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SnS is a promising photovoltaic absorber material because of its low cost and lower toxicity and is
usually present in a heterostructure. Understanding the bulk and the surface electrical properties would
help in the understanding of the transport behavior and hence would be extremely useful in fabricating
high performance devices. In this regard, here a combinatorial approach of experiment and theory was
used to understand the anomalies in the bulk and the surface electrical properties of SnS.
Experimentally, single phase polycrystalline SnS films are fabricated by RF magnetron sputtering and
characterized for their detailed microstructure, and optical, bulk and surface electrical properties.
The observed anomalies in their bulk and surface electrical properties are then interpreted through first-
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principles density functional theory (DFT) calculations of the bulk and the surface electronic structures.
DFT calculations on various native surface defects provided further insights into the experimentally
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1. Introduction

Tin mono-sulfide (SnS) is a promising absorber material for the
thin-film photovoltaic (PV) technology, as it is a low cost, less
toxic, and earth-abundant semiconductor with a direct band
gap of 1.3-1.5 eV and has a high absorption coefficient
(>10* em™")." Intrinsically, it is of p-type with a theoretical
efficiency of 32% for a single-junction cell. Despite this, the
device efficiency of SnS solar cells remains poor, with the
highest reported efficiency being 4.63%.> Moreover, the poor
performance of SnS-based solar cells is mainly attributed to
the uncertainty in their electrical properties, because of the
presence of a large number of native point defects in the
bulk.** Besides, the surface electrical properties of this absorber
material play an equally important role as this layer is usually
present in a stack, thus affecting the electrical properties of the
entire heterostructure and thereby the device efficiency.>” This
is because surfaces could have completely different electronic
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observed semi-metallic behavior using scanning tunnelling spectroscopy.

structures than their bulk owing to the relaxation of the surface
atoms. Additionally, appearance of native point defects on the
SnS surface could completely alter the band structure, further
altering the transport properties. Furthermore, surface defects
can be harmful as these could act as recombination centres
for photogenerated electron-hole pairs, thereby degrading the
photovoltaic performance.® This necessitates the fundamental
understanding of these band structures and thereby associated
electrical properties for preparing efficient photovoltaic devices.

To this end, here, a combinatorial approach of experiment
and theory was used to understand the anomalies in the
(defect-induced) surface and bulk electrical properties of SnS.
Experimentally, SnS films are fabricated by varying the sub-
strate temperature (Ts) from 303 to 623 K on the soda lime glass
(SLG) substrate, for 60 min using radio frequency (RF) magnetron
sputtering. RF magnetron sputtering is used here as this is a
well-known technique for depositing high-quality thin films
and is commercially adopted for fabricating thin film solar cells.
Following fabrication, a detailed investigation on the micro-
structure, and optical, bulk and surface electrical properties of
these films is carried out using a combination of experimental
techniques. First-principles density functional theory (DFT)
calculations are then performed on the SnS orthorhombic crystal
structure to compute its electronic structure, as this is (experi-
mentally) observed to be the most preferred crystallographic
orientation. Moreover, DFT calculations are applied to the SnS
(111) surface structures with the inclusion and exclusion of
various native defects of vacancies, interstitials and antisites in
order to investigate differences in electronic structures between

This journal is © The Royal Society of Chemistry 2022
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the defective and defect-free surfaces by comparing with the bulk.
In the end, a correlation between the theoretical data and the
experimental observations is established.

Though extremely relevant, studies addressing both the
theory and experiment are found to be scarce in the literature.
Whereas, the experimental approach in the literature mostly
focused on the fabrication and bulk optoelectronic properties
of SnS thin films, theoretical studies mostly aimed at under-
standing the electronic structure, the band gap and the
thermodynamics of the native defect states in its bulk.>*° To
the best of our knowledge, we have, for the first time, made
detailed experimental and theoretical studies addressing both
inclusive and exclusive of native defects on the SnS (111) surface.

2. Methods

2.1. Thin film fabrication and characterization

A series of SnS films were deposited on ultrasonically cleaned
1 cm x 1 cm soda lime glass (SLG) substrates (supplier: Ted Pella,
Inc.) at substrate temperatures (7) of 303 K, 573 K and 623 K for
60 min. A constant RF power of 50 W was provided to the target
(target: SnS; supplier: Able Target Corporation; 2” diameter and
3 mm thick); a chamber pressure of 11.0 x 10~° mbar was
maintained during the entire deposition process by providing
40 SCCM argon gas (of 99.99% purity). The optimized substrate
rotation and substrate to target distance of 15 rpm and 7.0 cm
respectively were used here.

Detailed structural, chemical, optical, and electrical
characterization studies of these films were carried out using
experimental techniques as elaborated in the following. The
phase and the crystallite size of these deposited films were
determined using Grazing Incidence X-ray diffractometry
(GIXRD; model: D8 Discover, supplier: Bruker Corporation) at
a glancing angle of 6° in the 26 range of 20-80° (step size of
0.02°) using Cu K, (4 = 0.15418 nm) radiation. The surface
topography of these films was characterized using Atomic Force
Microscopy (AFM; model: Nanoscope Multimode 8.0, supplier:
Bruker Corporation). Surface chemical states were analyzed
using X-ray photoelectron spectroscopy (XPS; model: PHI
5000 Versa Prob II, supplier: ULVAC-PHI, Inc.). The elemental
chemical compositions of these deposited films were investigated
using energy dispersive X-ray spectroscopy along with FESEM
(EDS, model: AZtec, supplier: Oxford Instrument). The optical
properties (i.e., transmittance and the optical band gap) of these
SnS films were investigated using a UV-vis-NIR spectrophotometer
(model: Cary 5000, supplier: Agilent Technologies) in the wave-
length range of 300-2500 nm. A Hall effect measurement system
(HEMS; model: 8404 AC/DC HMS, Lakeshore) in the van der
Pauw configuration was used for measuring the bulk electrical
resistivity, carrier concentration and carrier mobility of these films.

Additionally, the local (nanoscale) surface electrical properties
of these SnS films were measured using scanning tunnelling
microscopy/spectroscopy (STM/STS; the module of a scanning
probe microscope (SPM)) under ambient conditions. STM
images were acquired using a Pt/Ir tip (PT-10; supplier: Bruker
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Corporation) of 0.25 mm diameter and 8 mm length, following
which local STS I-V characteristics were recorded at 21 different
locations from each of these captured 1 pm x 1 pm STM images
by applying a bias voltage of +0.8 V. To maintain the electrical
continuity while performing STM/STS measurement, silver paint
was used for grounding the bottom metal plate and the top SnS
thin film.

2.2. Computational methodology

To address the experimentally observed anomalies between
the surface and the bulk optoelectronic properties, density
functional theory (DFT)'>"" calculations were used to compute
the electronic structures of the pristine/defect-free and defective
SnS surfaces as well as the bulk, which involves constructing
their structural models; see Fig. S1 and S2 in the ESI{ for details.
An orthorhombic crystal structure with 8 atoms (i.e., Sn,S,) in its
supercell was used for the bulk SnS structure. Since our experiment
indicated (111) as the most oriented SnS film, this surface was
considered and modelled by the supercell method: slabs with the
(111) surface orientation. To avoid the interaction between these
surfaces in the perpendicular direction, these slabs were separated
by inserting a vacuum layer. Constructing the SnS (111) surface slab
with 16 atoms (i.e., SngSg; 5.909 A thickness), the SnS (111) surface
supercell was constructed from three of the slabs with an inter-
mediate vacuum thickness of 15 A, where the top surface was
composed of 4 Sn and 4 S atoms as shown in Fig. 1. Note that the
atoms in the bottom slabs have been keptfixed during structural
optimization to mimic the bulk-like characteristic. Based on the
defect-free surface, the defective surfaces were constructed by
introducing a range of neutral defects of tin and sulfur: vacancies
(Vsn and Vg) and interstitials (Sn; and S;) were formed by removing
and adding one atom from and to the top surface of the SnS (111)
surface supercell, respectively. Similarly, antisites (Sns and Sg,)
were created by substituting one type of atom with the other.
Our structural models were visualized using the Visualization for
Electronic and Structural Analysis (VESTA) software.">

Our DFT simulations were performed using the Vienna
AD initio Simulation Package (VASP)"*'* and were used to first
compute the bulk and the surface electronic structures of
defect-free SnS; the Perdew-Burke-Ernzerhof (PBE)'
functional assuming the generalized gradient approximation
was adopted as our exchange-correlation functional; the core-
valence electron interaction was treated here using the projector
augmented wave (PAW)'® method, where 4d, 5s, and 5p electrons
of Sn and 3s and 3p electrons of S were treated as valence
electron configurations. In addition, defective surface electronic
structures were computed in a similar way to the pristine case,

Fig. 1 Top surface of the SnS (111) surface supercell.
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thereby investigating the influence of various thermodynamically
stable native defect states on the surface electronic structure
of SnS. Computational details of DFT settings are as follows:
converged 3 X 7 X 7,7 x 9 x 9and 7 x 9 x 1 Monkhorst-Pack
K-point grids'” were used for the computations of the bulk, (111)
bulk, and (111) surface of SnS, respectively; a cut off energy of
450 eV was used for the plane wave expansion. In the case of
surfaces, a dipole correction along the z-axis was employed
to remove the artificial electric field in the vacuum region.'®
The geometry optimizations were performed with thresholds
for the energy (1.0 x 10~° eV per cell) and force (0.01 ev A™Y)
convergences.

In order to compare and understand the relative stabilities
of various surface defects, their formation energy (ETX]) was
calculated by using the following relation:’

Ef [X] = Elotal [X} - Elotal [0] - Z nil;, (1)

where ETX] is the formation energy of a defect X, Eyy[X] is the
total energy derived from a supercell calculation containing the
defect X, Eiora [0] is the total energy of the perfect crystal using
an equivalent supercell (without the defect), n; is the number of
atoms of type 7 (host or impurity atoms) that have been added
to (n; > 0) or removed from (n; < 0) the supercell to form the
defect, and y; is the corresponding chemical potential of these
species.

To calculate the chemical potentials of Sn and S under Sn-
and/or S-rich conditions, the following boundary criteria were
considered:

Hsn + Hs < :u'SI’IS,bLllki (2)
Hsn < Hsns,bulks (3)
Hs < Hsns,bulk (4)

where s, and pg are the chemical potentials of defect forming
species of Sn and S, respectively; psns bulks Usnbulk aNd Us pulk
represent the chemical potentials of bulk SnS, Sn, and S atoms,
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respectively. Note that the total energies of each of these
structures per formula unit were computed and then used as
chemical potential values. Moreover, us, and ug should always
be lower than their natural phases of fign pux and s puiks
respectively, otherwise which these natural phases of Sn and
S would form instead of SnS.

The formation energy of these native defects at each possible
defect sites was calculated to obtain the thermodynamically
preferred site. For example, to obtain the preferred Vg, surface
site, various possible surface configurations were used by
creating Sn vacancies at each possible location of the top SnS
(111) surface (i.e., Sn1, Sn2, Sn3 and Sn4; see Fig. 1). Once the
thermodynamically preferred defect site for a particular native
defect is ascertained, further calculations concerning to the
surface electronic structures such as the band structure and
density of states were carried out only for the preferred defect
sites. This procedure was followed for all the native defects
considered in this study; the details can be found in Section S2
of the SI (ESIf). N.B. in order to avoid the defect-defect
interaction, a bigger SnS (111) surface supercell with 32 atoms
per slab (i.e., Sn;6S;16) was constructed for calculating the surface
electronic structure and the density of states.”® These preferred
sites were found out using the formation energy calculation as
for the single native defect.

3. Results and discussion

3.1. Experimental results

Irrespective of T, all these deposited films were found to have
grown only in SnS chemical composition with a strong (111)
orientation (Fig. 2(a)). This is in good agreement with the
standard profile of orthorhombic SnS (JCPDS 39-0354) with
lattice parameters of @ = 11.1923 A, b=3.9838 A, and ¢ =4.3291 A.
No evidence of secondary phases, such as SnS, and Sn,S;, was
observed. The intensity of the (111) peak was found to be
maximum for the SnS film deposited at Ty of 573 K, indicating
increased crystallinity at higher T,. However, at T beyond 573 K,
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Fig. 2 (a) XRD patterns, (b) AFM micrographs (2 um x 2 um), (c) Sn 3d XPS spectra, and (d) S 2p XPS spectra of SnS thin films deposited on soda lime glass

substrates at (i) Ts = 303 K, (ii) Ts = 573 K and (iii) Ts = 623 K.
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the intensity of the (111) peak reduced, suggesting reduced
crystallinity for this film. The average crystallite sizes (D) of
SnS films deposited at Ts of 303 K, 573 K, and 623 K corre-
sponded to 22, 32, and 31 nm, respectively.”! This could be
attributed to an increase in the temperature-induced surface
diffusion of the incoming sputtering species on the substrate
surface with increasing Ty, leading to the faster coalescence of
these particles, which would have led to an eventual growth of
bigger crystallites.”>** The (rms) roughness of these films was
found to increase with increasing T because of the formation of
bigger crystallites at higher T; (see Fig. 2(b)).

The surface chemical states of SnS films were investigated
using XPS to understand the effect of T,. Fig. 2(c) and 2(d)
represent Sn 3d and S 2p core-level XPS spectra, respectively.
The binding energy positions of Sn 3ds, and Sn 3d;, were
found to be at 485.79 4+ 0.02 eV and 494.27 =+ 0.01 eV,
respectively, with a doublet separation of 8.4 £ 0.01 eV,
suggesting Sn in the +2 state.>® The peaks located at 161.45 =+
0.01 eV and 162.58 £ 0.02 eV with a separation of 1.1 eV are
attributed to S 2p;/, and S 2p,,, confirming the presence of S in
the —2 form only.>® All the SnS films were found to be Sn-rich,
with the concentration of Sn (and hence Sn-to-S-ratio) increasing
with increasing T (see Table 1 shown and discussed later). Note
that the Sn-to-S-ratio was found to increase from 1.08 to 1.23 (as
measured with XPS) and 1.19 to 1.26 (as measured with EDS)
with increasing Ts.

Fig. 3(a) plots the optical transmittance of all the deposited
SnS films (in the wavelength range of 300-2500 nm) as a
function of T,. All the films displayed sharp fundamental
absorption edges with absorption edge shifting towards a
longer wavelength with increasing T;. Moreover, interference
fringes caused by interference between these films and the
respective SLG substrates were seen in all the samples, indicating
a nearly uniform film with a smooth surface.”® Their indirect
optical band gaps were determined from the intercept of the

|
linear portion of («hv)2 vs. (hv) on the x-axis using the Tauc
equation:

(ahv) = C(hv — Eg)", (5)

where « is the absorption coefficient, / is Planck’s constant, v
is the frequency of radiation, C is a constant, E, is the
optical band gap of the material, and »n = 2 is for the indirect
transition.”” The indirect band gaps of SnS films deposited
at Ts; of 303 K, 573 K, and 603 K were found to be 1.62,
1.31, and 1.32 eV, respectively. The variation in the optical
bandgap with T could be associated with their crystallite size

View Article Online

Journal of Materials Chemistry C

—— T,= 303K —— T,= 573K —— T,= 623K

100 10
(a) (b)

804 L8
= 2
g J
) - =4
E 60 6 <
= o
z o
é 40+ r Ng"
[ =

E

20 L, 3

T T T T T T T T _0
600 1200 1800 2400 0.7 12 17 22

Wavelength (nm) hv (eV)

Fig. 3 (a) Optical transmission spectra in the range of 400-2500 nm. (b)
Optical band gap of SnS thin films deposited on soda-lime glass substrates
at T of 303 K, 573 K and 623 K, respectively.

and can be understood by the classical quantum confinement
effect-15,28—30

Table 1 shows the variation in the electrical properties (i.e.,
electrical resistivity (p), carrier concentration (py), and carrier
mobility (u,)) of these SnS films with respect to T;. All these
films were found to be of p-type, with holes being the majority
charge carriers. p,, was found to decrease from 6.13 x 10" cm *
to 3.17 x 10" ecm? with increasing Ty from 300 to 573 K,
beyond which it increased to 3.40 x 10" ecm™® at 623 K.
Similarly, u, was found to increase from 0.29 cm®> V' 57!
3.32 em® V' s with increasing T, from 300 to 573 K as a result
of the reduction in grain boundary area because of an increase
in crystallite size in these films, beyond which it decreased to
2.90 cm? V™! 57! at 623 K, which can be attributed to an overall
increase in the grain boundary area due to the slight decrease
in the crystallite size (increasing the grain boundary scattering).
Subsequently, p decreased from 3.42 x 10°> Q cm at Ty = 303 K to
0.632 x 10° Q cm at Ty = 623 K. It has been stated in numerous
SnS thin film studies that the carrier mobility of films increases
with increasing crystallite size.>' ™’ Issei Suzuki et al. studied the
temperature dependent carrier mobility of SnS films and found
grain boundary scattering dominating the carrier transport in
these films.** Bingiang Zhou also investigated the transport
properties of SnS, in which grain boundary scattering was found
to strongly influence these transport properties at or below room
temperature, whereas acoustic phonons®® were found to be the
dominant scattering of holes at higher temperature (i.e., 400 K).

The varying electrical properties of these films can be
attributed to the chemical composition (Sn/S ratio) that in turn
induces Sn vacancies in these films. Note that Sn vacancies within
these films induce the p-type characteristic.” The formation of an

to

Table1l Elemental compositions as measured by XPS and EDS, along with their corresponding Sn—S atomic ratios, and electronic properties such as the
electrical resistivity (p), carrier concentration (py), and carrier mobility (1) of SnS films as determined by a Hall effect measurement system

XPS(EDS)-measured composition

Electronic properties

Sn (at%) S (at%) Sn-S ratio p (Q cm) Pn (x 10" em™3) tn (em*> Vs
T, =303 K 52.0(54.3) 48.0(45.7) 1.1(1.2) 3420 6.13 0.29
T, =573 K 54.9(55.6) 45.1(44.4) 1.2(1.3) 592 3.17 3.32
T, = 603 K 55.1(55.9) 44.9(44.1) 1.2(1.3) 632 3.4 2.9

This journal is © The Royal Society of Chemistry 2022
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increased Sn-rich (or S-deficient) film with increasing T can be
attributed to the high volatility of sulfur. First-principles calculations
on point defects in SnS* predicted the spontaneous formation
of Sn*" vacancies in Sn-rich SnS due to their lower formation
energies. In the calculations, these Sn vacancies form at the
shallow acceptor levels, thereby giving rise to p-type conductivity
in these films. The observed decrease in hole concentration in
the SnS film with increasing 7, could be associated with a
reduction in Sn vacancies because of the increased Sn atomic
ratio (or Sn-to-S-atomic ratio). Formation of Sn vacancies in
Sn-rich SnS implied the presence of these excess Sn atoms (apart
from those in Sn lattice sites in SnS) either in interstitials (i.e., Sn
interstitials (Sn;)) or in S lattice positions (i.e., Sn antisites; Sng).
Moreover, the overall S-deficient SnS films and the comparatively
lower formation energies of sulfur vacancies (V) and Sng over Sn;
suggest a higher possibility of the formation of Vs and Sng in
these SnS films. Nevertheless, the presence of Sn; in these SnS
films cannot be ignored entirely. As shown in the first-principles
calculations by Brad. D. Malone et al,* the electronic defect
states caused by the presence of V, Sng and/or Sn; in Sn-rich SnS
are formed at the donor levels.

Burton et al. determined the defect energy and defect
concentrations of Sn and S vacancies in tin monosulphide.
According to their calculations, the concentration of S vacancies
is 107 times lower than that of Sn vacancies with the defect
energy of Sn and S vacancies being 0.78 and 2.17 eV. This low
defect energy of Sn vacancies leads to the formation of higher
concentration of Sn vacancies at the shallow acceptor level,
resulting in p-type conductivity in SnS, irrespective of Sn rich
or S rich conditions.*® Vidal et al. projected Sn rich conditions
resulting in the accumulation of Sn into interstitials, antisites
and/or grain boundaries. Additionally, they also predicted that
these excess Sn atoms (with the +2 oxidation state) undergo a
relaxation phenomenon and get converted to Sn donor states
with an oxidation state of +4. The experimental identification of
these point defects in SnS based materials was done by photo-
luminescence measurements in the literature.® Arepalli et al.
observed red and orange emission peaks in the photolumines-
cence spectra of SnS particles, which they assigned to tin/sulfur
vacancies, tin interstitials and/or other crystallographic
defects.*” Ghosh et al. also observed emission peaks at about
red and near the infrared region for SnS films deposited on
glass. They have also ascribed these peaks to tin vacancies,
interstitials and stacking faults which are generally formed
during the growth process.”® The presence of dislocations
also affects the electronic properties of SnS. The dislocation
density (9) can be evaluated using the Williamson and Smallman
formula, § = 1/D*>. The dislocation densities of the SnS
films deposited at T of 303 K, 573 K, and 623 K in this study
corresponded to 2.1 x 1073, 0.9 x 10> and 1.0 x 10> nm 2,
respectively. These values are comparatively smaller, indicating
that deposited layers contained densely packed grains with
minimum line defects. P. A. Nwofe et al also calculated
a 6 value of 2.2 x 107> nm™? for SnS thin films deposited
by a thermal evaporation method at 623 K on the SLG
substrate.*

5518 | J Mater. Chem. C, 2022, 10, 5514-5525

View Article Online

Paper

501(i) Ts =303 K (iv)

o

|

a
S

(ii) T

»

=[573 K )

o

di/dV (a.u.)

&
S

Tunneling current (nA)

o
S

(vi)

" M

-0.6 -0.3 0.0 0.3 0.6 -0.6 -0.3 0.0 0.3 0.6

Fig. 4 (i—iii) Local STS /-V curves and (iv—vi) d//dV curves of SnS thin films
deposited on soda lime glass substrates at T of 303 K, 573 K, and 623 K,
respectively.

SnS thin films were also characterized in the scanning
tunnelling spectroscopy mode by recording the tunnelling
current with respect to the sample voltage from 21 different
points and their corresponding tunnelling conductance (di/dV),
which represent the local density of states of the sample
(see Fig. 4(i-vi)). The tunnelling current (I) is related to the
charge carrier density and transmission coefficient via

el
I x J ptip(E - EV)psample(E)T,(E76V7 d)dE7 (6)
0

where pgample(E) and pyp, (E) are respectively the density of states
for the sample and the tip, V is the bias voltage, E is the electron
energy, T(E, eV, d) is the tunnelling transmission probability,
and d is the sample to tip distance. Assuming the effects of py,
and T(E, eV, d) to be negligible, I can be directly proportional to
only pSample-40

Note that all the films showed a non-zero conductance
region around the Fermi level, indicating their semi-metallic
nature. To quantify, the average tunnelling current was determined
by averaging the local tunnelling current values at 0.5 V. This
average tunnelling current was found to increase with increasing 7
from 8 to 17 nA. This increasing local tunnelling current in these
semi-metallic films with increasing 7, may be associated with the
change in the (local) surface electronic structure of these enhanced
Sn-rich SnS thin films due to the formation of a higher number of
point defects (i.e., Vs, Vs, Sng and/or Sn;; see Section 3.2).

3.2. Defect thermodynamics and electronic structure

The lattice parameters and the band gap of the bulk SnS were
computed to validate the reliability of the present computational
approach, which is given in Table 2. The lattice parameters
agreed with those of the literature reports.*** In contrast, the
DFT band gap was found to be underestimated. As is well
known, this can be attributed to the functional derivative
discontinuity of the PBE functional®?
error.*!

and the delocalization

Bulk SnS was found to be an indirect band gap semicon-
ductor with a band gap of 0.9235 eV (Fig. 5(a)); the valence band

This journal is © The Royal Society of Chemistry 2022
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Table 2 Lattice parameters (in A) and computed band gaps (in eV) of the
bulk SnS

Lattice parameters

a b c Band gap
Current computational work  11.41 4.026 4.427 0.9235
Other computational work®™®  11.202  4.023  4.459  0.92
Experimental value***® 11.1923 3.9838 4.3291 1.25

was found to be mainly composed of the S 3p orbital along with
a minor contribution from Sn 5s; the conduction band was
found to primarily consist of Sn 5p and a minor contribution of
S 3p orbitals (see Fig. 5(b)). The electronic structure and the
PDOS of the bulk SnS slab with the (111) surface orientation
showed similar features and orbital compositions to those
of the bulk SnS, but with a reduced band gap of 0.75 eV
(see Fig. 6(a and b)).

For surface calculation, all the atoms of the top two slabs of
surface supercells, which were obtained by terminating the
(111) surface of the bulk SnS, were relaxed by keeping their
lattice parameters fixed. These optimized surface structures
(after relaxation) and the position of defects are presented in
Fig. 7(j). The geometry optimization of these atoms caused
surface reconstruction for all these configurations; the atomic
displacements are reported in Tables S2-S11 in the ESL ¥

The optimized surface structure of the SnS (111) surface
(see Fig. 7(a)) showed an outward displacement of the surface
atoms (towards the vacuum), except the Sn4 atom, which was
found to have penetrated inside the slab to minimize the
energy of the system.’® Moreover, the SnS (111) surface was
found to have almost the same orbital contributions to its
valence band (VB) and conduction band (CB) as that of the bulk
SnS (see Fig. 8(a)). The band structure revealed the surface to be
a direct band gap semiconductor with a band gap of 0.2344 eV
(Fig. 9(a)), which is contrary to that obtained for its bulk
(Subsection 2.1). The surface associated band line appeared
just below and above the bandgap ends in the band structure.
This is consistent with the reported study for the low index
surface in SnS.*” More precisely, it was found that the lowest VB

View Article Online
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(i.e., in the energy range of —2.5 to —2 eV) mainly consisted of S
3p and Sn 5p occupied states, whereas the highest VB (ie.,
in the energy range of —2 to 0 eV) consisted of S 3p, Sn 5s, and
Sn 5p occupied states. The CB (i.e., in the energy range of 0 to
2.5 eV) of the SnS (111) surface were mainly composed of Sn 5p
and S 3p unoccupied states. The SnS (111) surface was found to
have almost the same orbital contributions to both the valence
band maximum (VBM) and conduction band minimum (CBM)
as that of its bulk. In contrast, the DOS peaks of the SnS (111)
surface were found to show sharp peaks (unlike bulk), which
could be attributed to localized electronic states indicating a
mixed ionic-covalent type of bonding.*®

Table 3 lists the formation energies of all the above-mentioned
native defect states at their preferred sites (see Section 2) evaluated
from eqn (1) under both Sn-rich and S-rich conditions. Although
all these native defects were found to be favorable, sulfur
vacancies (Vs) and sulfur antisites (Sg,) were found to be the most
favorable under Sn-rich and S-rich conditions respectively.

In contrast to the PDOS of the pristine SnS (111) surface,
DOS peaks corresponding to S 3p, Sn 5s, and Sn 5p unoccupied
states above the Fermi level were observed in PDOS of the
defective SnS (111) surface with Vg, (see Fig. 8(b)). The band
structure showed its band gap to be 0.48 eV and the above-
mentioned unoccupied states were found to cross the Fermi
level in the k-point path of H-Y-I' as shown in Fig. 9(b).
Moreover, the band line that was found to cross the Fermi line
was attributed to the surface dangling bond because of Sn
vacancies (Fig. 7(b)).** Additionally, the states formed above the
Fermi level (i.e., acceptor states) could cause p-type conductivity
in the material system.

In the case of the SnS (111) surface with Vg, the atoms (i.e.,
Sn2, Sn3, and Sn4 atoms) adjacent to the vacancy defect were
found to move away due to the repulsion of these cations
(Fig. 7(c)).*® The contribution of DOS obtained from this
defective surface with Vg was found to be similar to that of
the pristine surface, but with a missing sharp Sn 5p peak at the
CBE and a direct band gap of 0.213 eV (see Fig. 8(c) and 9(c)).
An additional band line was obtained at the VBE of the band
structure in Fig. 9(c) because of S vacancies. This band line can
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Fig. 5

(a) Electronic band structures (P1 and P2 are the conduction band minima and valence band maxima, respectively; Eg is the band gap) and (b)

partial density of states (PDOS) of the bulk SnS (the dotted lines here represent the Fermi level (E¢), and these have been set to zero in the energy scale).
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Fig. 7 SnS (111) surfaces with different structure configurations ((a) pure surface, (b) Vsn, () Vs, (d) Sn;, (e) S;, (f) Sns and (g) Ssp, () Vs, +2 x Vs, (i) Vsn +2 %
Sn;, and (j) Vs, + Shs). The top and bottom slab structures of each configuration show the structures before and after relaxation, respectively. The grey and
yellow balls shown are Sn and S atoms, respectively. The arrows denote the location of the surface defects.

act as an electron trap. A similar observation has also been
reported in the literature, which carried out first principles DFT
calculations on bulk SnS.>* Moreover, the defective surface
with Vg was found to have the lowest formation energy under
Sn-rich conditions (see Table 3), which is comparable to the
study conducted by Vidal et al. on the bulk SnS system.’

In the case of interstitials, the adatom (i.e., Sn;) in the
reconstructed SnS surface with Sn; showed a large displacement
of 1.39 A towards the vacuum, which could be attributed to the
repulsion of Sn; from the neighboring Sn atoms (see Fig. 7(d)).
Moreover, the change in the surface structure due to the recon-
struction resulted in an increase in the band gap to 0.381 eV as
compared to that of the pure SnS (111) surface. Additionally, both

5520 | J Mater. Chem. C, 2022, 10, 5514-5525

the highest occupied and lowest unoccupied DOS states were
found to be similar to that of the pure SnS surface, with the
exception of the Sn 5p states, which was observed in the energy
range of —0.1 to —0.3 eV. Furthermore, the band structure showed
a peak near to the Fermi line at a high symmetry point X because
of the Sn 5p state. Similarly, the adatom (i.e., S;) in the SnS (111)
surface structure with S; as shown in Fig. 7(e) was found to
displace upward by 0.947 A and was attributed to the strong
repulsion from the neighboring S atoms. Moreover, the DOS
structure was found to be similar to that of the pure SnS (111)
surface, except for the sharp Sn 5p peak at the CBE. Furthermore,
the defective surface with S; showed a direct band gap of 0.201 eV
at the C point (see Fig. 9(e)).

This journal is © The Royal Society of Chemistry 2022
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In the case of the Sng defect, the band gap disappeared
because of the overlapping of VB and CB (see Fig. 8(f) and 9(f)).
As a result, this surface configuration would exhibit a metallic
character. Its DOS below and above the Fermi level in the energy
range of —0.2 to 3 eV was found to be composed of mainly Sn 5p
along with minor contribution from S 3p states. Note that its
lowest VB (i.e., in the energy range of —3 to —0.2 eV) was found to
be similar to that of the pristine SnS (111) surface. As evident from
Fig. 8 (g) and 9(g), the orbital contribution of the SnS (111) surface
with Sg, at the VBE and CBE as well as its band structure was
found to be similar to that of the pristine surface. Moreover, a
direct band gap of 0.33 eV is found at the C point (see Fig. 9(g))-

This journal is © The Royal Society of Chemistry 2022

As shown in Subsection 3.1, the experimentally fabricated
SnS thin films were found to be Sn-rich and p-type (because
of the presence of Sn vacancies as Vg, has been found to
form acceptor states). Additionally, as observed using the DFT
calculation in this study, defects like Vg, Sn;, and Sng could
easily form owing to their low formation energy under Sn-rich
conditions (see Table 3). These findings motivated us to further
calculate multiple surface native defects for conditions favoring
Sn-rich along with Sn vacancies: (i) Vs, + 2 X Vs, (ii) Vg, + 2 X
Sn; and (iii) Vs, + Sns.

(i) In the case of Vg, + 2 x Vg defects, the unoccupied states
of Sn 5p (major) and S 3p (minor) were found to form above the
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Fermi level (see Fig. 8(h)). These unoccupied states were found (ii) The Vs, + 2 x Sn; defect configuration had an indirect
to have crossed the Fermi level in the k-point path of X-C-I' band gap of 0.2216 eV (see Fig. 9(i)), whereas the single native
(see Fig. 9(h)), thereby reducing the band gap (0.21 eV) com- Sn; defect had a direct band gap of 0.381 eV, though their
pared to Vg, (0.48 eV). relative contributions were found to be similar (see Fig. 8(i)).
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Table 3 Defect formation energy

Formation energy (eV)

Defect Sn-rich S-rich

Ven 1.4123 0.5054
Vg 0.5456 1.4525
Sn; 0.8847 1.7916
S; 1.4273 0.5204
Sng 0.9520 2.7659
Ssn 2.0551 0.2412
Ven + 2 x Vg 7.9627 8.8696
Vo + 2 X Sn; 12.9152 13.8221
Vgn + Sng 7.5144 8.4214

(iii) In the case of Vg, + Sng defects, the VB and CB were
found to be overlapping (see Fig. 8(j) and 9(j)), indicating their
metallic characters. The orbital contributions to the VB in the
surface with Vg, + Sng were found to be similar to those in the
pristine surface; the DOS above the Fermi level (i.e., CB) was
found to be similar to that of the defective surface with Sng.
Additionally, the smaller Sn 5p DOS peaks in the energy range
of 0 to 0.2 eV were found for the SnS surface with Vg, + Sng
(unlike with the PDOS of the Sng defect configuration).

3.3. Correlating the experimental observations with the
computational data

In this study, thin SnS films were fabricated on cleaned soda
lime glass substrates by varying the substrate temperature in
the range of 303 to 623 K for 60 minute using RF magnetron
sputtering. Note here that RF magnetron sputtering is a non-
equilibrium thin film deposition process, in which there
is a high chance for the formation of a large number of native
defects.> As evidenced experimentally from the p-type conduc-
tivity that was induced in all these thin films in the bulk, along
with their Sn-rich SnS phase (both in their bulk and at their
surfaces; see Table 1), these films came across to contain a
range of native defects, in the form of Sn vacancies, Sn inter-
stitials, Sn antisites, and/or S vacancies (see Subsection 3.1).
In addition to the above, though the bulk of these films demon-
strated semiconducting behavior, their surfaces measured using
STS showed semi-metallic characteristics (see Fig. 3 and 4).
These experimental results could speculate the extension of
these native defect states from the bulk of these semiconductors
to their surfaces, thereby providing continuous pathways during
the measurement of tunnelling current using STS, thus resulting
in the semi-metallic behavior (see Fig. 4). Moreover, these
experimental observations and/or discrepancies between the
bulk and the surfaces of these semiconductor thin films could
be supported using the findings of theoretical computations
performed in this study. As shown in the computational results
in Subsection 3.2 using first principles DFT, these native defects
of vacancies, interstitials, and antisites have low formation
energies and thus are favorable to form under these experi-
mental conditions (see Table 3). The presence of these defects in
the SnS bulk gave its p-type characteristic (along with varying
hole concentration with respect to the deposition conditions);
their presence on the surfaces led to the formation of the defect

This journal is © The Royal Society of Chemistry 2022
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states, which altered their surface electronic structures and their
surface band gaps. Moreover, the experimental observations
and the computational predictions for the bulk and the surfaces
of these SnS films were found to be in good agreement with
each other.

4. Conclusions

We have, for the first time, investigated the anomalies in the
bulk and the surface electrical properties of SnS taking into
account various types of surface defects, based on a combinatorial
approach of experiment and theory. Experimentally, single phase
polycrystalline SnS films were fabricated on the SLG substrates by
varying the substrate temperature from 303 to 623 K for 60 min
and using SnS ceramic targets in RF magnetron sputtering. All the
films were found to have grown in the SnS orthorhombic crystal
structure with the strong (111) orientation of crystallites. These
films were found to be Sn rich and of p-type, suggesting the
presence of several native defects. Although the bulk SnS showed
an optical band gap in the range of 1.61 to 1.31 eV, depicting
semiconducting behavior, STS measurements demonstrated these
surfaces as semi-metallic. Our first-principles DFT calculations
showed a significant variation in the surface electronic structure
of (111) SnS as compared to its bulk, leading to a decrease in the
surface band gap (0.2344 eV as compared to 0.9235 eV for the
bulk). The presence of various native surface defects - vacancies,
interstitials, and antisites of both tin and sulfur - further modified
the electronic structure and the band gap, by creating impurity
states, which caused metallic behavior in some cases. Physico-
chemical insights developed through this work can help in under-
standing the transport properties in a heterostructure and then
play a significant role in designing high performance devices.
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