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Abstract

In this work, the effects of Si-doping in CuxZnSnSs were examined computationally and
experimentally. The DFT calculations showed that an increasing concentration of Si (from x =0
to x =1) yields a band gap rise due to shifting of the conduction band minimum towards higher
energy states in the Cu2Zn(SnxSix)Ss. CZTSiS thin film prepared by co-sputtering process shows
Cu2Zn(Sn1xSix)S4 (Si-rich) and Cu2ZnSnS4 (S-rich) kesterite phases on the surface and in the bulk
of the sample, respectively. A significant change in surface electronic properties has been observed
in CZTSiS thin film with an insignificant increase in the band gap. Si-doping in CZTS inverts the
band bending at grain-boundaries from downward to upward and the Fermi level of CZTSiS shifts
upward. Further, the coating of the CdS and ZnO layer improve the photocurrent to ~5.57 mA.cm”
2at -0.41 Vrue in the CZTSiS/CdS/ZnO sample, which is 2.39 times higher than that of pure CZTS.
The flat band potential increases from CZTS ~0.43 Vrue to CZTSiS/CdS/ZnO ~1.31 Vwrue
indicating the faster carrier separation process at the electrode-electrolyte interface in the latter
sample. CdS/ZnO layers over CZTSiS significantly reduce the charge transfer resistance at the
semiconductor-electrolyte interface in comparison to that of pristine CZTSiS.
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1. Introduction

Sulphur based kesterite Cu2ZnSnS4 (CZTS) materials have been examined extensively for solar to
energy conversion applications by photovoltaic and photoelectrochemical (PEC) water splitting
process.l!”2l CZTS is considered a potential candidate for PEC water splitting application because
of its earth abundant, low cost and non-toxic constituents.”®! Oxide semiconductors such as TiO
4l and ZnO ! have been proven to be stable in electrolyte but show poor absorption due to their
large band gap. Semiconductors with a narrow band gap such as CuxO o] W03 " BivO, 8 and
a-Fe>03 P were also studied, and in this case, chemical instability, low electron conductivity and
high photogenerated carrier recombination limit the PEC performance. ' Among numerous
photoelectrodes, the heterostructure photoelectrode emerged as a promising approach to harvest a

significant portion of the solar spectrum in addition to generating sufficient photovoltage. [

CZTS is a p-type semiconductor with suitable opto-electronic properties (absorption coefficient ~
o > 10*cm™, band gap ~1.4-1.5 eV) and can be used as a photocathode in PEC water splitting for
hydrogen evolution because it can straddle the water oxidation/reduction potential ~1.23 eV !
The PEC performance of CZTS depends on the buffer layer (CdS), because CdS over CZTS forms
a p-n junction which will facilitate the faster separation of photo-induced e/h* pairs by the built-

in electric field of the junction.!*!

Sn is volatile during the high temperature sulphurization process of CZTS (=2400°C), resulting in
the parallel growth of secondary phases such as SnS and SnS,. ¥ The presence of SnS on the
CZTS surface will form an unfavorable band alignment with CdS unlike CZTS, whereas the

presence of SnS> will form a secondary diode as CZTS-SnS,. [13-16]

The optimum band gap for solar water splitting is considered to be ~1.9 eV as determined by the
energy needed to reduce water (~1.23 eV), plus the thermodynamics loss (~0.4 ¢V) and over
potential required for fast reaction kinetics (~0.3-0.4 eV).1'7-!8 The kesterite structure provides an
opportunity to tune the band gap by substituting or replacing the constituent element in the
structure.!'® In a recent study, the Cu»ZnSiSs structure was formed by replacing Sn by Si in CZTS,
resulting in a higher band gap ~2.71 eV '], however, higher than the optimum band gap required

for PEC water splitting reaction ~1.9 eV.



Band bending occurs in the CZTS grain boundaries with respect to the grains. It is considered to
be of a benign character due to presence of a nanoscale electric field at the grain boundary regions
facilitating charge carrier separation, where upward band bending was observed to be better than

downward band bending in improving the photovoltaic efficiency of kesterite solar cells. 192!

Ge and Si alloying in the kesterite structure is a promising approach to increase the band gap and
to suppress Sn associated secondary phases. 211 Among all these studies, very few are based on
Si substitution compared to the Ge counterpart. In order to understand the role of Si substitution
in CZTS for PEC water splitting applications, we first studied the electronic band structure of
Cu2Zn(Sn;xSix)S4 (where x = 0, 0.50, and 1) by first-principle calculations to tune the band gap.
We then prepared thin film samples of Si substituted CZTS using rf-magnetron sputtering
technique, and analyzed their structure, stoichiometry, surface morphology, surface phases and
optoelectronic properties. PEC water splitting measurements were performed to investigate the

influence of Si substitution on the photocurrent in the CZTS.

2. Experimental Section

2.1 Computational details

The calculations based on first principle methods were performed using density functional theory
(DFT) as implemented in the plane wave based VASP package with PAW potentials.!?6-28 The
lattice constants and atomic positions were fully relaxed by Perdew-Burke-Ernzerhof (PBE)
potential.®! However, the band gap calculations were performed using the Heyd-Scuseria-
Ernzerhof (HSE06) screened hybrid functional with 25% Fock exchange and a standard range
separation parameter @ = (.2 to decompose the Coulomb kernel.*®! An energy cutoff of 400 eV
and a I-centred homogenous k-point mesh (4x4x4) were employed in all the cases. We model the
kesterite crystalline structure of CZTS with space group S (I4 : space group no. 82) for
calculations. To model the alloy structures, Sn was substituted (Wyckoff positions 2b) with Si and
the structure was relaxed as per standard computational procedure. [*132! All the calculations were

performed for 16 atom cells.



2.2 Experimental details

Thin film synthesis: Kesterite thin film samples were prepared using a magnetron sputtering
technique followed by a sulphurization process. Metal targets of Cu, Zn, and Sn were used as a
precursor to depositing a CZT layer of thickness ~540 nm by the co-sputtering process. The Si
substitution was performed by depositing a thin film of Si over the CZT layer using sputtering
method at RF power ~70W for 5 minutes while the other sputtering conditions were kept identical
to that of the CZT layer. This is the optimal time to maintain stoichiometric composition ratios for
the kesterite phase. Both pure CZT and Si-substituted CZT were sulphurized at ~520°C for 5
minutes using a closed graphite box containing sulphur powder (~120 mg) at 400 Torr Ar gas
pressure. Two samples of pristine CZTS and CZTSiS were prepared using this process. Further, a
thin CdS buffer layer was prepared on Mo/CZTS and Mo/CZTSiS thin film samples by using the
chemical bath deposition method.**! The deposition of CdS film was carried out for about 24
minutes to achieve a thickness of 60-70 nm.** Further, a ZnO thin film (thickness ~ 50 nm) was
deposited on the Mo/CZTS(CZTSiS)/CdS samples by magnetron sputtering to enhance the

stability of the photocathode material in the PEC water splitting applications.™>!

Characterization: The structural analysis was carried out using X-ray diffraction (Cu Ko, Philips
X’pert PRO-PW) and micro-Raman spectroscopy (Renishaw invia confocal Raman microscope,
laser~532 nm, and 633 nm). Scanning electron microscopy (SEM) and energy dispersive X-ray
measurements on SEM (SEM-EDX) were performed to study the surface structure and
stoichiometry of the kesterite samples. The surface analysis was carried out using X-ray
photoelectron spectroscopy (XPS; PerkinElmer PHI 5000 C ESCA system source, monochromatic
Al Ka) to study the chemical states and valence band position in the samples. XPS spectra binding
energies were corrected using the Cls standard peak at 284.6 eV.*®! The deconvolution and peak
fitting were carried out using the software ‘XPSPEAK41’. The FWHM is kept constant during the
peak fitting for each of the doublets of a core spectrum.*®! Low magnification transmission
electron microscopy (TEM) images and scanning transmission electron microscopy based EDX
(STEM-EDX) were performed using a Thermo Fisher Osiris microscope operated at 200kV
equipped with a Super-X detector. The specimen for the TEM study was prepared using the
focused ion beam (FIB) technique, on a gold support. Kelvin probe force microscopy (KPFM)
measurements (Bruker’s Dimension ICON Atomic Force Microscopy with Pt/Ir coated cantilever

tip) were carried out to study the effect of Si-doping on the work function of the samples. The
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KPFM tip was calibrated by using the work function and measured surface potential (S.P.) of the
HOPG sample. The relation between the work function of the tip and the HOPG is given
as, Fyopg = Frip — €. Vepp, Where, @uorg ~4.8 €V and S.P. of the HOPG is observed to be ~25
mV.1%% Hence the work function of the KPFM tip is ~ 4.83 eV. The KPFM data is analyzed using
WSxM 4.0 8.4 software. The photoelectrochemical water splitting measurements were performed
in sodium sulphate Na;SO4 (0.5M) electrolyte (pH=6.5) by using a three-electrode PEC cell. The
PEC cell consists of Teflon with a quartz window having a working electrode, a Pt counter
electrode, and an Ag/AgCl reference electrode. The working electrode is the kesterite thin film
with active area ~1 cm? which is illuminated by a xenon lamp with intensity 100 mW/cm?. I-V
measurements were performed versus Ag/AgCl by using a potentiostat (Autolab, Netherlands),
under dark and illumination conditions in the potential range of -1.0 to +1.0 V with a scan rate of
20 mV/s. Mott-Schottky (Capacitance vs potential) measurements were performed in the PEC cell
at frequency ~10kHz under dark condition in the potential range of -1.0 to +1.0 V, whereas the
EIS measurements are performed under light conditions. The potential conversion from Ag/AgCl

to reduced hydrogen electrode (RHE) were carried out using the Nernst equation,
ERHE = EAg/AgCl + O-Osng + E,fl)g/AgCl (1)

where E Xg /agct 1s the potential of the reference electrode ~0.1976 V at 25°C and pH indicates the

pH value of the electrolyte.

3. Results and discussion

Primarily electronic band structure properties were explored by first-principle calculations. Table-
I shows the calculated lattice constants (a and c), and band gap energies (Eg) of Cu2ZnSnSy,
Cu2ZnSno5Si0.554 and Cu2ZnSiS4. The calculated lattice parameters agree well with previously
reported data. *”! Due to the small atomic covalent radius of Si (1.10 A) compared to Sn (1.45 A)

the lattice constants of Cu2ZnSiS4 are smaller than those of Cu;ZnSnSs.



Table I. Lattice parameters (a, ¢) and band gap energies (Eg) of CuzZnSnS4, CuzZnSno.5Sio.5S4 and

Cu»ZnSiSs. Values between brackets are literature values 2[24], °[25].

Compound alA] c [A] E; [eV]
CuZnSnSy 5.441 (5.445)* 10.864 (10.858)* 1.45 (1.26)%, (1.48)°
CuzZnSno.5510.554 5.371 (5.372)* 10.637 (10.635)* 1.85, (1.87)*
CuZnSiS4 5.304 (5.307)* 10.364 (10.362)* 3.05 (3.03)%, (3.02)°

Our calculations yield a band gap of 1.45, 1.85 and 3.05 eV for Cu2ZnSnS4, Cu2ZnSno.5Si0.5S4 and
Cu2ZnSiS4, respectively. The calculated band gap values with HSEO6 functional agree well with
available literature. ** 371 The increase in the band gap can be inferred from the density of states
plots. Figure 1 shows the calculated total density of states (DOS) for all three structures. One can
see that the conduction band minimum (CBM) of the kesterite material is shifted towards the
higher energy on the incorporation of Si in the structure [Figure. 1(b)]. The CBM is dominated by
hybridization of the S-p and Sn-s orbitals, similarly the valence band maximum (VBM) is
dominated by the Cu-3d and S-p hybridization. *® Therefore, the increase in the band gap of the
material can be attributed to the modification in the density of states near the CBM where changes
occur in the chemical environment (from Sn to Si). This is because, in CZTS, the lowest
conduction band is separated from the higher energy bands and can therefore be more localized in
energy. *® Due to this localized conduction band in CZTS, it was expected that the energy position
of the Sn-s and S-p DOS peak can be varied in energy by alloying on the Sn-site with other group-
IV elements, like for instance Si or Ge. Thereby, the band-gap energy can be tailored by cation
alloying for an optimized energy gap. Overall, hybrid functional (HSE06) based DFT calculations
predict the increase in the band gap of kesterite CZTS with increasing Si concentration on the Sn

site.
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Figure. 1 Calculated density of states for (a) Cu2ZnSnS4, (b) Cu2ZnSno5Si0.554 and (c)

Cu2ZnSiSs4.

Table II. Composition analysis of the thin film samples by EDX measurements.

Atomic %
Samples : Cu/(Sn+Si) Si/(Sn+Si) Zn/(Sn+Si) Cu/(Zn+Sn+Si)
Cu Zn Sn Si
CZTS 494 30.2 205 0 2.41 0 1.47 0.97
CZTSiS  44.1 26 19.5 11.1 1.44 0.36 0.85 0.78

Compositional analysis of the kesterite samples was carried out by using SEM-EDX (Table II).
The Si substitution in the CZTSiS sample causes a decrease in the relative concentration of Cu,
Zn, and Sn with respect to that of CZTS sample. The composition ratios in the CZTS are
Cu/[Zn+Sn]~0.97, Zn/Sn~1.47, whereas in CZTSiS are Cu/[Zn+Sn+Si]~0.78, Zn/[Sn+Si]~0.85
(Table II).**! Since the Si is added in the CZTS without changing the concentrations of other
cations [Cu, Zn, Sn], stoichiometry ratio was decreased. Therefore, the alloying and distribution
of Si in the kesterite thin film will be more important rather than its optimum concentration with
respect to stoichiometry ratio. The SEM Micrographs (Figure. 2) revealed a variation in surface
structure in both the CZTS and CZTSiS samples. The surface of the CZTSiS thin film [Figure. 2

(c-d)] is dominated by grains of elongated shape (sizes~500 nm-3 pm) in comparison to that of the



CZTS thin film. These elongated particles emerged due to Si substitution in the kesterite sample.
Such kind of grains were also observed by Hamdi et al. for CuxZn(Sn,Si)S4.1*! The effect of Si-
doping on the bulk structural properties was studied by XRD and Raman analysis. The XRD
spectra [Figure. 3 (a)] recorded on both samples agree with the kesterite phase (JCPDS no. 26-
0575). Since the Si-content [Si/(Sn+Si)~0.36] in the CZTSiS sample is lower than 0.5, Cu2ZnSn.Si;-
54 phase will crystallize in CZTS type structure and will represent identical XRD reflections as
that of CZTS sample [Figure 3 (a)].*! DFT calculations show apparent lattice constant reduction
of CZTS (a=5.4414, c=10.864 A) to CZTSiS (a=5.3714, c=10.637 A) but experimentally cell
parameters will not undergo significant change in the Cu2ZnSnxSi1-xSs if Si-concentration is
Si/(Sn+Si) <0.8 in the sample, as suggested by Hamdi et al.[>>' There were no peaks of any
secondary phases. The bulk structure cannot be distinguished by XRD analysis because both CZTS

and Cu,ZnSiS4 have a similar tetragonal structure.!!!

Identification of secondary phases by Raman
spectra under different excitation wavelengths is considered to be a powerful tool due to the
variations in the vibrational displacements which are imposed by the symmetry of the lattice.!!- 3]
In both the samples, the Raman spectra (~532 nm excitation laser) [Figure. 3 (b)] show peaks at
286 cm™!' and 337 cm™, while spectra with ~633 nm excitation wavelength [Figure. 3 (c)] show
peaks at 264, 286, 304, 337, and 367 cm™! corresponding to the kesterite phase.!':3°-40 The Raman
shifts observed at 264, 286, 304, 337 cm! belong to A symmetry mode whereas peak at 367 cm™!
corresponds to B symmetry mode of kesterite phase.l'> *4% Since Cu2ZnSiSs and CuzZnSnSy
phases show identical Raman shifts at 264, 286, 304, and 337 em’!, CuzZnSn,Si1.«S4 phase could

not be distinguished from CZTS.*"! However, no sulphide phase was detected other than primary

kesterite phase by Raman analysis, confirming the single kesterite phase in the samples.

Further, the transmittance spectra were recorded by using UV-visible spectroscopy in order to
study the effect of Si substitution on the optical absorption properties in the samples. The

absorption coefficient [a (cm™)] is calculated as,

a =In(Y/p). 2)

where d is the thickness of the film (~1.4 pm) and T is the transmission.*”! The absorption

coefficient of semiconducting material is related to photon energy (hv) by the following formula,

(ahv) = b (hv — E,)", 3)



where B is the band tailing parameter, Ej; is the band gap energy and n is a power factor depending

on the type of optical transitions (1/2 for direct band gap, 0 and 2 for indirect band gap

semiconductor materials).[**!

In the present case, we use n=1/2 as CZTS is a direct band gap semiconductor.*?! The band gap
calculated by Tauc plots is 1.44 and 1.47 eV, for samples CZTS and CZTSiS, respectively [Figure.
3 (d)]. The transmission edge shifts towards lower wavelength on Si substitution in the CZTS
sample which indicates an increase in the band gap of the sample CZTSiS [Inset of Figure. 3 (d)].
The increase in band gap is relevant with the theoretical results as shown in Figure. 1(b). In order
to investigate the distribution of Si across the kesterite thin film, cross-sectional TEM
measurements were performed. The quantification of the compositions across the cross-sectional
lamella of the CZTSiS sample was carried out using STEM-EDX, and the corresponding mixed

and individual elemental maps are shown in Figure 4.

Figure. 2 SEM micrographs for samples (a-b) CZTS and (c-d) CZTSiS.
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Figure. 3 (a) XRD spectra, and Raman spectra at (b) 532 nm, (c) 633 nm laser excitation sources,
(d) Tauc plots of kesterite thin film samples. Inset in figure (d) shows the transmission spectra

of the samples, CZTS and CZTSiS.
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Figure. 4 Left to Right: (a) HAADF image of the cross-sectional lamella of the CZTSiS sample,
(b) mixed cation map {Si, Cu, Sn, Zn}, (c-d) cation-anion maps ({S, Cu}, {S, Sn, Zn}), and (e-
J) individual elemental maps of the elements O/Cu/Zn/Sn/S1/S. All maps are given in atomic

percentage.

The STEM-EDX study showed that the kesterite absorber layer consists of two layers, indicated
as L1 (~380 + 80 nm) and L2 (~900 £+ 50 nm). For both layers, the main phase corresponds to the
kesterite phase CZTS, but without Si. The Si is segregated to the interface between these two layers
and forms a SiO2 layer with a thickness of ~30 + 10 nm. Further, the cation-anion maps {S, Cu}
and {S, Sn, Zn} reveal the presence of nanoscale secondary phases (Figure. 4). The {Cu, S} map
indicates the presence of bright red contrast in the shape of nanoparticles which can be seen in

layers L1 and L2 and are attributed to CuxS (x=~ 2). The bright green contrast in the {S, Sn, Zn}
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map near the top of layer L1 indicates the presence of ZnS. Comparing the {S, Sn, Zn} and O map
shows the formation of SnOx (x = 2) particles, which were only present in L2. Between these two
layers and the Mo layer of the thin film, there is an additional third layer (L.3), which only consists
of CuxS particles and partially overlap with the Mo layer. The growth of nanoscale secondary
phases can be attributed to the small area of the kesterite phase in the phase diagram.*}! Whereas
SEM-EDX analysis provides the average composition ratio over all the phases presenting in the
CZTSiS thin film, STEM-EDX mapping identified the location of different phases across the
cross-section. Although XRD and Raman analysis indicate the presence of pure kesterite phase in
the sample CZTSiS, there are nanoscale secondary phases across the cross-section of the thin film.
Moreover, the Si substitution is not alloying in the bulk of the CZTSiS thin film, as observed in
the TEM investigations. However, SEM analysis has shown that Si-doping significantly modifies
the surface morphology of the sample CZTSiS which was further investigated by XPS

measurements.
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Figure. 5 XPS core-level spectra of (a) Cu2p, (b) Zn2p, (c) Sn3d, (d) Si2p, (e) S2p, and (f)
Valence band of CZTS and CZTSiS.
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XPS measurements were performed to study the chemical and compositional analysis on the
surface of the kesterite thin films. The core-level spectra of the Cu, Zn, Sn, Si, and S are shown in
Figure 5. The spin-orbit energy splitting (AE) is the difference of binding energies of the doublet
for the core-spectrum with spin s= +1/2 in an element.[**! The Cu2ps/. state in the CZTS sample
was observed at binding energy ~929.4 eV with AE ~19.8 eV [Figure. 5 (a), lower figure]. The
Cu2pss2 core level in the sample CZTSiS shows two states corresponding to binding energies,
930.6 and 932.6 eV with AE ~19.8 and 19.9 eV, respectively [Figure. 5(a), upper figure]. The
Cu2p peaks observed at binding energies, 929.4, 930.6 and, 932.6 eV can be assigned for Cu(I)
state in both samples as the peak owing to Cu(Il) state at binding energy ~934 eV is completely
absent in the Cu2p core-level spectrum.*-*¢! In general, Cu,S and CZTS both are found in Cu(I)
state but CuxS was detected neither in the Raman spectra nor in the XRD, thus Cu(]) state solely
presents in the lattice of kesterite phase on the surface of thin film samples [Figure. 5 (a)]. Core-
level spectra of Zn2p show 2ps32 states at binding energies ~1019.1 eV and 1019.3 eV for samples
CZTS and CZTSiS, respectively with AE ~22.9 eV which can be attributed to Zn(II) state in the
samples [Figure. 5 (b)].1454¢! As Zn(II) state is found in the CZTS as well as in the ZnS, thus these
two phases cannot be distinguished by XPS interpretation, and according to the TEM analysis,
ZnS is indeed present along with the kesterite phase near the surface. Sn3d states were observed
at binding energies Sn3ds2 ~485.3 and 485.5 eV, with AE ~8.4 eV, for samples CZTS and CZTSiS,
respectively, which can be assigned to Sn(IV) state [Figure. 5 (c)].[***¢! The Si2p peak was
observed at 2ps3» ~103.9 eV with AE ~0.9 eV in the sample CZTSiS [Figure. 5 (d)]. The Si2p
doublet at binding energies 103.9 and 104.8 eV can be assigned to the Si(IV) state in the Si-doped
kesterite sample, whereas it is completely absent in the CZTS sample .'”) Moreover, the core-
spectrum for S2p state was found at binding energy 2ps3» ~159.9 eV with AE ~1.3 eV for the
sample CZTS, while it was observed at 160.1 eV with AE ~1.4 eV for the sample CZTSiS [Figure.
5 (e)]. The S2p doublets (159.9/161.2 eV) and (160.1/161.5 eV) can be assigned to the S(II') state
in the samples CZTS and CZTSiS, respectively.[*>**6! The S2p state was observed to shift towards
higher binding energy in case of Si-doped CZTS sample, which may be due to the Si-S bonding
in the CZTSiS structure.!*>*% Since the sample CZTS is without Si concentration, the peak
corresponding to Si2p was not observed in the spectrum. The XPS analysis confirms the formation
of Cu*, Zn?*, Sn**, Si** and S? species on the surface of the CZTSiS sample. As there is a shift in

the Cu2p peaks towards higher binding energy on Si incorporation, the shift can be attributed to
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the formation of Cu2Zn(Sn;xSix)S4 phase in the CZTSiS sample.!'! From XPS measurement, it
can be concluded that the Cu2ZnSn;xSixS4 phase is formed on the surface of Si-doped thin film
sample. Further, a valence band study was carried out to study the shift in Fermi level due to Si
incorporation in the CZTS sample [Figure. 5 (f)]. The Fermi level position of the samples CZTS
and CZTSiS were determined to be ~ 0.12 and 0.37, respectively. The Fermi levels were observed
to significantly shift towards conduction band minima on Si-doping in the kesterite thin films.
Hence, the shift in Fermi levels is in good agreement with the theoretical calculation of density of
states for CuZn(SnxSii-x)S4 [Figure. 1(b)]. XPS core-level and the valence band analysis validate
the kesterite phase in the CZTSiS sample. Therefore, the two kesterite phases, Cu2ZnSnS4 and
Cu2Zn(SnxSi1-x)S4 are present in the CZTSiS thin film sample. Hence, the increase in band gap is
very small because Si incorporation in the CZTS thin films alloy with the top surface only, as
revealed by XPS analysis, whereas the Tauc plot calculate the bandgap for the whole thickness of

the sample.
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Further, the effect of Si substitution on the surface electrical properties was investigated by KPFM
measurements (Figure. 6). In Figure 6, the morphology and surface potential images are shown for

CZTS and CZTSiS, samples. The work function of a sample is calculated by using the relation,
FSample = Ftip t+e. (S.P.) (3)

where ®sampie and Dyip are the work functions of the sample and KPFM tip, respectively.*®! The
positive and negative signs indicate the bias is applied to the sample and tip, respectively. The bias
voltage was applied on the tip in case of CZTS whereas it was applied to the sample for CZTSiS.
However, altering the bias voltage does not affect the final values of the work function for any
kind of samples. Figure 6 (c, f) shows the line profiles for CZTS and CZTSiS, which indicate the
band bending on grain boundaries to grain. The work function varies from grain to grain
boundaries in the typical range of ~5.03-5.07 eV and 4.23-4.27 eV for samples CZTS and CZTSiS,
respectively [Figure. 6 (c, f)]. To understand the behavior of band bending, we have selected a
region from one grain to another grain in the Figure. 6 (c, f)], as highlighted by light blue color.
By using the values of the bandgap, work function, and Fermi energy, the energy band diagram of
the material can be proposed. A schematic of the energy band diagram and band bending of the

CZTS, CZTSiS samples are given in figure 7.

CZTSiS shows a higher work function at the grain boundaries than the grains, which indicates
upward band bending, while CZTS shows a lower work-function at the grain boundaries than the
grains, which indicates downward band bending (Figure. 7). The downward band bending at grain
boundaries attracts electrons and repels holes while it will show reverse behavior for the charge
carriers in the CZTSiS grain boundaries as can be seen by the schematic of band bending in Figure
7. Two consecutive grain boundaries are at a distance ~ 790 nm in CZTS, ~450 nm in CZTSiS,
approximately as highlighted by a rectangle in figure 6 (c, f). Although the width of the grain
boundaries reduces from CZTS to CZTSiS, the potential difference between grain and grain
boundaries has the same value (~40 mV). Therefore, the Si-substitution not only inverts the band
bending but also makes the grain boundaries channel more confined which effectively traps the
photogenerated holes and reduces the recombination process in the kesterite sample. Moreover,
the upward band bending at the grain boundaries with respect to the grain is considered to have
better photovoltaic efficiency than the downward bending at the grain boundaries which can also

play a crucial role in the improvement of the hydrogen evolution of the photocathode.!?"!
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Figure. 7 Energy band diagrams of (a) CZTS, (b) CZTSiS. Below the energy band diagrams

showing band bending at grain boundaries (G.B.) with respect to grain.
The work function and Fermi level are crucial parameters for any absorber material used to
fabricate heterostructure PEC devices because the band alignment and band bending are explained
by these parameters. !”! Further, the prepared heterostructure devices were tested for PEC water
splitting applications. Figure 8(a) shows cross-sectional FESEM image of CZTSiS/CdS/ZnO
sample confirming the formation of heterostructure photocathode. Figure 8(b) shows the
photocurrent  density-potential curves of the CZTS, CZTSiS, CZTS/CdS/ZnO, and
CZTSiS/CdS/ZnO samples. All the photocathode samples provide a cathodic photocurrent
behaviour revealing p-type semiconducting properties of the absorber material. The bare CZTS
thin film sample shows the photocurrent density ~1.96 mAcm™ at -0.40 Vgue and it is improved
to ~2.53 mAcmat -0.40 Vrue in the case of CZTSiS sample. In dual absorber system, lower band
gap CZTS allows the absorption of even those photons which are otherwise not absorbed in the
higher band gap material, providing additional photovoltage to facilitate PEC water splitting
process.[*”! However, the minor improvement in the photocurrent density in the CZTSIiS is because

Cu2Zn(Sn;xSix)S4 formed only on the surface of the sample. To improve the water-splitting
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activity, a thin layer of n-type CdS buffer layer was coated over the kesterite thin film to form a p-

n junction.34
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Figure. 8 (a) Cross-sectional image of CZTSiS/CdS/ZnO sample (Figure 1S), (b) Current
density-potential curve, (¢) Nyquist plots, and (d) Mott-Schottky plots of the CZTS, CZTSiS,
CZTS/CdS/Zn0O, and CZTSiS/CdS/ZnO photocathode samples in a sodium sulphate aqueous
solution (pH= 6.5).

The thickness of the CdS layer can be controlled by optimizing the chemical bath deposition
reaction time because it significantly influences the heterostructure device performance.**! CdS
thin film directly exposed to electrolyte faces severe photocorrosion.!*¥! A thin ZnO layer can
provide chemical stability in the heterostructure photoelectrode.*3*"! A thin layer of ZnO (60-70
nm) was prepared by magnetron sputtering over the buffer layer in the kesterite thin film samples.
The zinc-oxide layer acts as a protecting layer and blocks the shunt path across the Mo-back
contact and electrolyte in kesterite-CdS photocathode samples. Furthermore, ZnO is considered
favorable for water reduction process, which allows the flow of electrons from CdS towards
semiconductor-electrolyte interface and reverse flow of holes enhancing the hydrogen evolution

performance. [**! The p-n junction creates built-in potential across the junction due to equilibrium
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of the Fermi levels in the depletion width. The depletion width induces sharp potential step across
the band bending, facilitating the charge carrier separation and shifting the onset potential towards
the anodic side.®*!! In Figure 8(a), PEC properties of the heterostructure kesterite samples have
also been measured under similar experimental conditions. The improvement in the photocurrent
density was achieved by deposition of the buffer layer (CdS), followed by the protecting layer
(ZnO). The photocurrent density of the CZTS/CdS/ZnO electrode was 3.75 mA.cm™ at -0.40 VruE
which is 1.9 times higher than that of pristine CZTS sample. The photocurrent density of the
CZTSiS/CdS/ZnO reached 5.41 mAcm™ at -0.40 Vryg, which is 2.8 and 2.1 times higher than that
of pure CZTS and CZTSiS, respectively. Two depletion regions (kesterite layer/CdS and
electrode-electrolyte interface) present in the heterostructure samples allow the formation of
photogenerated e-h* pairs within the photoelectrode and near the surface.® It can be noticed that
Si-doped samples show improved photocurrent density in both kinds of samples, pristine and
heterostructure photocathodes. Enhancement in the PEC performance in Si-doped samples can be
attributed to the steep band bending at grain boundaries of the absorber in contrast to that of CZTS
(Figure. 7). The sharp potential difference at grain boundaries with respect to the grains in the
CZTSiS sample induces faster carrier separation near the grain boundaries and effectively reduces
the recombination of photogenerated charge carriers. [°°! Moreover, the upward band bending at
the grain boundaries of the CZTSiS in contrast to CZTS is considered to be of a benign character

for improved photovoltaic efficiency. *"!

The interfacial electron transfer kinetics of photogenerated charge carriers was also studied using
EIS measurements.'>* Figure 8 (c) shows the Nyquist plots of all the four samples, CZTS, CZTSiS,
CZTS/CdS/ZnO, and CZTSiS/CdS/Zn0O. Although the arc radius of CZTSiS photocathodes is
higher than that of pristine CZTS photocathodes, it decreases for the samples coated with CdS/ZnO
layers. Since the smaller radius of the Nyquist plot indicates lower resistance for the electron
transfer at the electrode-electrolyte interface, the buffer layer and protecting layer enhance the
transport of the photo-generated charge carriers from the electrode to electrolyte.>¥ Therefore,
from EIS measurement, it is observed that kinetics of charge transfer improved in the CdS/ZnO
coated CZTS and CZTSiS samples. Further, the flat band potential of semiconductor is considered
to be a crucial physical parameter in order to understand the transition of charge carriers at the
photoelectrode-electrolyte interface. Therefore, capacitance-voltage (C-V) measurements were

carried out under dark condition at the fixed frequency of ~10 kHz. The potential was scanned
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from -1.0V to 1.0V (Ag/AgCl) which is further converted in RHE by using equation (1). Then
space-charge capacitance at the semiconductor/electrolyte interface varies with the applied

potential according to the Mott- Schottky equation:

1

2
=

qegoesA%Ng

)(Vapp - Vfb - l;_T) (4)

where, C, Ny, q, €0, €&, A, Vapp, Vv, k,and T are space-charge capacitance (F), donor density (cm
3), electronic charge (1.6x10'°C), vacuum permittivity (8.854x10'> Fm™), relative permittivity of
semiconductor, active photoelectrode area (cm?), applied bias voltage (V), flat band potential (V),
Boltzmann constant (1.38x102 J.K'!), and T is the temperature (298 K).!*?! Mott-Schottky curves
of all the samples are shown in Figure. 8 (d) indicating the negative slopes, which are in good
agreement with the p-type nature of the photocathode absorber.>?! In the case of non-linear M-S
plot, the linear portion of the curve can be fitted (over potential range AV> 200 mV), which is

induced from the dominating bulk built in potential or bulk electrode-electrolyte interface
. . . 1 . .
potential.l®> 3433 The linear region extrapolated to = 0 provides the correct flat band potential

value.’> 3*3! The flat band potentials of the samples, CZTS, CZTSiS, CZTS/CdS/Zn0O, and
CZTSiS/CdS/ZnO are found as 0.43V, 0.43V, 0.53V, and 1.31 V, respectively [Figure. 8 (d)]. The
similar flat band potential values were observed for CZTS, and CZTSiS photocathodes, which can
be due to the presence of bulk CZTS phase in both the samples. However, the flat band potential
of heterostructure photocathode sample CZTS1S/CdS/ZnO significantly increased in comparison
to that of CZTS/CdS/ZnO sample because the surface modification and grain boundaries band
bending critically affects the photovoltaic performance in the CZTS (CZTSiS)/CdS based junction
devices.!*"! The shifting of the flat band potential towards the higher potential side can be attributed
to the modification in the electronic structure of the photocathode samples. Since the higher flat
band potential facilitates the applied bias induced band bending at the semiconductor-electrolyte
interface, the CZTSiS/CdS/ZnO photocathode induces better charge carrier separation at the
interface.>”) Therefore, Si- substitution in the kesterite samples results in the improvement of
photocurrent density owing to following investigated factors, (i) the higher band gap kesterite
phase on the surface, (ii) steep potential difference between grain and grain boundaries, (iii)

upward band bending, (iv) application of buffer and protecting layers.
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4. Conclusions

The effects of the substitution of Sn by Si atoms on the structural, electronic, optical and electrical
properties of CZTS thin films were investigated computationally, and experimentally. A band gap
rise in Cu2Zn(SnixSix)S4 was observed with increasing Si-concentration in theoretical
calculations. By using a one-step sulphurization process of the precursor thin film (Cu-Zn-Sn)/Si,
Si-alloyed kesterite phase Cu2Zn(Sni«xSix)S4 resulted on the surface of the thin film without
changing the bulk CZTS phase. The bulk phase can be identified by XRD, Raman, and TEM
analysis but the surface modification was revealed by XPS and KPFM investigations where band
alignment parameters and grain boundary electrical properties were significantly changed. Further,
CZTSiS photocathode with CdS/ZnO coating significantly enhances the photocurrent and bias
assisted band bending at the electrode-electrolyte interface compared to pristine CZTS. The dual
absorber system Cu2ZnSnS4 - Cu2ZnSnxSi1-xS4 in the material CZTSiS provides improved photon
absorption, which can significantly improve the performance of water splitting and photovoltaic
devices. Moreover, the band gap for pure Cu2ZnSnxSii-xS4 phase is 1.86 eV which is considered

to be optimum energy gap for water splitting process.
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