibited limited performance, primarily due to

low Jgc values, in agreement with the limited conductivity of the as-
synthesised buffer layer (Fig. 4). After the synergistic effect of TT and
LS, Jsc increased significantly in all cases and converged to an average
value of approximately 34 mA/cm?, indicating that charge collection
became more efficient once the electrical limitation of the ZTO buffer
layer was solved (Fig. 7a and Table 2). Consequently, this confirms that
the minor variations in Voc and FF discussed above are mainly related to
the distinct effects of the ALD deposition temperature on the absorber/
buffer layer interface, rather than to intrinsic differences in the ZTO
properties. This beneficial effect is consistent with both the improved
buffer layer crystallinity, which reduces defect-related disorder, and the
photo-induced de-trapping of residual defect states during LS. Specif-
ically, as previously reported in the literature [23], TT can promote the
selective diffusion of Zn ions from the ZTO buffer layer into the absorber,
thereby compensating for both interfacial and bulk defects (e.g., Vcy and
Cuz,) typically present in CZTSSe [15]. As a consequence,
defect-assisted recombination losses are mitigated, and the CZTSSe/ZTO
band alignment is modulated [23]. Furthermore, this treatment has also
been reported to induce the formation of a quasi-epitaxial absorber/-
buffer interface, thus passivating interfacial defects and mitigating lat-
tice distortion, which in turn suppresses carrier recombination and
enhances charge transport and collection [66]. Moreover, under pro-
longed illumination, the density of trap centres decreases, thereby
favouring more efficient carrier extraction. The FF was boosted espe-
cially for devices with ZTO deposited at higher temperatures (150 and
120 °C), while the V¢ was further enhanced in those with ZTO grown at
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90 °C (Fig. 7b and c). Overall, these results demonstrate that TT and LS
are effective post-deposition optimisation steps for CZTSSe/ZTO solar
cells. The final device performance is governed by the balance between
preserving the absorber/buffer layer interface and improving the con-
ducting properties of the ZTO. ZTO deposited at 90 °C provides the most
advantageous overall compromise, yielding an 1 over 7% (Fig. 7d).

4. Conclusions

Overall, this work investigates the synergistic effect of TT and LS on
CZTSSe/ZTO solar cells. First, a SCAPS model of the experimental Na-
ACZTSSe/CdS reference device was used to deduce the defect parame-
ters of the kesterite absorber. The CdS buffer layer was then replaced
with ZTO in the simulations, identifying a Zn/Sn ratio of approximately
4 as the optimal ZTO stoichiometry, thanks to the combination of high
FF and Vg values. ZTO bulffer layers with Zn/Sn = 4 were subsequently
deposited via ALD at three different temperatures (150, 120, and 90 °C).
Since substituting CdS with ZTO alone was insufficient to match the
performance of the control device, post-deposition treatments were
investigated, and their effect on both standalone ZTO films and complete
solar cells was evaluated. TT improved the electrical conductivity of
ZTO through the formation of crystalline domains and a likely reduction
in the concentration of intra gap-related defect states, which act as
carrier scattering and trapping centres. In addition, LS promoted photo-
induced de-trapping of residual defect states, likely increasing the
effective carrier concentration. The combined effect of TT and LS
resulted in a significant reduction in ZTO resistivity and a corresponding
improvement in device performance. Moreover, the ALD growth tem-
perature was found to strongly influence PV parameters of the devices,
particularly the FF and V¢ values, highlighting the critical role of
deposition conditions on the kesterite/ZTO interface quality. The best-
performing devices, fabricated with ZTO buffer layers deposited at
90 °C, achieved efficiencies exceeding 7%, representing the best
compromise between preserving the p-n junction quality and improving
the ZTO conductivity. The efficiencies obtained are consistent with
numerical simulations, confirming the feasibility of Cd-free kesterite
solar cells. In agreement with the literature, although the efficiency of
these Cd-free devices still falls slightly behind our baseline CdS-based
references, this work provides a clearer understanding of the defect
nature and resistivity bottlenecks of ALD-ZTO. Identifying these mate-
rial features is therefore crucial to bridge the gap with standard CdS
buffer layers. These findings offer promising prospects for further opti-
misations and advancements in Cd-free kesterite solar cells.
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