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Transition metal dichalcogenide monolayers have attracted extensive attention because of their rich physical
and chemical properties and wide applications. In this work, we systematically investigate the electronic

properties of tin dichalcogenide monolayers (SnX,, X = S, Se, and Te) and the effects of hydrogenation and

tension by first-principles calculations based on the density-functional theory. We find that a pure SnX,
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monolayer can be an intrinsic semiconductor or metal depending on the Sn—X bonding state. Hydrogenation
can transfer its conductivity from a narrow-band semiconductor or a metal to wide-band semiconductor.
We further show that a monolayer with a tunable band gap and even metallic characteristics can

be achieved by applying tension. We predict that these tin-based dichalcogenide monolayers with
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|. Introduction

Two-dimensional (2D) monolayers, such as graphene and transi-
tion metal dichalcogenides, have attracted extensive attention
because of their intriguing electronic, optical, magnetic, mechanical,
chemical and biological properties and potential multi-functional
applications."™ The transition metal dichalcogenide monolayers
(MX,) are a class of sandwich 2D materials with X atoms at the top
and bottom and M atoms in between.” Normally, M is a transition
metal element from group IV, group V, or group VI, and X is a
chalcogen (S, Se or Te). Different from graphene, 2D MX, can be
metallic, semiconducting, nonmagnetic, and ferromagnetic due
to the rich choice of compositions and phase transitions,*®**2°
and it has been widely studied recently for its applications in
nanodevices, catalysts, solar cells, lithium batteries, sensors,
etc.>">?°?® Importantly, its physical and chemical properties
can be easily modified to satisfy particular application requirements
by functionalization and an external field due to the excellent surface
chemical activity and mechanic flexibility.>>** For example, it has
been reported that the electronic and magnetic properties of 2D MX,
can be efficiently tuned by external tension and controlled by
hydrogenation.”'®19?230323441 g gne of the members in the 2D
MX,, family, SnX, monolayers have been reported for applications
in solar-driven water splitting, lithium battery, and field-effect
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controllable multi-functions may be employed in nanodevices and sensors.

transistor because of their semiconducting characteristic, rich
abundance, and environment-friendly property.*>** Generally,
transition metal dichalcogenides have hexagonal or rhombohe-
dral symmetry, where the metal atoms have octahedral (1T) or
trigonal prismatic (2H) coordination.” Experimentally, the two
phases of a 2D MX, monolayer can interchange with each other
under suitable conditions. For example, WS, is energetically
stable in the 2H phase, but 1T WS, can be realized in experi-
ments.*® Theoretical calculations have shown that 1T SnS, and
SnSe, monolayers are indirect semiconductors.*>*! Till date, most
of the theoretical work only focuses on 1T SnX, structures because
they are energetically stable. A theoretical study of their 2H struc-
tures is not available, but it is necessary to reveal their physical
properties for possible applications. At the same time, the effects of
hydrogenation and tension on their electronic properties, which may
lead to potential applications, have not been studied. In this work,
we systematically investigate the electronic properties of SnX, mono-
layers and present an easy and simple method to tune their
properties by hydrogenation and tension. We show that their
electronic properties strongly depend on the chalcogen atom in
the compounds because of the bonding state between the Sn and
X atoms. We further show that p-type/intrinsic semiconducting
and metallic monolayers with tunable band gaps can be obtained
by hydrogenation and applied tension.

Il. Methods

We carry out first-principles calculations to study the electronic
and magnetic properties of tin dichalcogenide monolayers with

This journal is © The Royal Society of Chemistry 2015
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hydrogenation and under tension on the basis of the density
functional theory (DFT)** and Perdew-Burke-Ernzerhof gener-
alized gradient approximation (PBE-GGA).”> The Vienna ab
initio simulation package (VASP)*® with a projector augmented
wave (PAW) scheme®”*® is used. The Monkhorst-Pack scheme
of k-point sampling®® is used for integration over the first
Brillouin zone. A 13 x 13 x 1 grid for k-point sampling for
the geometry optimization of unit cells and an energy cut-off of
450 eV are consistently used in our calculations. Sufficiently
large supercells are used so that the monolayers in the neigh-
boring cells in the vertical direction (perpendicular to the
monolayer) are separated by a vacuum region of at least 15 A.
A2 x 2 x 1 cell is used to study the spin alignments. Both the
spin-polarized/unpolarized calculations are employed. Good
convergence is obtained with these parameters, and the total
energy was converged to 2.0 X 1077 eV per atom.

lll. Results and discussion
3.1 Structural properties

In our calculations, we focus on 2H tin dichalcogenide mono-
layers (SnX,, X = S, Se, and Te) and the effects of hydrogenation
and tension on their electronic properties (Fig. 1a). The pure
and hydrogenated SnX, monolayers are first optimized to
obtain the lattice parameters. The hydrogenation is realized
by putting hydrogen atoms on the top of X atoms at one surface
(Fig. 1b) or both the surfaces (Fig. 1c) of SnX, monolayers,
leading to the formation of a chemical bond (H-X). For
a convenient discussion below, the pure, one-surface hydro-
genated, and two-surface hydrogenated SnX, monolayers
are named as SnX,-nH-MLs with n = 0, 1, and 2, respectively.
The external tension is statically applied to these monolayers
by uniform biaxial in-plane stretching, which is defined as
&= % x 100% (where a, and a are the lattice constants of
0
the monolayers without and with tension, respectively). The
lattice parameters of pure and hydrogenated SnX, monolayers
are obtained from their fully optimized structures (Table 1). We
can see that the lattice constant increases as X changes from
S to Se; it increases further as X changes to Te due to the
enhanced ionic bonding between the Sn and X atoms. At the
same time, hydrogenation leads to the expansion of the lattices
of SnX, monolayers (Table 1). The lattice constant of pure SnS,
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Table 1 The lattice parameters of SnX, monolayers with and without
hydrogenation

Lattice constant (A) /L X—Sn-X ()
SnS, OH 3.618 75.473
1H 4.001 67.134
2H 4.455 59.678
SnSe, OH 3.799 76.308
1H 4.229 66.599
2H 4.726 58.135
SnTe, OH 3.799 88.855
1H 4.476 68.784
2H 4.819 63.128

monolayer is 3.618 A, which increases to 4.001 A and 4.455 A
by hydrogenation on one surface and both the surfaces, respec-
tively. Similarly, the lattices of SnSe, and SnTe, monolayers
are extended by 11.3% and 17.8% for hydrogenation on one
surface, respectively, and extended by 24.4% and 26.8% for
hydrogenation on both the surfaces, respectively. The S-H
bond lengths are about 1.365 and 1.354 A for the SnS,-1H
and SnS,-2H monolayers, respectively (S1a, ESIT). We see that
the X-H bond increases as X changes from S to Se (S1b, ESI¥),
and it increases further as X changes to Te (Sic, ESIT). This
bond length is longer in SnX,-1H-ML than that in SnX,-2H-ML
(S1, ESIt). The relaxed structures of SnX,-nH-MLs (n =0, 1, and 2)
under tension show that the Sn-X bond increases linearly and
the X-X distance in the vertical direction (perpendicular to
monolayer) decreases as the tension increases (Fig. 2), except
the Sn—-Te bond in the SnTe,-0H-ML (Fig. 2e), which decreases as
the tension increases from 0 to 6%, and increases as the tension
further increases. Accompanying the change of the Sn-Te bond
in SnTe,-0H-ML, we see that the Te-Te distance in the vertical
direction drops fast in a range from 0 to 6% (Fig. 2f). The
change of the X-H bond is less than 0.5% under the range of
tension (0 to 10%) (S1, ESIt). The hydrogenation and tension
should affect the electronic properties of the SnX, monolayers
due to the changes of their lattice parameters.

3.2 Electronic properties of SnS, monolayers

To find out the ground states of SnX,-nH-MLs (n = 0, 1, and 2)
under the tension range from 0 to 10%, the energy differences
between their anti-ferromagnetic and ferromagnetic states

ST

Fig. 1 The representative structures of (a) pristine SnX, (SnX,-0H-ML), (b) SnX; with one surface covered by hydrogen atoms (SnX,-1H-ML), and (c) SnX;

with both its surfaces covered by hydrogen atoms (SnX,-2H-ML).

This journal is © The Royal Society of Chemistry 2015
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Fig. 2 The nearest atom-atom distance of (a) Sn-S, (b) S-S, (c) Sn—Se, (d) Se-Se, (e) Sn—Te, and (f) Te-Te. 1H-a and 1H-b refer to the bond lengths of
Sn—X with and without H-coverage in SnX,-1H-ML, respectively. X=X (X = S, Se, and Te) refers to the distance between two X atoms in the vertical

direction (perpendicular to the monolayer).

(spin-polarization) are calculated. The ultra-small energy differ-
ences within +1 meV show that these systems are non-
magnetic (S2, ESIt). Therefore, we focus on spin-unpolarized
calculations in the following discussion. The calculated band
structure shows that SnS,-OH-ML at ¢ = 0 is an indirect band
semiconductor with a band gap of 0.78 eV, whose conduction
band bottom (CBB) and valence band top (VBT) are at the M
and I" points in the first Brillouin zone, respectively (Fig. 3a). As
the Fermi level is within the band gap, we see that SnS,-0H-ML
is an intrinsic semiconductor. The band gap of the 2H SnS,
monolayer is about half that of 1T SnS,.*" The partial densities
of states (PDOSs) show that its CBB is contributed by S-p and
Sn-s states, and the VBT is dominated by S-p electrons (Fig. 3b).
The CBB and VBT shift downward on the hydrogenated SnS,
monolayers (Fig. 3c and e). We see that SnS,-1H-ML is a p-type
semiconductor because the Fermi level is within the valence
band (when considering the up band as the conduction band)
and has a band gap of 1.77 eV (Fig. 3c). When both the surfaces

3716 | J. Mater. Chem. C, 2015, 3, 3714-3721

are hydrogenated (Fig. 1c), the VBT further moves downward
and leaves the Fermi level within the band gap, leading to an
intrinsic semiconductor with a gap of 1.88 eV (Fig. 3e). The
PDOSs show that the VBTs of SnS,-1H-ML and SnS,-2H-ML are
contributed by S-p and Sn-s electrons, and CBBs are dominated
by Sn-p states (Fig. 3d and f). Comparing the band structures
and PDOSs of pure SnS, monolayer and those with hydrogena-
tion (Fig. 3), we see that the CBB of SnS, monolayer without
hydrogenation (Fig. 3a and b) moves downward and becomes
the VBT of the SnS, monolayer with hydrogenation (Fig. 3—f). We
find that the pure SnS, monolayer (SnS,-0H-ML) is an intrinsic
semiconductor and its lowest conduction band is empty (Fig. 3a
and b). When one side is fully covered by hydrogen atoms
(SnS,-1H-ML), one electron is donated to its lowest conduction
band (or the band still holds one hole). Based on the Fermi-
Dirac distribution, the Fermi level moves upward (or the lowest
conduction band moves down) because the electrons can only
occupy states below this level. If considering the band above the

This journal is © The Royal Society of Chemistry 2015
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Fig. 3 Calculated band structures of (a) SnS,-0H-ML, (c) SnS,-1H-ML, and (e) SnS,-2H-ML and partial density of states of (b) SnS,-0H-ML, (d) SnS,-1H-

ML, and (f) SnS,-2H-ML. Fermi level is at 0 eV.

Fermi level as a new conduction band bottom, SnS,-1H-ML is a
p-type semiconductor (Fig. 3c and d). When another side of the
monolayer is also fully covered by hydrogen atoms (SnS,-2H-
ML), one more electron is donated to the lowest empty state.
Now, the energy level holds two electrons and is saturated,
leading to a further downward-movement (or the Fermi level
moves further upward). Therefore, SnS,-2H-ML is an intrinsic
semiconductor (Fig. 3e and f). At the same time, we observe that
hydrogenation leads to an extension of the lattice constant or
tension on the lattice (Table 1). The tension may also affect
their electronic properties accordingly.

To investigate the effect of tension, these monolayers are
stretched statically in biaxial directions. Our calculations show
that SnS,-0H-ML has the maximal band gap (0.79 eV) at ¢ = 1%,
semiconducting characteristics at ¢ < 8%, and metallic char-
acteristics when ¢ > 8% (inset in Fig. 4a). The calculated band
structures and PDOSs under tension reveal the origin of the
trend (Fig. 3a, b and 5). We see that the conduction band of
SnS,-0H-ML at the I' point in reciprocal space is pulled down-
ward with the increase of tension (Fig. 5a) and becomes CBB
when ¢ = 4% (Fig. 5¢). At the same time, its valence band at the K
point is pushed upward, resulting in a new VBT at ¢ = 4% (Fig. 5¢).

With further increasing tension, the CBB will touch (at ¢ = 8%,
Fig. 5e) and finally cross the Fermi level and overlap with the
VBT (Fig. 5g), leading to metallic properties. The PDOSs show
that the VBTs of strained SnS,-0H-ML are still dominated by S-p
electrons, and CBBs are mainly contributed by S-p and Sn-s states
(Fig. 5b, d, f and h). Although hydrogenation also leads to the
extension of the lattice constants (or tension) (Fig. 2), the effect of
hydrogenation on the electronic properties (Fig. 3c—f) is totally
different from that of external tension (Fig. 5), indicating that the
observed electronic properties of SnS,-1H-ML and SnS,-2H-ML at
zero tension are attributed to hydrogenation (Fig. 3c—f).

Besides the effect of tension on the electronic properties of
SnS,-0H-ML, we also investigate those on SnS,-1H-ML and
SnS,-2H-ML. We see that the band gap of SnS,-1H-ML increases
fast to 1.855 eV at ¢ = 2%, decreases with further increasing
tension, and converges to 1.773 eV at ¢ = 10% (Fig. 4a). The
calculated band structures and PDOSs show that the CBB of
SnS,-1H-ML at the M point is pushed upward fast, leading to
an increased band gap in a tension range from 0 to 2% (Fig. 3c
and d and 6a and b). When ¢ > 2%, the CBB is at the I" point
and remains almost unchanged under tension, while the VBT
at the K point is continuously pushed upward slowly, resulting

e ® | 1,68
188{e @ o) " c
1 . 164{ o
1.86 S
i 1,60 ot
~ 184 : 152 S .
% 4 156 R
2 4. ] & T
A2 1.50 0 % s
u 1.80{ e 0
] - @-SnSH L8 . 148 o cten ®
T @ A @ SnTe -
178 i @~ SnSQ»ZH - 146 @ SnSe,-1H'e . o ) "o
° L 2 ®- SnSe,-2H B TP ] @ SnTe,-2H g
1.76 1.44 1.40
01 23 456 7 8 910 0 2 4 6 8 10 0 Z 4 6 8 10

Tension (%)

Tension (%)

Tension (%)

Fig. 4 Calculated band gaps of (a) SnS,-nH-MLs, (b) SnSe,-nH-MLs, and (c) SnTe,-nH-MLs as a function of tension. n = 1 and 2. The insets in (a) and (b)
show the calculated band gap of pure SnS; and SnSe, monolayers, respectively, as a function of tension.
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Fig. 6 Calculated band structures of SnS,-1H-ML at tension of (a) 2% and (c) 10%, and partial density of states at tension of (b) 2% and (d) 10%. Fermi level

isat0eV.

in a reduced band gap (Fig. 6¢ and d). The contribution to the VBT
and CBB of SnS,-1H-ML is unaffected by tension (Fig. 6b and d).
Different from SnS,-1H-ML, the band gap of SnS,-2H-ML
decreases initially with tension and reaches the minimum
(1.847 eV) at ¢ = 2% (Fig. 3a). Then, it increases slightly and
converges to 1.86 eV with further increasing tension. The
calculated band structures show that the CBB of SnS,-2H-ML
is pulled down when the tension increases from 0 to 2% (Fig. 3¢
and d and 7a and b), and its band gap reduces accordingly.
When ¢ > 2%, its CBB remains almost unaffected, while its
VBT is pushed downward (Fig. 7c and d), leading to a slight
increment of the band gap. When SnS,-2H-ML is compared with
SnS,-0H-ML and SnS,-1H-ML, we see that the lattice constant
of SnS,-2H-ML is much larger than those of SnS,-0H-ML and

3718 | J. Mater. Chem. C, 2015, 3, 3714-3721

SnS,-1H-ML (Fig. 2). The bonding state in SnS,-0H-ML is domi-
nated by covalent coupling, which is weakened in SnS,-1H-ML
and SnS,-2H-ML due to extended lattices. The tension can also
play the same role in the change of bonding states. It should be
more apparent in SnS,-OH-ML because of the strong covalent
bonding, but becomes weak in SnS,-2H-ML because of the
reduced covalent bonding. Therefore, we see that the effect of
tension on the electronic properties of SnS,-0H-MLs is stronger
than those of SnS,-1H-ML and SnS,-2H-ML.

3.3 Electronic properties of SnSe, monolayers

The band structure of SnSe,-OH-ML (Fig. 8a) looks similar to
that of SnS,-0H-ML with a narrowed band gap (Fig. 3a). SnSe,-
OH-ML is an indirect band semiconductor with CBB at the M

This journal is © The Royal Society of Chemistry 2015
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point and VBT at the I" point and an ultra-narrow gap of 0.04 eV,
which is much less than that of the 1T SnSe, monolayer.*>**
Se-p electrons contribute to its VBT (Fig. 8b). Its CBB is
dominated by Se-p and Sn-s states (Fig. 8b). Similar to the
SnS, monolayer, hydrogenation leads to a change of the elec-
tronic properties of the SnSe, monolayer. With one surface fully
covered by hydrogen atoms, SnSe,-1H-ML becomes a p-type
semiconductor with an indirect gap of 1.541 eV (Fig. 8c), where

This journal is © The Royal Society of Chemistry 2015

Energy(eV)

Energy(eV)
and (e) SnSe,-2H-ML, and partial density of states of (b) SnSe,-0H-ML, (d)

its VBT is contributed by Se-p and Sn-s electrons, and CBB by
Sn-p states (Fig. 8d). When both the surfaces are hydrogenated,
the monolayer becomes an intrinsic semiconductor with an
indirect band gap of 1.539 eV (Fig. 8e and f). From the band
structures of SnSe,-nH-MLs (n = 0, 1, and 2), we can see that the
CBB of SnSe,-0H-ML (Fig. 8a) moves downward to become the
VBTs of SnSe,-nH-MLs (n = 1 and 2) (Fig. 8c and e), which is
consistent with SnS,-nH-MLs (Fig. 3).
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When tension is applied to SnSe,-nH-MLs, we see that their
electronic structures are tuned (Fig. 4b). The band gap of SnSe,-
OH-ML starts to increase with the tension and reaches the
maximum (0.133 eV) at ¢ = 4%, and it then decreases to zero
with further increasing the tension (inset in Fig. 4b). The band
structures show that its CBB (at the M point) of SnSe,-0H-MLs
under zero tension is pushed upward and transfers to the I’
point at ¢ = 4% (S3a and b, ESIt), leading to an increment of the
band gap (inset in Fig. 4b). Further increasing the tension, its
CBB (at the I" point) is pulled downward (S3c and d, ESIt) and
finally crosses over the valence band (S3e and f, ESIt), resulting
in metallic characteristics. For SnSe,-1H-ML, the reduction of
its band gap is within 0.1 eV under tension from 0 to 10%,
which is contributed by the downward-movement of CBB at the
I' point (S4, ESIt). The effect of tension on the band gap of
SnSe,-2H-ML is even smaller. The band gap of SnSe,-2H-ML is
only increased by ~0.02 eV at ¢ = 10% (Fig. 4b). However,
SnSe,-2H-ML changes from an indirect band semiconductor
to a direct semiconductor because the VBT changes from the
K point to I" point (S5, ESIT).

3.4 Electronic properties of SnTe, monolayers

Because of the relatively strong ionic bonding of Sn-Te compared
to Sn-S and Sn-Se, SnTe,-0H-ML is metallic (Fig. 9a and b). Similar
to the previous discussion, it changes to a p-type semiconductor
when one surface is hydrogenated (Fig. 9c and d), and an intrinsic
semiconductor when both its surfaces are fully covered by hydro-
gen atoms (Fig. 9e and f). The VBTs of hydrogenated SnTe,
monolayers are contributed by Te-p and Sn-s electrons and their
CBBs, by Sn-p states (Fig. 9d and f). The metallic conductivity of
SnTe,-0H-ML is not affected by the applied tension because its
Fermi level is maintained deep within the band (S6, ESIt). The
band gaps of SnTe,-1H-ML and SnTe,-2H-ML are reduced by 0.3
and 0.1 eV, respectively, with the applied tension increasing from
0 to 10% (Fig. 4c). The reduction of the band gap of SnTe,-1H-ML
as the tension increases contributes to the downward-movement

3720 | J. Mater. Chem. C, 2015, 3, 3714-3721

Energy(eV)

0
Energy(eV)
and (e) SnTe,-2 H-ML, and partial density of states of (b) SnTe,-0H-ML, (d)

of CBB (S7, ESIt), while that of SnTe,-2H-ML to the upward-
movement of the VBTs at the I' point, which yields a direct
semiconducting characteristic (S8, ESIY).

IV. Conclusions

In summary, the electronic properties of SnX, monolayers and
the effects of hydrogenation and tension are investigated by
first-principles calculations on the basis of density-functional
theory. Our calculations show that pure SnX, monolayers transfer
from semiconductor to ultra-narrow band semiconductor, further to
metal as X changes from S, to Se, and then to Te, because the
covalent bond of Sn-X weakens in the same trend. Their electronic
properties are strongly affected by hydrogenation and tension.
Hydrogenation on one surface of the monolayers leads to a p-type
semiconductor and that on both the sides of these monolayers
results in an intrinsic semiconductor. At the same time, their band
gaps are enlarged by hydrogenation. Pure SnS, and SnSe, mono-
layers can be tuned from a semiconductor to metal by applying
tension. SnSe, and SnTe, monolayers with two surfaces covered by
hydrogen atoms transfer from indirect to direct semiconductors
under external tension as well as the reduction of band gaps. It is
expected that multi-functional applications, such as sensors and
nanodevices, may be achieved on the basis of tin dichalcogenide
monolayers by hydrogenation and tension.
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