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In this study, highly efficient and flexible Na-doped kesterite CuZnSn(S,Se)4 (CZTSSe) thin-film solar cells with
an efficiency of over 8% were developed. A CZTSSe thin film was deposited on a flexible Mo foil using metal
precursors with varying thickness of the NaF layers on the CZTSSe thin film. The sample maintained 92.2% of its
performance after 1000 bending cycles with a bending radius of 12 mm. To investigate defect passivation effect
of Na doping through the electrical properties of Na-passivated grain boundaries (GBs), the cells were examined
by scanning probe microscopy. Downward band bending was observed at GBs in the Na-sufficient CZTSSe
absorber layers; that is, Na enhanced the potential barrier at the CZTSSe GBs in the solar cells and the separation
of carriers. The carrier separation increased under illuminated condition. Moreover, the surface photovoltage
(SPV) of the cells was measured at laser wavelengths of 405, 532, and 640 nm using photo-assisted Kelvin probe
force microscopy to investigate the photogenerated carrier transport in Na-passivated CZTSSe solar cells. The Na
content strongly affected the photo-induced changes in the carrier behavior. A cell with a sufficiently Na-doped
CZTSSe absorber layer exhibited a large SPV with a maximum value of 46 meV under illumination, whereas Na-
deficient samples showed a lower SPV, indicating that Na passivates defects that act as recombination sites. A
photo-induced defect passivation effect was observed in a cell with optimal Na content under 405 nm wavelength
illuminated condition, which resulted in charge accumulation at the absorber surface.

1. Introduction relatively inexpensive and abundant, i.e., using CZTSSe instead of CIGS,

the manufacturing cost of thin-film solar cells can be lowered [7,8].

Kesterite (CuyZnSn(S,Se)4, CZTSSe) is a promising photovoltaic
absorber material because of its suitable physical properties such as a
direct energy band gap that is tunable from 1 to 1.5 eV by adjusting the
ratio of S to Se, and high absorption coefficient [1-3]. However, the
highest power conversion efficiency (PCE) achieved by CZTSSe thin-film
solar cells to date is 12.6%, whereas that of Cu(In,Ga)Se; (CIGS)
thin-film solar cells is 23.35% with a CdS buffer layer and 22.9% without
the CdS buffer layer [4-6]. However, despite the high efficiency of the
CIGS thin-film solar cells, their use of In and Ga limit their wide appli-
cation. By replacing In and Ga in CIGS with Zn and Sn, which are

Furthermore, attempts have been made to replace the rigid substrates of
solar cells with thin, lightweight flexible substrates for wide application.
For example, a CIGS solar cell on a flexible polyimide (PI) substrate with
a PCE exceeding 20% has been reported [9].

Flexible glass, stainless-steel, PI, and metal foils, such as Mo, Ti, and
Al foils, are considered as promising substrate materials for use in
flexible kesterite thin-film solar cells. Among them, the metal foils
possess high conductivity, which can lead to the development of a low-
cost, roll-to-roll production. In particular, the Mo foil has attracted
attention owing to the lack of metallic impurities and its compatible
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thermal expansion, 5.2 x 10®K~! [10-12]. The CZTSSe thin-film solar
cells using the flexible glass and the Ti foil substrates have achieved
PCEs of 6.90% and 2.00%, respectively [13,14]. Since Zhang et al. [15]
first reported a PCE of 3.82% for a CuzZnSnS4 (CZTS) thin-film solar cell
on the Mo foil, there have been an increasing interest in utilizing the Mo
foil as a flexible substrate. The PCEs of the CZTSSe thin-film solar cells
using the Mo foil have reached 6.78% for those fabricated by
solution-based processes and 8.00% for those produced by sputtering
[16,17]. Considering that the highest PCE of a CZTSSe thin-film solar
cell on a rigid soda-lime glass (SLG) substrate is 12.6% [4], the effi-
ciencies of flexible CZTSSe solar cells are relatively low (below 10%).
Recently, Yang et al. [18] reported the highest PCE of 10.34% for a
flexible CZTSSe solar cell; this cell was fabricated on a Mo foil substrate
with a sodium fluoride (NaF) doping layer.

Sodium (Na) doping of CZTS and CuyZnSnSe4 (CZTSe) thin-film solar
cells resulted in increased grain size, open-circuit voltage (Voc), and fill
factor (FF) [19,20]. Moreover, the cell performances of the CZTS and
CZTSe thin-film solar cells can be improved through Na doping. Prab-
hakar et al. [21] and Li et al. [22] found that Na diffusion increased the
hole carrier concentrations in the CZTS and CZTSe thin-film solar cells,
respectively, which increased the conductivity and in turn influenced
Voc and PCE. Although little research has been conducted on the effect
of Na doping on the CZTSSe thin-film solar cells, Fella et al. [23]
demonstrated that the incorporation of an NaF top layer with an optimal
thickness into the CZTSSe thin-film solar cell increases both V¢ and FF.
They also demonstrated that adjusting the sodium precursor quantity
enables tuning of doping levels and gradients to maximize the collection
of photogenerated carriers. Moreover, the incorporation of the NaF layer
in the kesterite solar cells results in enhanced Voc and carrier separation
at grain boundaries (GBs) [24,25]. In particular, Na incorporation hin-
dered the formation of secondary phases and passivated defects
[26-28]. Maeda et al. [29] demonstrated that some Na atoms can sub-
stitute the Cu and Zn atoms to form Nac, and Nagz,, respectively, when
the CZTS and CZTSe films are annealed at high temperatures in S or Se
atmosphere with post-deposition of a sodium compound. The formation
energies Nac, and Nagz, are quite low; therefore, they can be form
relatively easily compared to detrimental Snz, defects. Lin et al. [30]
reported that bifacial Na incorporation passivated deep defect states
near the CZTS/CdS junction, improved the carrier collection efficiency,
and lowered the recombination loss. Various Na doping methods have
been used to improve the performance of flexible kesterite thin-film
solar cells, as summarized in Table 1.

The photo-induced properties of Na-incorporated CZTSSe thin-film
solar cells have not been thoroughly investigated. To better under-
stand the effect of Na doping on the properties of flexible CZTSSe thin-
film solar cells, we characterized the optoelectronic properties of
CZTSSe absorber layers by investigating their surface potential distri-
butions near the GBs. The CZTSSe thin films were deposited on the Mo
foil substrates with NaF doping layers with varying thicknesses to
determine the optimal amount of Na required to maximize the perfor-
mance of the CZTSSe absorber layer. The amount of Na remaining on the
absorber surface strongly affected the PCEs of the solar cells, which
range from 0.69% to 8.66%. Our cell, with the highest PCE, displayed
promising performance compared to that of other solar cells with flex-
ible substrates and sodium doping. The cell with the highest PCE had a
slightly higher FF (62.63%) than that of a previously reported CZTSSe
thin-film solar cell (PCE = 10.34%, FF = 57.2%) [18]. The highest PCE
of our cell was ~2% higher than that of a flexible glass CZTSSe thin-film
solar cell with the same thickness of the NaF layer deposited using the
electron-beam evaporation method (PCE = 6.3%) [13]. Moreover, the
best efficiency of our cell achieved higher PCE through Na doping
compared to other Mo foil substrate CZTSSe solar cells. Compared to
other flexible CZTSSe solar cells fabricated on Mo foil using metallic
precursors including MgF» anti-reflective coating, the best performance
of our cell showed ~1% higher PCE through Na doping [17,31]. Specific
cell structure is shown in Table 1.
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Table 1
Comparison of kesterite thin-film solar cells.

Absorber
material

Solar cell
structure (*AR
coating)

Substrate Na doping PCE* Ref.

method (%)

SLG CZTSSe SLG/Mo/
CZTSSe/CdS/
ZnO/ITO:Al/
MgF,
Mo foil/
CZTSSe/CdS/i-
ZnO/AZO/Al
Mo foil/
CZTSSe/CdS/i-
ZnO/ITO/Ag
Mo foil/
CZTSSe/CdS/i-
ZnO/AZO/Al/
MgFy
Mo/CZTSSe/
CdS/i-ZnO/
AZO/Ni/Al/
MgF,
Mo foil/
CZTSSe/CdS/i-
ZnO/AZO/Ni/
Al/MgF,
Al foil/Mo/
CZTS/ZnS/i-
ZnO/ITO/Ni/Al
Ti foil/CZTSSe/
CdS/i-ZnO/ITO
Stainless CZTS SS430/Mo/
steel CZTS/CdS/
ZnO/ITO
CZTS SS430/Ti/Mo/ NaF, 4.10 [34]
CZTS/CdS/i- sputtering
ZnO/ITO
SS430/Cr/Mo/
Mo:Na/Mo/i-
ZnO/CZTSe/
Cds/ZnO/
Sn,03:In
SS/Cr/Mo/ZnO/
CZTSe/CdS/i-
Zn0/Zn0:Al
P1/Mo/CZTS/
CdS/ZnO:Al/Al-
grid
Flexible CZTSSe Willow Glass/
glass Mo/CZTSSe/
CdS/ZnO/1TO/
Al-Ni grid

Undoped 12.6 [4]

Mo foil CZTSSe NaF, thermal 10.34 [18]

evaporation

CZTSSe Annealing 6.78 [16]
with soda-
lime glass

CZTSSe Undoped 8 [17]

CZTSSe Undoped 7.1 [31]

CZTSSe NaF, e-beam 8.66 This

evaporation work

Al foil CZTS Undoped 1.94 [32]

Ti foil CZTSSe Undoped 2.00 [14]

MoNa, 6.29 [33]
sputtering

CZTSe MoNa, 4.30 [35]

sputtering

CZTSe Undoped 3.50 [36]

Polyimide CZTS Undoped 0.49 [37]

Undoped 6.90 [13]

@ PCE: power conversion efficiency.

2. Experimental methods
2.1. Fabrication of CZTSSe thin-film solar cell

Fig. 1(a) and (b) show the fabrication process of a CZTSSe solar cell
on the Mo foil and photograph of the resultant device, respectively. The
metal precursor layers of the CZTSSe absorber layer were grown on 0.1
mm-thick flexible Mo foil with a stacking order of Sn/Cu/Zn/Mo [38].
The Zn and Cu layers were deposited via direct-current (DC) magnetron
sputtering, and the Sn layer was deposited by radio-frequency (RF)
magnetron sputtering. In all the cases, the sputtering power was 50 W
(1.1 W/em?) in an argon atmosphere. Next, an NaF layer with a thick-
ness of 5, 10, 25, or 30 nm was deposited on the precursor layers by
electron-beam evaporation. The sulfo-selenization process of the pre-
cursor layers was conducted by rapid thermal annealing (RTA) using
SeS; and Se powders with an SeSy/Se ratio of 0.08% in an Ar-filled
graphite box at atmospheric pressure. Before the thermal annealing
treatment, the RTA chamber was evacuated for 3 min using a rotary
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(b)

Flexible Mo foil

Fig. 1. (a) Diagram of the fabrication process of a thin-film solar cell with a kesterite (Cu,ZnSn(S,Se)4; CZTSSe) polycrystalline absorber layer. After Zn, Cu, and Sn
metallic precursor layers were deposited on flexible Mo foil by sputtering, an NaF layer was deposited for Na doping. The layered sample was annealed in an at-
mosphere of Se and SeS, to form an Na-doped CZTSSe absorber layer. After that, intrinsic ZnO, aluminium-doped ZnO and MgF, anti-reflecting layers were deposited.

(b) Photograph of a flexible CZTSSe thin-film solar cell.

pump, and the chamber was filled with argon gas to atmospheric pres-
sure. Thereafter, maintaining the atmospheric pressure, the precursors
were heated from room temperature to 300 °C in 1000 s, and this
temperature condition was maintained for 1500 s. From 300 °C, the
precursors were heated to 560 °C in 1000 s and then maintained at
560 °C for 1100 s.

After RTA, the resulting CZTSSe absorbing layer was immersed in an
aqueous KCN solution to remove any secondary phase(s) present. It is
well known that KCN etching plays a role in removing the secondary
phase, particularly Cu-related binary phase [39]. Recently, Benhaddou
et al. reported that KCN etching also leads to improvement of p-n
junction through the reduction of non-radiative recombination in
CuyZnGeSe4-based solar cells [40]. In the chalcogenide case, Colombara
et al. recently demonstrated that KCN etching selectively removes the
Cu-Se secondary phase in CulnSe (CIS); however, additional recombi-
nation or trapping pathway was induced, which can be passivated by
oxygen incorporation [41]. A 70 nm-thick CdS buffer layer was fabri-
cated by chemical bath deposition, and a 50 nm-thick intrinsic ZnO layer
and a 300 nm-thick Al-doped ZnO window layer were deposited by RF
magnetron sputtering. Next, 50 nm-thick Ni and 500 nm-thick Al elec-
trodes were deposited by electron-beam evaporation using a shadow
mask. A 130 nm-thick MgF; anti-reflective coating was deposited on the
samples. Solar cell parameters of samples are reported in Table 2.
Though the CZTSSe absorbers contained different amount of Na before
the annealing process, the annealing conditions were applied identically
for all the samples. The different amount of sodium affected in stoichi-
ometry, the final compositional ratios of the CZTSSe absorber layers are
shown in Table S1 in Supporting Information.

2.2. Characterization of illumination-induced properties of solar cells

The electrical characteristics of the absorber surface were charac-
terized by Kelvin probe force microscopy (KPFM). Surface photovoltage
(SPV) measurements were conducted by laser-assisted KPFM. Using

Table 2
Solar cell parameters of samples in planar state obtained from the J-V curves
and EQE data. Active area is 0.187 cm?.

Sample  PCE Jsc, v Voc FF Jsc, mQE Eg Eg/q-
(%) (mA/ W) (%) (mA/ (eV) Voc (V)
sz) cmz)
Na_l 0.69 13.97 0.176 27.88 15.93 1.18 1.004
Na_2 4.56 29.96 0.337 45.15 29.75 1.16 0.823
Na_3 8.66 32.27 0.428 62.63 32.04 1.15 0.722

Na 4 7.19 30.99 0.427 54.27 31.15 1.16 0.733

KPFM, the surface potential of the CZTSSe absorber layer was measured
in a non-contact mode with a 40 nm set point using a platinum (Pt)/
iridium (Ir)-coated silicon (Si) tip. The scan region was 4 x 4 pm and the
scan rate was under 0.2 Hz. A commercial atomic force microscope
(AFM; n-Tracer, NanoFocus Inc.) was used for the KPFM measurements.
The SPV measurements were conducted by exciting the sample with
lasers with wavelengths of 405, 532, and 640 nm, which had energies of
1.94, 2.33, and 3.06 eV, respectively, at a power of 10 mW. According to
the ratio of the amount of Na remaining on the surface of the absorber
layer, the samples were denoted as Na_1 (0.95%), Na_2 (3.85%), Na_3
(5.05%), and Na_4 (7.35%). The absolute quantity of Na remaining on
the surface was measured by X-ray photoelectron spectroscopy; the data
are provided in Supporting Information (Fig. S1 and Table S2).

3. Results and discussion
3.1. Kelvin probe force microscopy measurements under dark conditions

To investigate the effect of the Na content on the surface of the
CZTSSe absorber layer on its electrical properties, surface potential
maps and surface topographies were obtained via KPFM. Fig. 2(al-d1)
and (a2-d2) show the surface topography and surface potential maps,
and all the NaF-doped samples showed higher potential in the GB re-
gions than in the intra-grain (IG) regions, which is equivalent to the
downward band bending at the GBs. The formation of a higher surface
potential at the GBs than at IG regions demonstrates the existence of a
local built-in potential at the GBs acting as a hole barrier [42]. There-
fore, majority carriers are repelled to the IG regions and minority car-
riers are attracted to the GBs by the presence of an electric field in the
vicinity of the GBs. Li et al. [43] demonstrated the formation of a higher
surface potential at the GBs than at the IG regions in the CZTSSe
thin-film solar cells. Moreover, previous studies have illustrated that a
large upward potential bending at the GBs facilitates carrier separation
and minority carrier transport [44,45]. Here, holes, which are the ma-
jority carrier in p-type CZTSSe absorber layers, are repelled to the IG
regions and electrons accumulate at the GBs.

Surface potential values were extracted from 25 randomly chosen
GBs and IG regions on each surface potential map. Fig. 2(a3-d3) and
(a4-d4) show the histograms of the surface potentials at 25 GBs and IG
regions, respectively, for samples Na_1 to Na_4. A positively charged
surface potential was formed at the GBs, and a negatively charged sur-
face potential was formed in the IG regions, except for at a few locations.
The average potential at the GBs and IG regions depended on the Na
content of the sample. As the amount of Na remaining on the surface
increased, the average potential increased. Sample Na_4 showed the
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Fig. 2. (al-d1) Surface topography and (a2-d2) surface potential maps of planar state absorber layers (a) Na_1, (b) Na_2, (c) Na_3, and (d) Na_4 obtained by Kelvin
probe force microscopy under dark conditions. Histograms of surface potential at 25 randomly selected (a3-d3) intra-grain regions and (a4-d4) grain boundaries

under dark conditions. The black curves represent surface potential distributions.

highest and lowest potentials of 34.41 and —30.64 mV among all the
samples at the GBs and IG regions, respectively. The difference between
the average surface potentials at the GBs and IG regions increased with
the amount of Na of the absorber layer. Therefore, a deeper downward
band bending at the GBs occurred as the Na surface coverage increased.
Deep band bending attracts more electrons and acts as a stronger hole
barrier compared with the case for shallow band bending [43]. More-
over, Na segregation increases the potential difference between the GBs
and IG regions, which increases the electrostatic force at the GBs. Jiang
et al. [46] and Yan et al. [47] suggested that on the chalcogenide
thin-film surfaces, the presence of Na at the GBs induces a larger increase
in the surface potential than that in the Na-free areas. A higher Na
content also increases the hole concentration by lower the thermal
activation energy, which leads to a higher built-in voltage [48]. Thus,
the high potential difference between the GBs and IG regions increases
the electrostatic force at the GBs and subsequently leads to a higher
built-in voltage. Moreover, a previous study revealed that the optimized
doping leads to sufficient built-in potential and selection of a better
carrier transport path by comparing the built-in potential calculated
from the capacitance-voltage measurement and the conduction path
[38].

3.2. Photo-assisted Kelvin probe force microscopy measurements

Fig. 3(al-dl1) show the surface topography and Fig. 3(a2-d2)-
(a4-d4) show the surface potential maps under various illuminated
conditions (405, 532, and 640 nm). In Fig. 3(a5-d5)-(a6-d6), the

surface potentials were extracted from 25 randomly selected GBs and IG
regions from samples Na_1 to Na 4 under 640 nm illumination to
investigate the illumination-induced changes in the surface potential of
the Na-doped CZTSSe absorber layers. For each sample, the average
potential at the GBs and IG regions under illumination differed
compared to that under dark conditions. The samples with sufficient Na
content (Na_3 and Na_4) showed a higher average potential at the GBs
and a lower average potential at the IG regions, as was observed under
dark conditions.

The average surface potential increased or decreased under illumi-
nation compared to that in the dark because of carrier excitation. The
average surface potential at the GBs of sample Na_2 decreased from
20.48 mV in the dark to 19.89 mV under 640 nm illumination. In
samples Na_3 and Na_4, the average surface potential at the GBs
increased by 12.47 and 0.34 mV, respectively, compared with that in the
dark, which means that a deeper downward band bending occurred at
the GBs under illumination compared with the case in the dark. A pre-
vious study observed enhancement of photogenerated carrier transport
under illuminated condition with varying Na content [49]. An increased
surface potential was also observed under illumination at 532 and 405
nm (Fig. S3). The difference between the average surface potentials at
the GBs and IG regions was most pronounced in sample Na_4, which
showed a value of 67.78 mV. Considering that the average surface po-
tential difference between the GBs and IG regions was 49.79 mV in Na_3
in the dark, samples Na_3 and Na_4 showed increased band bending at
the GBs under illumination compared with that in the dark. Thus, Na
doping enhanced the carrier separation at the GBs, which should in turn
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Fig. 3. (al-d1) Surface topography and surface potential maps of planar state absorber layers (a) Na_1, (b) Na_2, (c) Na_3, and (d) Na_4 under illumination at (a2-d2)
640 nm, (a3-d3) 532 nm, and (a4-d4) 405 nm. Histograms of surface potential from 25 randomly selected (a5-d5) intra-grain regions and (a6-d6) grain boundaries
under 640-nm illumination. The red curves represent surface potential distributions.

improve the cell performance [46]. The work functions of the CZTSSe absorber layers with different Na
The SPV measurements were obtained by photo-assisted KPFM. contents were obtained under both dark and illuminated conditions to

Fig. 4(a)-(d) show the work function distributions of the CZTSSe investigate their band structures. The work function of each sample was

absorber films determined from the corresponding surface potential calculated using contact potential difference (Vcpq) as follows:

maps. The number of counts was normalized for all the distributions.
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Fig. 4. Work function distributions of planar state CZTSSe absorber layers (a) Na_1, (b) Na_2, (c) Na_3, and (d) Na_4 calculated from surface potentials under
illumination at different wavelengths. The black dotted line indicates the location of peak work function in the dark state.
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where ¢p and ¢sample are the work functions of the Pt/Ir-coated tip and
sample, respectively. The change in the work function for each sample
under different illuminated conditions is shown in Fig. S4. A wide work
function distribution with more than one peak indicates the presence of
a secondary phase such as ZnSe [50]. None of our samples displayed a
wide peak, indicating that no secondary phase was present.

As shown in Fig. 4(a), the work function distribution of sample Na_1
was not strongly affected by all the illumination conditions (under 405,
532, and 640 nm wavelength), implying that SPV formation was limited.
Here, SPV generation was limited by carrier recombination, which led to
minority carrier loss. In the CZTSSe thin-film solar cells, the defects in
bulk CZTSSe acted as recombination centers by forming a mid-gap state
and non-uniform chemical stoichiometry or structure, which caused V¢
to decrease [26,51,52]. Na is known to passivate defects [19,30,53]. The
segregation of defects such as Zng,, Oge, and Na; at the GBs is beneficial
because: (i) bond weakening or breakage results in deep levels in
CZTSSe, and (ii) it facilitates electron transport through the GBs by
creating hole barriers and electron sinkers, thereby promoting effective
charge separation at the GBs. In addition, Na doping suppresses the
recombination of the minority carriers by passivating the donor defects
such as Zng, and Sng, [54]. Na doping has been reported to suppress
GB-originated defects and shift deep defects caused by S antibonding
closer to the Fermi level [55]. Sun et al. [56] demonstrated that an
Na-doped film surface should be Zn-rich and have a lower density of
detrimental [2Cuz, + Sngz,] defect clusters compared with the case for
an undoped CZTSSe absorber layer. Han et al. [57] reported that Na
doping suppressed Snz,, which is a deep recombination center and
mid-gap state, because Naz, is preferentially formed rather than Sngz,
owing to lower formation energy of Naz,. Na doping also suppresses the
formation of Zng, defects, which can be detrimental recombination sites.
Therefore, the formation of deep recombination centers is suppressed by
the Na-based defects such as Nagz,. In the samples with low Na content,
the Na passivation effect is negligible; therefore, the photogenerated
carriers are trapped at the defect sites and the SPV is low. Except for
sample Na_2, there was no significant work function shift under 640 nm
wavelength illuminated condition. The SPV of sample Na_2 showed a
negative shift under illumination compared with that in the dark. The
negative shift of V,q implies a decrease in the Fermi level and increase
in hole density [58].

The work function distributions of samples Na_3 and Na_4 showed
positive shifts under illumination compared with those in the dark. Such
work function shifts indicate that the presence of sufficient Na in sam-
ples Na_3 and Na_4 enables effective defect passivation, which leads to
suppressed recombination and higher SPV. Under 405 nm laser illumi-
nation, the work function distribution shifted by approximately 46 and
26 meV in samples Na_3 and Na_4, respectively, which are the largest
shifts among the three illumination wavelengths investigated. The illu-
minated wavelength affected the photo-induced defect passivation,
resulting in different magnitudes of the SPV. For example, the defects
that act as carrier traps can be occupied by electrons generated by blue
photons, compensating the defect state [59-61]. Thus, the negative ef-
fect of the recombination sites was suppressed by blue illumination,
which contributed to the formation of a large SPV. The SPV is calculated
as

SPV = Vepa, ittuminatea — Vepd, dark (2)

Several studies have revealed that positive SPV generation indicates
p-type materials’ nature [62,63].

Previous studies demonstrated that the Na ions diffuse and are active
along the GBs rather than the IG regions in a kesterite thin film [27,64,
65]. Moreover, a lower work function of a high Na content sample can
be attributed to the surface dipoles induced by Na, which resulted in a
large built-in potential [44,66]. In our CZTSSe thin-film solar cells, no
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Na-related clusters due to excessive Na were detected. Therefore,
excessive Na ions in sample Na_4 may be distributed over the absorber
surface in addition to the accumulation at the GBs and a lower work
function. The Na ions were distributed vicinity of GBs passivating the
defects in the optimal Na sample, whereas excessive Na ions in sample
Na_4 were more distributed over the surface, resulting in lower defect
passivation at the GBs than in the optimal Na sample.

3.3. Carrier transport in Na-doped CZTSSe absorber layers

Fig. 5(a) shows a diagram of a kesterite unit cell, and Fig. 5(b), (c)
show the energy-band diagram of the surface of an CZTSSe absorber
layer with and without Na passivation, contacting with a metal tip in the
dark and under illumination conditions. The carrier excitation of the
sample with Na passivation strongly depended on the incident energy, as
confirmed by the surface potential distribution shift (Fig. 4). In contrast,
carrier excitation was not strongly affected by the incident energy in the
case of the Na-deficient sample Na_1. As shown in Fig. 5(b), in the
samples with low Na content, the photogenerated carriers are trapped at
the defect sites and the formation of SPV is limited. In contrast, in the
Na-sufficient samples, defects are passivated and recombination is sup-
pressed; therefore, the photogenerated carriers exhibit large SPVs, as
shown in Fig. 5(c).

Leibovitch et al. [68] reported that photogenerated band bending
affected the contact potential difference regardless of its depth in a
sample. The direction of band bending at a surface can be determined by
tuning the work functions of the metal tip and semiconductor materials
[69]. Moreover, the movement direction of the excited carriers depends
on the surface band bending [58]. The work function of the Pt/Ir-coated
Si tip used here is 4.9 eV, which is higher than that of the CZTSSe
absorber layer. Therefore, the bands at the GBs of the Na-deficient
CZTSSe absorber layer are bent upward, forming a Schottky barrier
with the Pt/Ir-coated Si tip. The degree of upward band bending de-
creases under illumination compared with that in the dark. Conversely,
band bending at the GBs occurred in the opposite direction in the
Na-sufficient samples (Na_3 and Na_4). As discussed above, the CZTSSe
absorber layer shows downward band bending at the GBs because of the
higher work function at the GBs than in the IG regions. Assuming that
the Fermi level is in equilibrium at the interface between the GBs and IG
regions, because the valence band level of the GBs shows downward
bending, the distance between the Fermi level and valence level in-
creases. Therefore, the bands at the GBs of the Na-sufficient CZTSSe
absorber layers bend downward. According to the SPV theory, in this
regime of surface band bending, illumination causes surface band
bending to weaken [70,71] Therefore, because of the electric field, the
photogenerated electrons move toward the surface and holes shift away
from the surface and toward the bulk region in materials with downward
band bending. The negative charge accumulation resulting from elec-
tron concentration on the surface neutralizes and screens the positively
charged donor-type surface states [71]. The surface defects were
passivated by the presence of sufficient Na in samples Na_3 and Na_4,
which indicates that the amount of charge accumulated by the excited
electrons was greater than that in the case of the Na-deficient samples.
This charge accumulation induced an increase in the Fermi level in the
samples with sufficient Na doping, which resulted in a well-aligned
junction with a buffer layer.

Herein, all the characterizations of the CZTSSe absorber layers were
performed when the samples were in the planar state. However, to
maximize the practical use of flexible CZTSSe solar cells, understanding
the change due to the bending is required. Therefore, bending test has
been done to check the bending stability of the flexible CZTSSe thin film
solar cells. After 1000 bending cycles with 12 mm bending radius, the
randomly chosen nine flexible CZTSSe thin film solar cell samples
maintained 92.2% of their performance. Bending test results are shown
in Fig. S7 in Supporting Information. If the crystal structure of the cell is
broken through mechanical bending, the grain and GB properties will
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Fig. 5. (a) Diagram of a kesterite unit cell with a Naz, and Nac, by Na incorporation and (b—c) energy-band diagram of the interface between a CZTSSe absorber
layer and metal tip with and without Na passivation. E,. and Eg are the vacuum level and Fermi level, respectively. E¢ and Ey are the conduction band edge and
valence band edge, respectively. ¢ indicates work function. Blue solid circles and open circles are electrons and holes generated by additional energy, respectively.
Yellow solid circles indicate Na ions accumulated at GBs. The blue dotted line is the quasi-Fermi level. VESTA software was used for diagram [67].

change and result in the change of conduction path of the minority
carriers, which can lead to the selection of a worse conduction path.
Therefore, bend banding at the GBs will decrease. As the carrier
collection at the GBs decreases, a decreased built-in potential will result
in a decrease in the efficiency. Moreover, although the migration of Na
ions with mechanical bending is not clearly revealed yet, if the Na ions
move from the GBs to IG regions, then the passivation effect on the
defects at the GBs will decrease and result in a small SPV. The behavior
of the charge in the bending state is an issue that needs to be considered.

The Na content strongly affected the solar cell parameters and stoi-
chiometry, as shown in Table 2 and Table S1. Box plots and the solar cell
parameters of the nine solar cells are shown in Fig. S5 and Table S3 in
Supporting Information. To maximize the PCE and short-circuit current
(Jsc), MgF, anti-reflective coating was applied here [72]. Compared to
the flexible CZTSSe thin film solar cells containing Na without usage of
anti-reflective coating [16], Jsc was improved substantially with usage
of MgF, anti-reflective coating. Herein, the improved efficiency of our
cell was achieved through incorporation of Na compared to the Mo
substrate flexible CZTSSe thin film solar cells including MgFy
anti-reflective coating without the incorporation of Na [17,31]. Jsc, FF,
and PCE of the devices increased with the increasing Na content and
decreased in sample Na_4 with Vo value saturation though the sample
Na_4 showed the highest Zn/Cn and the lowest Cu/(Zn + Sn) compo-
sitional ratio. As shown in Table S1, Na doped CZTSSe absorber samples
showed Zn-rich and Cu-poor stoichiometry which is beneficial for kes-
terite device properties since Cu-poor stoichiometry showed less Cu/Zn
disorder than Cu-rich stoichiometry [57,73].

The E; values were obtained from external quantum efficiency
(EQE), and the Vg deficits were calculated based on the relationship

between Eg and Voc, % — VocxA In n, where A is the diode ideality factor

and n is the concentration of the recombination centers. The Vo deficit
decreased with the increasing Na content and increases marginally in
sample Na_4 along with the PCE. The difference in Jgc and V¢ between
samples Na_3 and Na_4 was marginal; therefore, improvement of the
Vo deficit is crucial to attain a high efficiency. Moreover, though the
difference in the Jgc values between samples Na_2 and Na_4 was only
1.03 mA/cm?, the Voc and PCE decrease significantly; therefore, defect-
related V¢ losses affected the PCE drop critically. Significant Voc
shortfall can be attributed mainly to the recombination by deep-level
defects; therefore, the Vo deficit can be decreased by controlling the
of defect formation and defect passivation [74,75]. In addition, the cell
with the highest efficiency had a slightly higher FF than that of the
recorded cell that had a similar bandgap with a 10 nm thickness of NaF

(FF = 57.2%, Eg = 1.12 eV) [18]. A higher FF achieved through the
selection of a better carrier transport path, and an enhanced built-in
potential due to optimal Na doping affects the FF [38].

In Table 2, sample Na_l1 shows the largest Vo deficit and has the
least magnitude of SPV formation. Moreover, this Na-deficient sample
shows the highest Vgc deficit due to the high concentration of the
recombination centers with low defect passivation. Except for under the
illuminated condition of 405 nm wavelength, sample Na_4 did not have
a higher SPV compared to sample Na_3, which implies the saturation of
the defect passivation effect. Sample Na_4 showed the higher Vo deficit
even though it has more Zn-rich and Cu-poor stoichiometry than the
sample Na_3. SPV saturation was coherent with V¢ saturation because
the defect passivation mainly affects the improvement of Voc [19].
Moreover, defect passivation in sample Na_4 was saturated since the Na
ions were distributed over the surface in addition to the GBs. In addition,
excessive Na can result in a poor p-n junction with the CdS buffer layer,
leading to deteriorated efficiency [23]. In conclusion, maximized defect
passivation by optimal Na content leads to the maximum efficiency of
the cell.

4. Conclusions

The effect of Na doping on GBs and photo-induced properties of
CZTSSe thin-film solar cells were studied via photo-assisted KPFM.
CZTSSe absorber layers with different Na doping amounts were depos-
ited on a flexible Mo foil using a metal precursor. The Na doping
enhanced the photogenerated carriers and increased the electrostatic
force at the GBs. The samples with sufficient Na doping content showed
a positive shift in the work function with a maximum value of 46 meV
under 405-nm illumination owing to suppressed recombination by
defect passivation. The work function shift was smaller for samples with
lower Na doping content because of the low passivation effect. Defect
passivation induced by blue photon (405 nm wavelength) was also
observed; this effect was the largest in the sample with the optimal Na
content. Thus, the photo-induced characteristics of the CZTSSe absorber
layers were strongly influenced by the Na doping. We believe that Na
doping promotes defect passivation on the CZTSSe absorber surface and
will finally lead to the formation of an improved p-n junction with buffer
layer, hindering Vo losses. Examining the photo-induced properties of
the CZTSSe absorber layers will help us maximize their practical
performance.
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