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ABSTRACT: The severe back interface recombination
remains a major performance limiting factor in Cu,ZnSn(S,Se),
(CZTSSe) solar cells. In this work, SiO, nanoparticles
deposited on Mo substrate by spin-coating were used to
create discrete local contact points to passivate the back
interface. Systematic investigation of nanoparticle size reveals
that optimized SiO, incorporation enhances absorber
crystallinity, reduces interfacial defect density, and suppresses
detrimental [2Cuz, + Sny,] deep-level clusters. Meanwhile, it
can effectively inhibit nanoparticle agglomeration while
maintaining optimal hole-transport distances, thereby obtaining
a more efficient porous insulator contact (PIC) passivation
structure. We propose that the passivation mechanism
involves carrier recombination suppression through minimized
defective contact area, thus improving the back contact
quality. Consequently, the power conversion efficiency of the
ultrathin CZTSSe solar cells increases from 9.03% to 10.72%,
offering a viable approach for back-contact engineering.
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1 Introduction

Kesterite Cu,ZnSn(S,Se), (CZTSSe), as a promising next-generation
photovoltaic material, has emerged as a critical research direction in
the photovoltaic field due to its environmental friendliness,
abundant elemental resources, strong light-absorption capability,
and excellent stability [1-5]. Although significant progress has been
made in improving their power conversion efficiency (PCE) in
recent years, the efficiency remains far below the Shockley—Queisser
theoretical limit of 33.0% [6], primarily constrained by bottlenecks
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in enhancing the open-circuit voltage (V) and fill factor (FF) [7].
Due to issues, such as energy level matching and interfacial defects,
CZTSSe solar cells suffer from poor carrier transport capability
caused by severe interfacial recombination [8]. The poor contact at
the Mo/CZTSSe back interface is one of the key limiting factors:
during high-temperature selenization, insufficient thermodynamic
stability at the interface leads to the formation of secondary phases,
deep-level defects, and void structures, increasing interface contact
resistance and carrier recombination, thereby significantly
impacting V¢ and FF [9, 10].

To address the back-interface contact problem, a strategy of
introducing an intermediate layer at the Mo/CZTSSe back interface
has been adopted [11]. Kim et al. prepared an ultra-thin ALO;
passivation layer using atomic layer deposition technology, which
effectively prevented the formation of MoSe, and improved the
back contact quality [12]. Liang et al. regulated the crystal growth
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path of the absorber layer by introducing a NaOH-Se intermediate
layer to obtain a highly crystalline film [13]. Wu et al. used an in-
situ grown Na,S passivation layer to suppress harmful
decomposition reactions and reduce the formation of secondary
phases [14]. Pack et al. grew a MoO; modification layer by thermal
evaporation to adjust the interface energy-band alignment,
significantly enhancing the carrier transport ability [15]. However,
the above-mentioned back interface passivation layers could diffuse
into the absorber layer during high-temperature selenization,
bringing impurity in the bulk phase. Due to the excellent interfacial
passivation capability and structural stability, SiO, passivation layers
have been maturely applied in silicon solar cells [16]. Meanwhile,
issues, such as high equipment costs, complex processes, strong
thickness sensitivity, and poor large-area uniformity, still exist,
making it difficult to achieve the simultaneous optimization of V¢
and FF.

Different from traditional passivation layers, the porous insulator
contact (PIC) structure can form discrete local contact points at the
interface by introducing porous insulator materials (such as porous
alumina, porous silica, and porous silicon nitride) on the
semiconductor surface or interface [17]. The concept of PIC draws
on the local contact technology in silicon-based solar cells [18-21].
Carriers can be directly transported through the local opening areas
of the porous insulator, without relying on the electron tunneling
mechanism (which is sensitive to the dielectric thickness and affects
the FF). This design expands the passivation area by increasing the
interface coverage area of the porous insulator, thereby reducing the
range of the recombination region and effectively suppressing
carrier recombination, achieving the same passivation effect as
traditional passivation layers [17].

In this work, we propose a novel back-interface engineering
strategy for CZTSSe solar cells by replacing conventional porous
insulators with solution-processed SiO, nanoparticle interlayers.
The SiO, nanoparticles are deposited onto the molybdenum-coated
glass substrates. Through a straightforward spin-coating deposition
of SiO, nanoparticles onto molybdenum-coated glass substrates, we
achieve dual improvements in crystalline quality and back-contact
integrity. The synergistic mitigation of bulk and interface losses
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enables simultaneous optimization of Vi and FF, ultimately
yielding a power conversion efficiency of 10.72%—a 19% relative
enhancement compared to the reference devices (9.03%). This
interfacial modification strategy demonstrates the critical role of
defect passivation and carrier transport optimization in overcoming
efficiency limitations for solution-processed thin-film photovoltaics.

2 Results and discussion

2.1 Back interface processing based on SiO, nanoparticles

Figure 1(a) presents a schematic diagram of the CZTSSe solar cell
structure featuring SiO, nanoparticle passivation at the back
interface. The passivation treatment was applied via a solution
process. Full fabrication details are provided in Section 4. To
validate nanoparticle attachment to Mo-coated substrates, we
performed scanning electron microscopy (SEM) on samples spin-
coated with 4, 20, and 100 nm SiO, nanoparticles, alongside an
untreated control (Figs. 1(b)-1(e)). Distinct nanoparticle coverage
is evident on all SiO,-treated Mo surfaces compared to the bare
control, confirming the successful deposition of SiO, nanoparticles
on the Mo surface. Notably, the 4 nm nanoparticle tends to gather
together on the surface of substrate due to the high surface energy,
whereas 20 and 100 nm particles remain well-dispersed
(Figs. 1(c)-1(e)). The characteristic spherical morphology of SiO,
nanoparticles is clearly resolved in the 20 and 100 nm samples.

2.2 Morphological and structural information of CZTSSe
thin films

SEM was used to investigate the morphological effects of SiO,
nanoparticles on CZTSSe thin films, and the results are shown in
Figs. 2(a)-2(h). It is found that all films exhibit a bilayer structure
composed of large grains on top and a thin fine grain layer at the
bottom. The thickness of the films is approximately 620 nm, which
is consistent with the definition of ultrathin CZTSSe solar cells
(< 700 nm) [22]. Compared to the control, where pinholes can be
observed, all samples coated with SiO, nanoparticles display a
denser surface morphology with larger grains. The optimization of

. A ‘
Figure1 (a) Schematic diagram of the SiO, nanoparticle processing and the structure of CZTSSe solar cell with SiO, nanoparticles PIC structure. Top-view SEM images
of the Mo surface of (b) control and covered with (c) 4 nm SiO, nanoparticles, (d) 20 nm SiO, nanoparticles, and (e) 100 nm SiO, nanoparticles.
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Figure2 Top-view and cross-section SEM images of ((a) and (b)) control, ((c) and (d)) 4 nm, ((e) and (f)) 20 nm, and ((g) and (h)) 100 nm. (i) XRD patterns. (j)
Magnified view of the (112). (k) FWHM of (112). (I) Raman spectra. (m) Magnified view of 196 cm™. (n) Magnified view of 233 cm™.

this crystallization improves the back-contact quality, which is
conducive to the transport of holes to the back electrode. In
addition, SiO, nanoparticles can hardly be observed via the cross-
section SEM images (Figs. 2(d), 2(f), and 2(h)), likely due to their
small size and complete coverage by the as-grown CZTSSe grains.
Then, X-ray diffraction (XRD) measurement was conducted to
determine the phase structure of the CZTSSe films. As shown in
Fig. 2(i), all samples displayed similar diffraction peaks. The
characteristic diffraction peaks belonging to (101), (112), and (204)
lattice planes of kesterite CZTSSe are detected [23], indicating the
formation of kesterite CZTSSe. The (112) main peak position of all
samples coated with SiO, nanoparticles shows no shift compared
with that of the control, indicating that the Si from SiO,
nanoparticles does not enter the CZTSSe lattice (Fig. 2(j)).
Additionally, 4, 20, and 100 nm films exhibit a narrower full width

..................
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at half maximum (FWHM) than that of SiO,-0 film (Fig. 2(k)),
suggesting that the CZTSSe thin film with SiO, nanoparticles
coated at the back interface exhibits better crystallinity [24].

To further confirm the phase purity of the CZTSSe films, Raman
spectroscopy was carried out. As shown in Fig. 2(l), the Raman
peaks appearing at 172, 196, and 233 cm™ can be attributed to the B
mode, A mode, and E mode of CZTSSe, respectively, while the
peak at 326 cm™ corresponds to Cu,ZnSnS, (CZTS) [25, 26].
Meanwhile, the Raman spectra reveal no detectable secondary
phases, such as Cu,S(Se) and ZnS(Se). In brief, the introduction of
SiO, nanoparticles has no effect on the phase purity of CZTSSe
films. The main Raman band of all samples is located at the same
position of 196 cm™, further implying that Si from SiO,
nanoparticles is not doped into the CZTSSe lattice (Fig. 2(m)).
Additionally, the Raman peak intensity at 233 cm™ serves as an

Nano Research, 2025, 18, 94907907
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indicator of the [2Cuy, + Sny,] defect cluster concentration in
CZTSSe films, where higher peak intensity corresponds to greater
defect density [27]. It is found that the [2Cuy, + Sny,] defect cluster
concentration in the films coated with SiO, nanoparticles is
significantly lower (Fig. 2(n)) with the 20 and 100 nm samples
reaching the minimum. The lower defect cluster concentration in
20 and 100 nm samples compared to that of 4 nm sample could be
related to the reduction of agglomeration distribution issue of SiO,
nanoparticles.

2.3 Electrical property of CZTSSe films

Conductive atomic force microscopy (C-AFM) was employed to
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study the surface roughness and conductivity of CZTSSe thin films
[28]. As shown in Fig. 3, the grain boundaries (GBs) of all films
exhibit a brighter contrast than intra-grain (IGs), indicating a better
current transport capability at GBs. The average current and root-
mean-square roughness (R;) based on C-AFM are summarized in
Table 1. It is found that the average current of all samples coated
with SiO, nanoparticles is higher than that of the control (only
0.224 pA), denoting that the introduction of SiO, nanoparticles can
suppress the carrier recombination. This enhancement of carrier
transport capability at GBs of the film is favorable to promote the
spatial separation of carriers and thus reduce carrier recombination
[29]. Additionally, the R of 4, 20, and 100 nm films (78, 71, and
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Figure3 (al)-(a4) AFM images of control, 4, 20, and 100 nm samples. (b1)-(b4) The corresponding C-AFM images. (c1)—(c4) Surface current and height images along
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Table1 Roughness and average current of SiO,-0 and SiO,-20 nm films. R,
stands for arithmetic average roughness

Sample R, (nm) Ry (nm) Average current (pA)
Control 128 102 0.224
4 nm 97 78 0.499
20 nm 91 71 2.65
100 nm 101 83 0.676

83 nm, respectively) is significantly lower than the control
(102 nm), which is consistent with SEM results. The smoother
surface is expected to form better contact with the CdS layer,
inhibiting carrier recombination at the front interface and thus
improving device performance [30]. In brief, the introduction of
SiO, nanoparticles at the back interface can enhance the electrical
conductivity of the CZTSSe thin film and result in a smoother and
denser film.

2.4 Performance of CZTSSe solar cells

To estimate the influence of SiO, nanoparticles on the performance
of CZTSSe thin film solar cells, current density-voltage (J-V)
characterization was performed. Figures 4(a)-4(d) show the
statistical data of PCE, Vi, current density (Jsc), and FF of control,
4, 20, and 100 nm devices. Obviously, the PCE is dramatically
enhanced with the insertion of SiO, nanoparticles due to the
improvement of V¢ and FF, which reaches maximum when the

size of the SiO, nanoparticle is raised to 20 nm. The J-V curves of
the champion devices are shown in Fig. 4(e), with detailed
photovoltaic parameters being summarized in Table 2. The PCE
increases from 9.03% to 10.72% when applying 20 SiO,
nanoparticles PIC passivation structure, which is attributed to the
significant enhancement in both V¢ (from 0.458 to 0.495 V) and
FF (from 63.5% to 67.1%). This improvement in Vi and FF
mainly results from the introduction of SiO, nanoparticles at the
CZTSSe back interface, which enhances the crystal quality and
passivates the deep defects at back interface.

Figure 4(f) depicts the passivation mechanism of SiO,
nanoparticles. The nanoparticles are dispersed on Mo substrate,
forming a PIC structure at the CZTSSe back interface. When
holes are transported towards the back electrode, they will be
blocked by the insulating SiO, nanoparticles and can only pass
through the gaps between the particles (hole transport path 2).
According to the theoretical equation of the semiconductor surface
recombination [31, 32]

Sp = 0. v Ny (1)

where S, is the hole surface recombination rate, 0. is the interface
state capture cross-section, v, is the carrier thermal motion velocity,
and N is the interface state density per unit area. It can be known
that when S, remains unchanged, the larger the total interface
contact area (S) is, the greater the interface total recombination will
be (R = SS,). In brief, the PIC structure based on insulating SiO,
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Table2 Performance parameters for the champion device of control, 4, 20, and 100 nm samples

Device PCE (%) Voc (V) Jsc (mA-cm™) FF (%) Ry, (Q-cm?) R, (Q-cm?) ng Jo (mA-cm™)
Control 9.03 0.458 31.03 63.5 367.50 0.62 2.11 3.3x107°
4 nm 10.34 0.488 31.66 66.8 2883.12 0.55 1.95 1.2x10°
20 nm 10.72 0.495 32.29 67.1 3447.15 0.53 1.91 7.2%x10™*
100 nm 10.11 0.490 31.50 65.4 1446.15 0.69 1.97 1.8x 107

nanoparticles directly reduces the total interface contact area at the
CZTSSe/Mo interface, thus reducing the total interface
recombination. This is beneficial to reducing non-radiative
recombination at the back interface, thus improving the
photovoltaic parameters of the device. Meanwhile, the size of SiO,
nanoparticle will affect the PIC passivation structure. As shown in
Figs. 1(c)-1(e), 4 nm SiO, nanoparticles are prone to
agglomeration, while 100 nm SiO, nanoparticles would prolong the
hole transport path (hole transport path 2).

To further understand the effect of SiO, nanoparticles on device
performance, the single exponential diode equation was used to
extract key diode parameters of solar cells [33]

_ q _ _
I—IoeXp<ndkT(V RJ))+GS},V L (2)

dv T’ldkT -1
r(I):df]:Rer . (J+7) (3)

where r(J) is dV/d], J, represents the reverse saturation current
density, g refers to elementary charge, R; is the series resistance, Gy,
is the shunt conductance, T is the absolute temperature, k is the
Boltzmann constant, J; is the photocurrent density, and nq4 is the
ideality factor associated with recombination behavior. The fitting
results of key diode parameters are presented in Figs. 4(g)-4(i). As
shown in Fig. 4(g), the ideality factors (n,) are calculated to be 2.11,
1.95, 1.91, and 1.97, respectively, for the control, 4, 20, and 100 nm

devices (Fig. 4(g)) [34]. The consistently lower ny values in SiO,-
coated devices indicate improved p—n junction quality, contributing
to enhanced device performance [35, 36].

Figure 4(h) reveals that the J, is significantly reduced in SiO,-
modified devices compared to the control, further confirming
suppressed interface charge recombination due to nanoparticle
incorporation [37]. Furthermore, the shunt resistance (Ry,)
increases substantially with SiO, addition (Fig. 4(i)), reaching a
maximum of 3447.15 Q-cm? for the 20 nm device. In contrast, the
R, varies minimally across all devices, with the lowest value
observed for the 20 nm sample (Fig. 4(g)).

Collectively, the optimized diode parameters (ng, J;, and Ry,)
achieved through SiO, back-interface modification directly
contribute to the enhanced V¢ and FF [38]. Among the variants,
the 20 nm device exhibits optimal parameters. This superiority
likely stems from its ideal localized contact structure: The 4 nm
nanoparticles are prone to agglomeration, compromising
uniformity, while the 100 nm particles increase hole transport path
length, reducing effectiveness.

The external quantum efficiency (EQE) measurement was
performed to further reveal the underlying mechanism of the
enhanced cell performance [39]. As shown in Fig. 5(a), the EQE
curves of the control, 4, 20, and 100 nm devices overlap
substantially, indicating that SiO, nanoparticles do not affect the
light-harvesting capability of the devices. The integrated current
densities derived from the EQE spectra are 30.64, 30.56, 31.35, and
31.06 mA-cm?, respectively, which are all less than 4% difference
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compared with the corresponding value obtained from J-V
analysis. The optical bandgaps (E,) calculated from the EQE spectra
are 1.096, 1.098, 1.095, and 1.097 eV for control, 4, 20, and 100 nm
samples, respectively (Fig. 5(b)), which is nearly unchanged. This is
consistent with the XRD and Raman results. To further evaluate the
influence of SiO, nanoparticles on the band tail states, the Urbach
energy (Ey) of the absorber layers was further calculated based on
the EQE spectra. As shown in Fig. 5(c), the Ey is 41.1, 38.1, 36.7,
and 40.2 meV for control, 4, 20, and 100 nm samples, respectively.
The decrease of samples coated with SiO, nanoparticles in Ey
suggests that the introduction of SiO, nanoparticles at the back
interface can effectively suppress the band tail states, which is
beneficial for increasing the Vi thus improving device
performance [40, 41].

To understand the defect and interface recombination
properties, capacitance-V (C-V) and drive level capacitance profile
(DLCP) measurements are conducted, and the results are presented
in Fig. 5(d) [42]. Generally, the C-V measurement is sensitive to
both bulk defects and interface defects, while the DLCP
measurement is only sensitive to bulk defects [43]. Thus, the
difference between them at zero bias represents the interface defect
density (N;p) in the device. The defect density and depletion region
width (W) derived from the DLCP and C-V data are listed in
Table 3, which can be calculated by the following equations [44, 45]

Cc  [/dc\’
Ney=—"(— 4
VT gAee, <dV> “@
c,)’
Ny = ———— 5
ot 2qA%¢.¢,C )
£.6,A
Wy = TO (6)

where the Ny and Ny, are carrier concentration derived from C-V
and DLCP measurement. C, and C; are the test capacitance and
small molecule capacitance, respectively. & and ¢, refer to the
vacuum dielectric constant and the relative dielectric constant,
respectively, and A represents the total area of the solar cell. The
results show that the Ny values of the 20 nm sample (2.86 X
10* cm™) are the lowest, indicating optimal local contact passivation
structure for 20 nm SiO, nanoparticles sample. The lower density of
interface defect is helpful to suppress the interface recombination,
contributing to a higher V.. In addition, the Wy of the devices
increased obviously after the introduction of SiO,, which is
beneficial for carrier separation and can also suppress
recombination.

Electrochemical impedance spectroscopy (EIS) is employed to
further evaluate interface impact of SiO, nanoparticles on interface
recombination of CZTSSe solar cells [46]. As shown in Fig. 5(e), the
device with 20 nm SiO, nanoparticles exhibits the largest

recombination resistance (R.) (R.. = 27.4 kQ), significantly
surpassing that of the control device (7.1 kQ2). Since a larger value of
R, corresponds to a lower interface recombination [47], these
results confirm that SiO, nanoparticles provide effective passivation
at the interface.

Furthermore, the dependence of V¢ on light intensity provides
additional insight into interface carrier recombination of the
CZTSSe solar cell [48]. As shown in Fig. 5(f), by fitting the curves,
the slope values of the control (2.26), 4 nm (1.51), 20 nm (1.38), and
100 nm (1.42) devices are estimated, which correspond to the
ideality factors (n) related to carrier recombination. The lower n
values of in SiO,-modified devices indicate effective suppression of
Shockley-Read-Hall (SRH) recombination in the device [49],
which is consistent with the EIS analysis. Collectively, these findings
demonstrate that SiO, nanoparticle passivation at the CZTSSe/Mo
back interface mitigates carrier recombination, directly contributing
to the enhanced device performance.

3 Conclusions

In summary, we developed a simple strategy to suppress severe
back-interface carrier recombination in CZTSSe solar cells by
incorporating SiO, nanoparticle at the Mo/CZTSSe interface. This
approach creates a discrete local contact structure, leveraging the
insulating properties of SiO, to enhance absorber crystallinity,
reduce interfacial defect density, and specifically suppress
detrimental [2Cuy, + Sny,] deep-level clusters. Critically, by
reducing the back-interface recombination area and lowering
interfacial defect density, this localized passivation mechanism
significantly suppresses carrier recombination, leading to substantial
gains in V5 and FF. Consequently, the power conversion efficiency
of ultrathin CZTSSe devices increased from 9.03% to 10.72%. This
work presents a novel and effective method for enhancing back-
contact quality and overcoming efficiency bottlenecks in CZTSSe
photovoltaics.

4 Experimental section

4.1 Materials and reagents

Cu(NO;),:3H,0 (99.99%), Zn(CH;COO0), (99.99%), SnCl,-2H,0
(99.9%), dimethyl sulfoxide (DMSO, 99.9%), and N,N-
dimethylformamide (DMF, 99.9%) were purchased from Macklin.
AgNO; (99.8%) and CdSO,-8/3H,0 (99.99%) were purchased from
Aladdin. Thiourea (Tu, 99%) and ammonia solution (25%-28%)
were purchased from Alfa. The SiO, nanoparticles dispersion was
purchased from Thermo Fisher Scientific. SLG-Mo substrate was
purchased from Suzhou Shangyang Solar Energy Technology Co,
Ltd, model Mo-20E-23. Selenium particles (99.999%) were
purchased from Zhong Nuo Advanced Material. All the chemicals
were used directly without further purification.

Table3 The device characteristics of the control, 4, 20, and 100 nm devices derived from EQE, C—V, DLCP, EIS, and light intensity dependent

Sample Eg (eV) Ey (meV) Ney (cm™) Np, (cm™) Nir (cm™) Wy (um) R, (kQ) n
Control 1.096 41.1 2.51 x 10 1.27 x 10" 9.18 x 10" 0.114 7.1 2.26
4 nm 1.098 38.1 1.10 x 10™ 6.65 x 10" 4.35x 10" 0.174 20.5 1.51
20 nm 1.095 36.7 7.50 x 10" 4.64 x 10" 2.86 x 10" 0.212 27.4 1.38
100 nm 1.097 40.2 1.36 x 10" 8.05 x 10" 5.55 x 10" 0.152 15.0 1.42
ot rf%/%mm& | SCiCpen 94907907 (7 of 10) Nano Research, 2025, 18, 94907907
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4.2 Back interface processing based on SiO, nanoparticles

The back interface treatment was performed using a solution
method: First, the purchased aqueous dispersion of SiO,
nanoparticles was diluted with deionized water to obtain solutions
with different nanoparticle sizes (4, 20, and 100 nm), and the mass
concentrations of all dispersions were maintained at 0.30 wt.%.
Then, the diluted aqueous dispersion was directly dropped onto the
molybdenum-coated substrate that had been plasma-cleaned for
4 min, followed by spin-coating. Finally, the substrate was heated at
100 °C for 2 min to complete the treatment process.

4.3 Fabrication of CZTSSe solar cells

4.3.1 Preparation of the absorber layers

First, the Cu-Zn-Sn-S precursor inks were prepared by dissolving
AgNO; (99.5%), Cu(NOs)»3H,0 (99.99%), C¢HsNa;0,2H,0
(99.7%), SnCL-2H,0, Zn(CH;COQO), (99.99%), and Tu (99%) into
DMSO and DMF mixed solution, stirred at 25 °C to obtain a light
yellow precursor solution. The molar ratios of (Ag + Cu)/(Zn + Sn),
Zn/Sn, and Ag/(Ag + Cu) were 0.66, 1.5, and 0.03, respectively. The
concentrations of metal elements and thiourea were 1.82 and
2.66 mol-L", respectively. Then, the prepared solution was spun at
2000 rpm for 60 s. Mo substrate was pre-coated with SiO,
nanoparticles, followed by heating at 320 °C for 2 min. The above
coating and drying processes were carried out 4 times to obtain the
CZTS precursor film. Finally, the precursor film was selenized
under Se and S atmosphere with a S/Se mass ratio of 1.4% (300 s at
400 °C, followed by 840 s at 540 °C) to form the CZTSSe absorber
with thickness of approximately 600 nm.

4.3.2 Device fabrication

First, the CdS buffer layer of 50 nm was prepared by the chemical
bath deposition (CBD). Subsequently, intrinsic zinc oxide (i-ZnO)
and indium tin oxide (ITO) layers (50 and 200 nm, respectively)
were sputtered on the CdS layer by magnetron sputtering device.
Finally, Ag electrodes were deposited by vacuum thermal
evaporation to form top contact. In this work, the MgF,
antireflection layers were not used, and the full area of each device
was 0.6 cm x 0.6 cm.

44 Characterizations

The micromorphology of the CZTSSe thin film was recorded via a
field emission SEM (FE-SEM; HITACHI Regulus 8230). The
structure information was characterized via XRD (D-MAX 2200
VPC with an operating voltage of 40 kV and a current density of
40 mA) and Raman spectroscopy (Renishaw in Via Reflex) with an
excitation wavelength of 633 nm. The atomic force microscope
(AFM) and C-AFM (Dimension Icon, Bruker) were used to
investigate the surface roughness and potential distribution of
CZTSSe films. J-V curves were measured under AM 15 G
illumination (VS-6821 M solar simulator), which was calibrated
with a monocrystalline Si reference cell. External quantum
efficiency (EQE) was measured using a QE-R instrument from
Enlitech in the range of 300 to 1300 nm, which was calibrated with
Si and Ge reference diodes. C-V and drive-level capacitance
profiling (DLCP) were performed in the dark using the
semiconductor characterization test system (Keithley 4200A-SCS).
The C-V measurements were conducted at a frequency of 100 kHz
with a direct current (DC) bias voltage sweeping from —1.0 to 0.8 V,
and the DLCP measurements were performed at a frequency of
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100 kHz with the alternating current (AC) amplitude varying from
15 to 135 mV. EIS was performed using the Zahner Zennium
electrochemical workstation.

Data availability

All data needed to support the conclusions in the paper are
presented in the manuscript and the Electronic Supplementary
Material. Additional data related to this paper may be requested
from the corresponding author upon request.
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