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1 Introduction

Nanostructured SnS with Inherent Anisotropic Optical
Properties for High Photoactivity’

Malkeshkumar Patel,**?* Arvind Chavda,? Indrajit Mukhopadhyay,* Joondong Kim,? and
Abhijit Ray*@

In view of the worldwide energy challenge in the 21% century, the technology of semiconductor-
based photoelectrochemical (PEC) water splitting has received considerable attention as an alter-
native approach for solar energy harvesting and storage. Two-dimensional (2D) structures such
as nanosheets have the potential to tap the solar energy by locking the functional properties at
nanoscale. Tin (I} sulfide is a fascinating solar energy material due to its anisotropic material
properties. In this manuscript, we report exploiting the 2D structure modulated optical properties
of nanocrystalline SnS thin films synthesis by chemical spray pyrolysis using ambient transport
in the harvesting of solar energy. We obtained the nanostructured SnS with well preserved di-
mensions and morphology with one step processing. The work demonstrates that the intrinsically
ordered SnS nanostructure on FTO coated glass can tap the incident radiation using in an effi-
cient manner. The structure-property relationship to explain the photo-response in nano-SnS is
verified experimentally and theoretically. The novel design scheme for antireflection coating along
with the anisotropic properties of SnS is conceived for realizing a PEC cell. The developed PEC
cell consists of SnS photoanode shows considerably high photocurrent density of 7 mA cm~2 with
aqueous media under AM 1.5G, 100 mW cm~2 exposure with notably stable operation. Electro-
chemical impedance spectroscopy revealed that a non-ideal capacitive behavior as well as drift
assisted transport across the solid-state interface is responsible for such a high photo-current
density in the nano-SnS photoanode.

reagrd.® Among the layered chalcogenide, tin monosulfide (SnS)

Sunlight could be the sole source of our future energy use, if the
efficient and economical systems using earth abundant materi-
als could be conceived for the energy conversion. Solar energy,
for example can be converted into electricity and chemical fu-
els for the utilization and storage of energy. However, scientific
challenges involved with this process include schemes to capture,
convert, and store the energy. Solar energy conversion is of par-
ticular interest owing to the abundance of the source. =2 Nanos-
tructures of earth abundant materials have an immense poten-
tial in unlocking their functional properties.*> Two dimensional
functional nanomaterials have received special attention in this
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is a promising earth abundant solar energy harvester due to the
direct optical band gap of 1.4 eV with very high absorption co-
efficient”? over the 5 x 10* cm~!. SnS shows intrinsic p-type
conductivity. However, its conductivity type can be modified by
changing the Sn/S ratio. Ab-initio studies have shown that the
Sn vacancies act as shallow acceptors, giving rise to a p-type con-
ductivity, whereas the Sn on S antisites act as donor defects. Re-
cently, high quality SnS monolayer has exhibited the n-type con-
ductivity.” The homojunction solid state device fabricated from
SnS material may avail the wireless water splitting due to excep-
tional accepter and donor doping possibility. 1911 The orthorhom-
bic layered structure of SnS composed of weakly interacting lay-
ers held together by van der Walls interactions, where each Sn
and S atoms are tightly bound by chemical bonds with 100% ex-
posed surface atoms (see Figure S1, Supplementary Information
(SI)). Moreover, no surplus charge is present on the chemically
stable surfaces of SnS monolayer.”>'? SnS promotes fast separa-
tion efficiency of photogenerated electrons and holes because of
its high mobility of 2.37 x 10* cm?/V s and 7.35 x 10* cm?/V
s, respectively. 1® The recent experiment and theory suggest that
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a-SnS single crystal contains anisotropic electrical, optical and
transport properties. 115

In spite of highly functional material properties of layered
SnS, their applications have been less explored, such as in
photovoltaic cell,® photoelectrochemical cell,” batteries, 16:17 su-
percapacitors, 18-20 2122 5olid state devices,23-25
field emission electrode.2® A certified power conversion effi-
ciency of 4.36% has been reported for substrate configured
Mo/SnS/Sn0,/7Zn(0,S)/Zn0O/ITO solar cell device, where 400
nm thin SnS was deposited by atomic layer deposition.® How-
ever, the simplest atomic layer thin monolayer SnS electrode have
exhibited power conversion efficiency of 3.32% with photocur-
rent density of 5.27 mA cm~? for photoelectrochemical device
for water splitting application with excellent stability.” SnS is
stable in the presence of water and oxygen in the atmosphere ,
where it is found as natural mineral, Herzenbergite.”-8 Hence,
SnS has better prospects for long-term stability in aqueous elec-
trolyte with anodic operation.” The SnS materials also enjoy the
advantage of fabricating good quality thin films by nonvacuum
processes. 7-27-29

Sensors, and

In this work, we have exploited the advantage of producing
nanostructured SnS thin films by chemical spray pyrolysis where
its structure could be well controlled from the precursor level that
eventually have proved its potential as an efficient photoelec-
trode in the PEC cell. The self sustained nanostructure growth
during the deposition process has been identified responsible for
the functionality governed by the anisotropic optical properties
for solar energy harvesting. A comprehensive, structural, physi-
cal, optical and electrical properties of the developed nanostruc-
tured «-SnS has been studied experimentally and interrelated
with theory using first principle calculation. The optimally or-
ganized nanostructured SnS photoanode have exhibited a high
photoactivity by delivering a high photocurrent density of 7 mA
cm~2 with stable operation in the aqueous electrolyte. The results
are compared with reported literatures in following discussion.
The design scheme for the optimal thickness and orientation of
anisotropic optical layers of a-SnS is presented in detail from the
obtained quantitative measurements.

2 Experimental

2.1 Synthesis and deposition of nanostructured SnS thin
films

Nanostructured SnS were synthesized and deposited by the chem-
ical spray pyrolysis of aqueous solution of SnCl,-2H,0 (SC) and
thiourea (TU) on microscopic glass (15 mm x 50 mm) and
F:SnO, (FTO) coated glass (15 mm x 50 mm, thickness 2.2 mm
and of sheet resistance 15 Q/square) as substrates. The con-
centration of SC and TU was maintained at 0.05M and 0.037M
throughout the present study, respectively. We added 0.55-0.65
ml of HCl (35-38% LR, S D Fine Chem. Ltd.) to enhance the
solubility of SC. All chemicals and substrates were procured from
Sigma-Aldrich and used without any further purification other-
wise it is mentioned. The pyrolysis temperature 375+10 °C was
maintained for all the cases. The solution was transported to the
spray nozzle using a syringe pusher and sprayed on the four step
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(dilute HCI, NaOH, DI water and Acetone) ultrasonically cleaned
substrate at a flow rate of 1 ml min~' for a duration of 3 minutes.
Three to eight cycles of spray pyrolysis were carried out to obtain
different thicknesses (50-500 nm). Ambient compressed air was
used as the carrier gas at a pressure of 1.5 kg cm~2. By control-
ling the exhaust fan the laminar flow of the nebulized precursor
solution was achieved for the uniform deposition condition. The
nozzle was scanned over the substrate geometry at the speed of
2 and 20 mm s~ during the spray process in horizontal and ver-
tical directions, respectively. The speed of exhaust fan increased
at 5000 rpm for removal of the decomposed residual gases from
the chamber to avoid the possible chemical reaction and contam-
ination after the pyrolysis process for each cycle. Top view of the
deposited nanostructured SnS thin films are shown in section S1
(SI). After the SnS deposition process, the substrate was naturally
cooled down to 50 °C and then removed from the spray station.
The deposited SnS films appeared to be dark red under daylight
transmission.

2.2 Material characterization

The nanostructured SnS thin films were characterized by X-ray
diffraction (XRD), Field emission scanning electron microscope
(FESEM), Raman spectroscopy, Energy dispersive spectroscopy
(EDS), Atomic force microscope (AFM), UV-visible diffuse re-
flectance spectroscopy (DRS) and Hall measurements. The XRD
patterns were recorded by PANalytical X’Pert Powder diffractome-
ter in the Gonio mode, using Cu-K, radiation, (1.540598 ), with
a step size of 0.05°, and time/step size = 0.5 s/step in the range
of 26 = 10-80° with thin film mode attachment. The planar and
cross sectional morphology were analyzed by FESEM (Zeiss, Ul-
tra 55) with 5 kV accelerating voltage using secondary emission
(SE) detector at 10 mm of working distance. The thickness of all
samples were determined from the cross sectional FESEM mea-
surements. Raman spectroscopy (Micro Raman System, Jobin
Yvon Horibra LABRAM-HR visible (400-1100 nm)) with an ex-
citing wavelength of 480 nm was carried out to check for the
phase purity and presence of any additional phases of tin sulfide.
The surface area was investigated by an Atomic Force Microscopy
(AFM) (AFM, Nanosurf AG). The elemental composition of the
films was determined by energy dispersive spectroscopy (EDS)
attached to the SEM with an accelerating voltage up to 20 kV.
Optical characterization was carried out by a UV-visible diffuse
reflectance spectrophotometer (Shimadzu, UV-2600) by record-
ing the transmission and absorbance spectra of the films in the
range of 320-1400 nm. The electrical properties were studied
by Hall-measurement (Ecopia Corporation, HMS-5000) using Van
der Pauw contact configuration with In contact.

2.3 Photoelectrochemical cell

The photoelectrochemical (PEC) measurements were carried out
in a three electrode cell attached to a potentiostat galvanostat
(CH Instruments, CHI 660D). The nanostructured SnS films de-
posited FTO glass, Pt foil and Ag/AgCl electrode were used as
working, counter and reference electrodes, respectively. To see
the effect of electrolyte on the PEC cell, the aqueous solution of
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0.1M (K4Fe(CN)g) + 0.01M K3Fe(CN)g, and 0.1M Na,S,03 and
0.1M KOH were employed. AAA class solar simulator (Photo Em-
mision Tech Inc., model SS80) with 75 mm x 75 mm field aper-
ture under AM1.5G (100 mW cm™2) were used as light source.
The light intensity was calibrated by the certified standard sili-
con reference cell. For routine testing of photoanode, a white
high power LED (Wenrun,WR- 295 EC150150UW-1000C-9P40)
excited (600 W m~2) at 15.2 V DC with mechanical chopping at
a frequency of 4 Hz was used. The LED source was calibrated
with solar power meter (KUSAM-MECO, KM-SPM-11). A scan
rate of 50 mV s~! with sample interval of 0.1 mV was fixed dur-
ing Linear Sweep Voltammetry (LSV) (scan direction was nega-
tive to positive potential in all cases). The Mott-Schottky analy-
sis (Capacitance-Voltage (C-V) characteristics) of photoelectrodes
were carried out at an AC amplitude of 0.5 mV and frequency
of 1 kHz with sample interval of 0.05 V from reverse to forward
bias scan direction in the DC bias range from -1.0 V to 0.6 V. The
electrochemical impedance spectra (EIS) of the PEC cells were
measured in a potentiostat/galvanostat attached with a frequency
response analysis module. The EIS measurement for the devel-
oped PEC cells was carried out using an AC signal of amplitude
5 mV in the frequency range from 1 Hz to 1 MHz superimposed
by a DC bias of from 0.05 to 0.5 V under actual dark conditions.
The stability study (photo corrosion) was performed in bulk elec-
trolysis mode with coulometry at an applied potential less than
the on-set for 0.1M (K4Fe(CN)¢) + 0.01M K3Fe(CN)¢ electrolyte
with SnS photoathode for 200 s to 2 hr. All the PEC measurements
were performed under physically uninterrupted (no stirring, Ar or
N, bubbling or ultrasonication) environment. All measurements
were performed at room temperature.

3 Results and Discussion

Fig. 1la represents the XRD pattern of the nanostructured SnS
deposited on the FTO coated glass substrate. The SnS mate-
rial was considered to have orthorhombic crystal symmetry with
space groups of Pbnm (62) according to COD-AMSCD 9008785.
The structural parameters derived for the a-SnS are shown in the
Section S2 (SI). The background of the FTO reflection are masked
with recorded background XRD spectra (Figure S2). The struc-
tural and morphological properties of the employed FTO sub-
strate are shown in section S3 (SI). The distinct peak at 26 =
32° suggests that the film contain a crystallographic texture in the
(004) orientation which is dominant. This indicates that majority
of its grains with total calculated exposed area of 52% were paral-
lel to the substrate. As noted by Stevanovic et al. 14 it is equivalent
to the orientation (100) according to the theory. The next dom-
inant facets corresponding to 26 = 31.54° were (111) with area
coverage of 26%. Above results agree well with previous report
of polycrystalline SnS film grown on glass substrates. 14 The room
temperature Raman spectra as shown in Fig. 1b demonstrates
four peaks at 91, 161, 185, and 218 ecm~! which correspond to
one Ag, one B3, (LO) and two A, (LO), modes respectively. It
closely matches with the Raman spectra reported for single crys-
tal SnS.”>16:30.31 1t may be noted that, neither major A, mode
(315 cm™ 1) for SnS,, nor that of Sn,S3 (153 ecm™!) or SnO, (472
ecm™!) were visible in the spectrum. It reveals the phase purity
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of the spray deposited a-SnS, while no impurities, such as SnS,,
Sn,S3 and SnO, were present. 16:30:32 The surface morphology as
seen from the FE-SEM images taken at different magnifications,
is shown in Fig. 1c. Low magnification image shows that the film
was uniform and defect free. Higher magnification images reveal
the formation of randomly oriented slightly vertical petal-like SnS
nanostructure on the FTO substrate with higher surface to vol-
ume ratio. For the understanding the growth of nanostructured
a-SnS, the cross section of different layer thickness are shown in
Fig. 1d. Initially an uniform few layered SnS was formed during
the pyrolysis process on the FTO surface, later the surface en-
ergy changes dynamically and the growth becomes random and
the layers of the SnS materials start the growth along the direc-
tion of spray. The average length of the petal kind microstructure
was measured to be 280 nm in the the inclined horizontal di-
rection. The obtained microstructure is in agreement with that
reported in SnS films synthesized using the vacuum techniques,
such as atomic layer deposition3?, thermal evaporation 33, pulsed
laser deposition3# and sputtering3®. It is interesting to note that
the surface morphology as observed is highly beneficial for pho-
toelectrchemical reaction due to its high aspect ratio or surfacial
length. A qualitative assessment of the surfacial length can be
made through AFM as shown in Section S4 (SI). The surfacial
length of a-SnS may be controlled by varying the thickness from
100 to 500 nm. The maximum surfacial length ratio 2.5 is possi-
ble for a-SnS with thickness of 450 nm.

Fig. 2 shows the optical properties of the nanostructured «-SnS
film on the FTO substrate. The absorbance, transmittance and re-
flectance are shown in Fig. 2a. A 210 nm thick SnS film exhibited
excellent absorption characteristic with minimum reflectance in
the visible range. The absorption coefficient (a) of the films was
estimate by the relation,

2
azéln((l K ) M

where, d, R and T are the thickness, reflectance and transmittance
of the SnS film. The absorption coefficient o calculated for the
developed nanostructured SnS was found to be in the range 3.9
x 10* to 2.7 x 10 ecm™! for the visible range of solar spectrum
from 700 to 390 nm. Therefore, the 256 nm thick nanostructures
of SnS film can absorb the maximum of the visible solar irradia-
tion. The o at the energy band gap and peak wavelength of AM
1.5G spectrum is highlighted in Fig. 2b. However, 60 nm thick
nanostructures of SnS film is sufficient to absorb the maximum
spectrum density of incidental solar irradiation, which is illumi-
nated at the wavelength of 530 nm. The bandgap, E, of the SnS
film was estimated by the Tauc plot as well as by derivative are
shown in Fig. 2c¢, where & and v is the Planck’s constant and the
photon frequency, respectively. It have confirmed the direct £, =
1.42-1.44 eV. 2736

In addition, Tauc plot of the Kubelka-Munk function was ap-
plied to estimate both direct and indirect band gap transitions of
nanoscaled SnS films. According to the Kubelka-Munk function
relation,

= 2
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Fig. 1 (a) X-ray diffraction pattern, (b) Raman specira, (¢} FESEM images of topography at different magnification and (d) Cross sectional view of
Sn§S thin films of various thicknesses on FTO coated glass substrate (Corresponding topography of SnS layer are shown in inset). All samples were
prepared under identical conditions as mentioned in section 2.1 (experimental).
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Fig. 2 Optical properties of nanostructured SnS thin films. (a) Absorbance, transmitiance and reflectance specira, (b) absorption coefficient, a (c)
Tauc plot and derivative of In{chv) vs. hv.
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Fig. 3 A Tauc plot of the Kubelka-Munk function for direct and indirect
allowed transitions.

The Kubelka-Munk function F(R..) is directly proportional to the
absorption coefficient, and inversely proportional to scattering co-
efficient (S), where R.. is the diffused reflectance of the film. 2829
The obtained results are shown in Fig. 3, revealed the direct and
indirect bandgap transitions at 1.45 eV and 0.9 €V, respectively.
The UV-Visible diffused reflectance spectroscopy (DRS) exhibits
resultant optical properties of the mixed orientation of the nanos-
tructured o-SnS. Moreover, Banai et al. and Stevanovic et al.
studied the optical properties and absolute band edge energies on
the surface orientation of single crystal «-SnS using the density
functional theory (DFT) for all surfaces, respectively. 1> Both
the properties were found to be anisotropic. The anisotropic opti-
cal properties are important for estimating the optimum thickness
of the a-SnS layers for minimal reflectance from the surface.37-3°
In order to develop a fundamental understanding on the energy
band diagram, density of states of our nanostructured SnS, abini-
tio approach was adopted and implemented for the «-SnS (The
structural presentation of super cell of a-SnS (Pbnm(62) in var-
ious lattice direction is shown in section $2).7-141540 The elec-
tronic structure of SnS was calculated within DFT using a screen
exchange-correlation generalized gradient approximation func-
tional developed by Armiento and Mattsson (GGA-AMO05).4! All
calculations were performed using the Vienna Ab-initio Simula-
tion Package (VASP) code, 42 with the projector augmented wave
(PAW) approach,43 a 258.7 eV default plane wave cut-off, and re-
ciprocal space sampling of 6 x 6 x 4 kx-point. Fig. 4a and b show
the calculated electronic band structures and density of state. A
direct optical band gap of 1.45 eV was evident at I' symmetry
point. This value is very close to that determined by Tauc plot
and method of derivative (Fig. 2c,d, respectively). Our calcula-
tion also exhibited an indirect band gap of 0.9 eV, which follows
an allowed transition.** However, the anisotropic nature of the
band-structure, cause an optical transition at some higher photon
energies, close to 1.4 V.30 The obtained energy band diagram
and density of states closely match with previous reports.”-15 It is
noteworthy that as the density of state is higher near the valence
band edge, it improves the carrier (photogenerated holes) trans-
port efficiency.” Furthermore, Fig. 4c-e revealed the anisotropic
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nature of optical constants such as dielectric constant (g,), re-
fractive index (n) and extinction co-efficient (x). In general a
combination of the anisotropic refractive index helps us to un-
derstand the measured resultant reflectance spectra. It shows an
excellent agreement between the experiment (spectroscopy ellip-
sometry) and theory implemented for estimating the anisotropic
optical constant. 1> Furthermore, the estimated optical constants
were deployed for understanding the resultant reflectance and
required optimum thickness of a-SnS top layer for minimal re-
flectance for the photoelectrochemical cells (PEC) as described in
the following discussion.

The Mott-Schottky (MS) measurement was performed for the
batch of -SnS photoelectrode with various thickness from 40-
500 nm on the FTO coated glass substrate. The technique is de-
tailed in the section S5 (SI). The MS analysis allows us to make an
accurate estimation of the flat band potential for given electrolyte,
carrier concentration and types of majority carrier. All photoelec-
trode exhibited the positive slope of d(C~%)/dV, which confirms
that all the SnS electrodes have n-type conductively with electron
as majority carrier. However, stoichiometric SnS is expected to
exhibit p-type conductivity due to intrinsic Sn-vacancy. The 1/C2
vs applied potential (V vs. Ag/AgCl) is shown in Fig. 5a. The SnS
electrode have exhibited reasonable capacitance in the rage of uF
for the given dark condition. It favors the formation of the strong
depletion region inside the SnS layer with respect to reference
electrode. The flat band potential, Vpg = -0.49 eV was estimated
with 0.1M K4Fe(CN)g¢ electrolyte. The donor concentration, Np of

the photoanode SnS was calculated using following relation, *
-1
2 d(C™?)
Np = 3
D eerqA? ( dv ' )

The Np value of 1.25 x 10!5 cm—3 was estimated for the o-SnS
photoanode. Therefore, the estimate values for the A Ep, electron
affinity () and workfunction (¢) were 0.2, 4 and 4.2 eV, respec-
tively. The estimated electrical parameters of SnS photoanode
carries great significance for developing the knowledge of charge
transport and space charge width useful for the PEC applications.
The calculated energy band diagram is shown in the Fig. 5b.
The developed space charge width in the SnS photoelectrode for
given potential vs. Ag/AgCl reference electrode is shown in Fig.
5c. A drift assisted transport in the space charge region at the
lower potentials in the nanostructued SnS layer is evident from
this analysis, which helps enhance the collection efficiency of the
photogenerated carriers. The reproducibility of the MS analysis
were checked for a number of SnS electrodes and analyzed, which
are shown in the section S7 (SI). It shows Np varies from 104 to
8 x 10" em~3 for produced batch of SnS electrodes. A similar
result was obtained for the atomically thin SnS layer with n-type
conductivity with the Np value” of 6.7 x 10'® cm 3.

The photoresponse spectrum of the PEC cell under chopped
white light illumination is shown in Fig. 6a. The onset poten-
tial (V,,) of the cell was found to be 0.25 V vs. Ag/AgCl. The
region below the flat band can be directly assigned to the accu-
mulation of majority carriers on the electrolyte side and hence
a cathodic photocurrent is possible in the n-type semiconductor.

1-11 |5
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The region just above the flat band is the depletion region as the
band starts to align in response to the applied potential. A loga-
rithmic increase in the photocurrent up to an applied potential of
0.9 V vs Ag/AgCl is found highest among those reported till date.
A further increase in the applied potential up to 1.3 V causes a
linear increase in the dark as well as photocurrent due to the de-
pletion in the inversion region. The solar to chemical conversion
efficiency of 4.7% was estimated at an applied potential of 0.7
V vs. Ag/AgCl (section S6 (SI)). The nanostructured SnS photo-
electrode with significantly higher photocurrent densities as com-
pared to other SnS photoelectrode systems previously reported
in the literature are compared and listed in Table 1. Recorded
photocurrent is several times higher than the previously reported
SnS systems. 273646 This work demonstrates the effectiveness of
optically anisotropic and nanostructured SnS absorber that also
works as antireflecting surfaces to further enhance photoelectro-
chemical cell efficiency.

Fig. 6b shows the energy diagram of the developed PEC cell us-
ing the SnS anode and Pt cathode, where the relative position of
SnS band edges and the redox levels of the electrolyte is shown.
The photogenerated holes leaving the SnS valence band are ac-
cepted by electrolyte and the oxygen evolution reaction occurs at
the photoanode surface. On the other hand, photogenerated elec-
tron leave the conduction band to reach the Pt-counter electrode
through the external wire and the hydrogen evolution reaction
occurs at the Pt surface. The visual evidence of the evolved oxy-
gen and hydrogen gases on the SnS and Pt surfaces, respectively
is shown in Fig. 6cc. The oxygen and hydrogen evolution reac-
tions (oxidation and reduction) are shown therein.

The electrochemical impedance spectroscopy is an impor-
tant tool to understand the nature and quality of semiconduc-
tor/electrolyte interface and the associated time constant of
charge transfer that governs the PEC cell efficiency. The Elec-
trochemical impedance spectroscopy data of nanostructured SnS
photoanode were analyzed based on the equivalent circuit mod-
els, as shown in Fig. 7. In the equivalent circuit, Rg, Ry and
Rc are the series resistance of the cell, recombination resistance
and charge transfer resistance at the pore electrolyte interface, re-
spectively. The impedance data of nano-SnS photoanode was best
described by introducing constant phase elements, instead of ca-
pacitances. Here, CPE-I (Q;) and CPE-II (Q.) are the constant
phase elements related to the SnS/electrolyte interface including
the double layer and capacitances of the pore electrolyte inter-
face, respectively. The CPE impedances i.e., Zcpg defined by their
respective CPE exponents and frequency independent constant as
follows:

1
ZcPE = T (4

jo)Q’
where, Q is the capacitance and the exponent n is 1 for an ideal
capacitor. The chemical capacitance is expected to occur at the
interfaces, where the density of states on each side differs to a
great extent. For the PEC cell under investigation, the aqueous
electrolyte has an infinite density of states relative to the semi-
conductor film, which leads to a chemical capacitance in addi-
tion to the double layer capacitance. Fitting the equivalent circuit
to all the experimentally obtained impedance spectra at different

This journal is © The Royal Society of Chemistry [year]
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Fig. 7 Proposed equivalent circuit model of the PEC cell for
electrochemical impedance spectroscopy.

applied potentials leads to the estimation of Rg, R, Rc,CPE-I and
CPE-II. 4748 Fig. 8a-c shows the set of Nyquist, bode amplitude
and phase plots for constructed PEC cell, respectively. It is note-
worthy that the applied potential higher than 0.4 V vs. Ag/AgCl
exhibited the CPE near to the ideal capacitance. It apparently at-
tributes to an ideal depletion region and improved collections of
the photogenerated carries. The fitting parameters in each case
are summarized in the Table 2. The fitting parameters provided
an insight of the charge transport across the nano-SnS photoan-
ode. As a result of the applied potential, the Ry is decreased from
53 to 25.4 Q. The CPE exponent is found to be more ideal for
an applied potential of 0.4 and 0.5 V, that signifies the forma-
tion of a nearly ideal junction. The junction’s ideality is because
of favorable depletion of strongly polarized free charge carrier in
the SnS film. This facilitates the drift assisted transport of the
photogenerated charge carries across the junction. Moreover, the
CPE-II element remains less affected by the applied potential. The
time constant calculated by the product of RC was an overall esti-
mate without trying to separate the recombination and diffusion
capacitances. Therefore, t; = R;jC; and 7, = RcCp, will be sim-
ply referred to the overall time constants of the junction and the
contacts, respectively. 47:49=>1 The magnitude of the circuit time
constants represents the mean relaxation time of the respective
interfaces. The time constant of the charge relaxation at the junc-
tion decreases from 5.5 ms to 1.75 ms for the applied potential
Vapp from 0.05 V to 0.5 V vs. Ag/AgCl. However, . remained
unaffected in all the cases. The semicircular nature of Nyquist
plot of the PEC cell indicates the stability of the photoelectrode
under the larger applied bias. It shows the great level of stability
without any chemical degradation for a longer duration.
Furthermore, to bring more understanding on the obtained
larger photocurrent density, the multilayer antireflection coat-
ing for the constructed PEC cell was adopted. As SnS avail
the anisotropic optical properties that facilitates various possible
combinations of SnS layers on the FTO coated glass. In the case of
PEC cell, the media for the light remains the aqueous electrolyte.
The model formulation for the resultant surface reflectance from
the combinations of the electrolyte, SnS layers and FTO is pre-
sented in section S8. The refractive index of the FTO and elec-
trolytes are shown therein. For various cases the calculated re-
flectance was compared with the measured reflectance from the
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SnS surface. It provides an insight of the growth process of the
SnS structures from one orientation to another. The best possible
configuration is shown in the Fig. 9, where the various thick-
nesses of SnS-z orientation is varied as an optimization. The 50
nm thick SnS layer orientated in the z direction on the planar
SnS layer provides a minimal reflectance through the nanostruc-
tured front surface leading to a highest absorption. The adopted
approach is worth for other anisotropic two dimensional semi-
conducting materials for designing the optimum geometry and
configurations. The record photocurrent density may attributed
to the reduced reflectance from the semiconductor electrolyte in-
terface. A cartoon of the integrated SnS film PEC cell is shown
in the Figure S13 of SI to manifest the configuration that finally
obtained the highest photocurrent density ever reported for the
SnS film system.

4 Conclusions

In summary, we have developed high quality SnS material and its
nanostructure for possible integration of anisotropic optical and
transport properties for application in photoelectrochemical cell.
The thin film exhibited a direct optical band gap of 1.42 eV with
high optical absorption coefficient up to 2.7 x 10° cm™! in the
visible range of solar spectrum. The fabricated photoanode had
a favorable donor concentration of 105 ecm~3 with the flat band
potential of -0.49 V vs. Ag/AgCl as confirmed by Mott-Schottky
measurement. The fabricated device was characterized to have
an enhanced absorption controlled by the thickness of deposited
layers. It may be attributed to an integrated anisotropic optical
property of nanostructured «-SnS for which the reflectance is be-
low 5% in the visible spectrum. The optimized device showed
the highest photocurrent density of 7 mA cm~? at an applied po-
tential of 0.8 V vs. Ag/AgCl, making the nanostructured -SnS a
superior candidate for water splitting applications.
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Table 1 Photocurrent density of SnS Photoelectrodes in different systems

System

FTO-5nS(200 nm)-0.1M K;Fe(CN)g + 0.01M K3Fe(CN)g

FTO-SnS(500 nm)-0.1M Na,;S,03

FTO-SnS(600 nm) - 0.1M K4Fe(CN)s + 0.01M K3Fe(CN)g
FTO-Cu:SnS(600 nm)-0.1M K4Fe(CN)g + 0.01M K3Fe(CN)g

ITO-SnS(atomic layer)-0.5M Na,SOy4
FTO-SnS(600 nm)-0.1M Na,S,03
FTO-SnS(20 nm)-1~//~
ITO-SnS-Ti0,-0.5M Na,S
FTO-SnS-I*~/1~
ITO-SnS(monolayer)-0.1M Na, SOy
Sn0,-SnS(1-2 um)-0.1M FeCls
FTO-SnS(1 pm)-0.1M FeCls
Mo-SnS(500 nm)-0.1M H,SO4
FTO-SnS(245 nm)-0.1M Eu(NO3)3
Ti-Sb:SnS-0.1M Na,S,03

Light source Bias voltage Photocurrent density Reference
(KW m~2) (Vvs. Ag/AgCl) (mA cm™2)

Sun simulator (1) 0.8 7 This study
LED (0.3) -1.2 0.7 36

LED (0.6) -0.15 1.1 27

LED (0.6) -0.2 3.2 27

Sun simulator (1) 0.8 5.25 52

LED (0.3) 0.6 0.1 46

Sun simulator (1) 0 0.087 53

Sun simulator (1) 0.042 1.55 54

Sun simulator (1) 0 0.07 55

LED 0.8 6.5 x 10°° 56

Sun simulator (1) 0.042 0.65 57

Sun simulator (1) -0.358 0.25 58
Halogen (1) 0.4 0.17 59

Sun simulator (1) -0.65 0.17 29

Xenon bulb (4.1) -0.2 0.32 60
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Table 2 Estimated fitting parameters of the equivalent circuit for photoelectrochemical cell made of nanostructured SnS electrode from the impedance
spectroscopy for the applied potential 0.05-0.5 V vs. Ag/AgCl.

Vapp V Fitting parameters Time constant

vs. Ag/- ] CPE-T CPE-II ]

AgCD) Rs (Q) Ry (Q) 05 iEMTo) o Rc () O (EMAo) o tj (ms) tc (ms)

0.05 53 3348.4 6.36 0.74 655.2 1.19 0.858 5.5 0.24

0.1 38.3 2989 4.19 0.786 1249.4 1.43 0.81 3.8 0.4

0.2 39.4 2042.5 4.21 0.825 1068.9 1.92 0.779 3.14 0.35

0.3 40.2 1191.9 4.36 0.826 864.6 2.05 0.774 1.72 0.28

0.4 31.4 79.4 22.1 1.01 1335.6 3.27 0.704 1.87 0.45

0.5 25.4 75.7 21.7 1.01 1380 2.39 0.715 1.75 0.34
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