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ABSTRACT

Two-dimensional (2D) GalnS; nanosheets are found to exhibit thermal and structural stabilities, good oxidation resistance, and tunable and
layer-dependent electronic properties from first-principles calculations. Remarkably, the nanosheets with arbitrary thickness possess robust
in-plane piezoelectricity without the odd-even effect commonly observed in other 2D piezoelectric materials, which is attributed to the reten-
tion of noncentrosymmetry resulting from their homogeneous and direct stacking patterns. The piezoelectric stress coefficient e3P of the
nanosheets is about 0.23 C/m”’, almost independent of the numbers of atomic layers of 2D GalnS;. The stability in piezoelectricity and the
high carrier mobility of 2D GalnS; nanosheets could endow them with promising application prospects in nanoelectronic and nanoelectro-

mechanical devices.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0050854

Because of the increasing demands for miniaturization and mul-
tifunctionality in piezoelectric devices, two-dimensional (2D) piezo-
electric materials have stimulated much research interest in the past
decade." * Theoretical predictions on various 2D materials, such as
metal oxides,”” transition metal dichalcogenides,” group-II/III/IV
monochalcogenides,”*” group-1II-V compounds,'” and group-V
binary compounds,'' have revealed that some of them possess ultra-
high piezoelectric coefficients. Meanwhile, from experimental studies,
2D monolayer 2H-MoS, and h-BN are reported to exhibit piezoelec-
tricity with coefficients comparable to those of conventional bulk
materials.”""”

For device applications, 2D materials are generally utilized in the
form of multilayered nanosheets. Thus, a layer-dependent piezoelectric
behavior of 2D materials has to be considered in the devices.
Unfortunately, the piezoelectricity of most reported 2D materials, such
as 2H-MoS,, exists only in monolayer or multilayer materials and
decreases gradually with increasing layer number.” More seriously,
since the alternating layers of those nanosheets are stacked alterna-
tively with an opposite orientation, multilayered nanosheets with an
even number of layers are centrosymmetric and can lose their

piezoelectric response,”” while only the odd-layer nanosheets with a
broken inversion symmetry can exhibit piezoelectricity. Such odd-
even effect of piezoelectricity in 2D materials increases the difficulty in
materials preparation and limits their practical applications. Although
the piezoelectricity in both monolayer and multilayer «-In,Se; nano-
sheets with a noncentrosymmetric hexagonal stacking pattern was
observed recently,"” the 2D piezoelectric materials without any odd-
even effect are still quite limited.

In this Letter, based on first-principles calculations, we report an
unexplored 2D GalnS; material that can be exfoliated from its bulk
crystal, which is first synthesized in 1987."* GalnS; is a typical semi-
conductor with a wide bandgap varying from 3.04 eV for the mono-
layer to 2.66 €V of the bulk. It is revealed that this material possesses
anomalous layer-dependent piezoelectricity compared with previously
reported 2D piezoelectric materials. Remarkably, it is found that both
odd- and even-layer GalnS; are piezoelectric, attributing to the reten-
tion of noncentrosymmetry because of their homogeneous and direct
stacking patterns. Moreover, the theoretical calculations also show that
2D GalnS; have good structural stability, excellent oxidation resis-
tance, and high carrier mobility. Such robust piezoelectricity
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accompanying with tunable electronic properties ensure that 2D
GalnS; nanosheets could be widely utilized in nanoelectronic and
nanoelectromechanical devices.

All first-principles calculations were carried out within the frame-
work of density functional theory (DFT) by using the Vienna Ab initio
Simulation Package (VASP) code.'” '’ Generalized gradient approxi-
mation (GGA) within the Perdew-Burke-Ernzerhof (PBE) method
was employed to describe exchange-correlation potential.'® A plane
wave basis set within a kinetic cutoff energy of 500 ¢V was used. The
interactions between electrons and nuclei were described within the
projector-augmented wave (PAW) method."®"” The Brillouin zone
was sampled using mesh sizes of 8 X 12 x 1 for 2D systems and
7 x 7 x 4 for 3D bulk in the Monkhorst-Pack scheme.”’ Electronic
properties were also examined by the Heyd-Scuseria-Ernzerhof
(HSE) hybrid functional.”’ To eliminate the interactions between
neighboring images of the supercells, a vacuum layer with a thickness
of 20 A perpendicular to the monolayer was added. The convergence
criterions for the total energy and force were set to be 10 °eV and
10 >eV/A, respectively. The interlayer and intralayer van der Waals
corrections were treated by the Grimme’s DFT-D3 scheme.”” The
phonon spectrum was calculated using the density functional pertur-
bation theory (DFPT) as implemented in the PHONOPY package
within a 3 x 3 x 1 supercell.” Ab initio molecular dynamics (AIMD)
simulations are performed on a4 x 4 x 1 supercell by using a canoni-
cal ensemble (NVT).**

As illustrated in the supplementary material, Fig. S1(a), bulk
GalnSs;, characterized by an orthorhombic crystal structure, is a natu-
ral pseudo-2D crystal with the Cimc2; (No. 36) space group. The opti-
mized lattice parameters of bulk GaInS; are a =b=9.81 A, c=6.19 A,
and y = 157.75°, which are in good agreement with the experimental
values (a=b=9.93 A, c=622A, and y = 157.92°)."" Bulk GalnS$; is
an indirect semiconductor with a bandgap of 2.66 eV at the HSE level
[see the supplementary material, Fig. S1(c)], which is in a moderate
bandgap region as compared with those of previously reported wide-
bandgap InTel (2.32eV) and GaTeCl (2.96¢eV) bulk crystals.25 20
Similar to other 2D materials, such as graphene, phosphorene, and
MoS,, the natural layered structure of bulk GaInSs; is very beneficial to
the formation of 2D monolayer and multilayers.

As shown in Fig. 1(a), the GalnS; monolayer is stabilized into an
orthorhombic structure (space group Pmn2;, No. 31). The calculated
lattice constants of GaInS; monolayer are a=6.21 A and b=3.78 A,
as listed in the supplementary material, Table S1. The atomic layer is
composed of alternative 4- and 6-membered rings containing both
Ga-S and In-S bonds. More specifically, each Ga atom forms four
covalent bonds with adjacent S atoms, and the bond lengths of Ga-S
are 2.25-2.34 A, while each In atom forms six covalent bonds with S
atoms and the In-S bond length is 2.56-2.70 A. The complicated
bonding scheme endows GalnS; monolayer with a relatively larger
thickness (about 7.19 A) as compared with those of other 2D mono-
layer materials. Since the successful preparation of monolayer and
multilayer GalnS; is of vital importance to the subsequent studies on
their properties, the cleavage process is thus investigated and a cleav-
age energy of around 0.28 J/m” can be obtained for GaInS; monolayer,
notably smaller than that of black phosphorene (0.40 J/m?), as shown
in Fig. 1(b). Such small cleavage energy suggests that the GalnS;
monolayer may be synthesized by mechanical or liquid exfoliation
from its 3D bulk crystal.

scitation.org/journal/apl
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FIG. 1. (a) Top and side views of the optimized structure of monolayer GalnS;. The
primitive cell is outlined by dashed lines. (b) Cleavage energy E as a function of
separation distance between two layers. (c) The phonon dispersion spectrum of
monolayer GalnSs;. (d) The evolution of total energy during the AIMD simulations at
300K. The inset shows the snapshot of an atomic structure at 10 ps.
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We then examine the dynamical and thermal stability of GalnS;
monolayer by the phonon dispersion spectrum and AIMD simulation.
As plotted in Fig. 1(c), no appreciable negative frequency is found in
the phonon band structures, indicating that the GalnS; monolayer is
dynamically stable. Figure 1(d) shows that GaInS; monolayer main-
tains its original geometry perfectly without any structural deforma-
tion and the total-energy fluctuation is small during the AIMD
simulation at 300 K for 10 ps, indicating that GaInS; monolayer is also
thermally stable at room temperature. Furthermore, we perform the
AIMD simulation to explore the interaction between the GalnS;
monolayer and gaseous phase O, at room temperature. The phenom-
ena of O, dissociation have not been found on the GalnS; surface [see
the supplementary material, Fig. S2], which indicates the good oxida-
tion resistance of 2D GalnSs.

As shown in Fig. 2(a), GalnS; monolayer possesses an indirect
bandgap of 2.06 eV at the PBE level and 3.04 eV at the HSE level. The
conduction band minimum (CBM) is located at the I" point, whereas
the valence band maximum (VBM) is located along the I'-X line.
Moreover, the VBM is almost dominated by the S atoms, while the
CBM is mainly contributed by the In and S atoms [see Figs. 2(b) and
2(c)]. Such a large bandgap is close to those of some traditional wide-
bandgap semiconductors, such as SiC (3.2eV) and ZnO (3.35 ev),
which endows GalnS; monolayer with active response to blue and
ultra-violet light and promotes its application in light emitting diodes
and photodetectors.”” Notably, the band edge of VBM is extremely flat
along the I'-X line, suggesting that GaInS; monolayer possesses a
quasi-direct bandgap of 3.07¢V at the I' point. The small energy
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FIG. 2. (a) Band structures and (b) DOS of monolayer GalnSs. The Fermi level is
set at zero. (c) Electron density distribution at conduction band minimum (CBM)
and VBM. (d) Evolution of the HSE bandgap of monolayer GalnS; under the
applied strains. (e) Evolution of bandgap calculated by PBE and HSE (solid sym-
bols) as a function of the layer number of GalnS; nanosheets, which is fitted by a
power-law curve (solid lines).

difference of 0.03 eV between indirect and quasi-direct bandgaps indi-
cates that the indirect-to-direct bandgap transition may be achieved in
the GalnS; monolayer under very small external perturbations such as
the in-plane strain.

The external applied strain has been demonstrated as an effective
method to modulate the physical properties of 2D materials because of
their excellent mechanical flexibility.”*"** Herein, the changes in the
band structure and bandgap of GalnS; monolayer under various
applied uniaxial and biaxial stains are studied. The HSE bandgaps of
GalnS; monolayer as a function of in-plane stain are shown in Fig.
2(d), and the corresponding band structures are plotted in the supple-
mentary material, Figs. $3-S5. Clearly, the bandgaps of GaInS; mono-
layer can be tuned in a large range of 1.66-3.28 eV under the strain
within =10%. Actually, the obvious strain sensitivity of the bandgap is
induced by the competition between the energies of several band edge
states around I' point, i.e., under the applied uniaxial and biaxial
strains, the location of VBM varies from I'-X line to I'-Y line and I'
point, while the location of CBM switches between I" and S points.
Moreover, an indirect-to-direct bandgap transition can be achieved
under a small compressive strain of 4% along the x-direction, and the
direct bandgap can be retained with increasing compressive strains
[see the supplementary material, Fig. S3]. As we all know, the direct
bandgap is favorable for the low-energy optical excitation. Thus, the
optical properties of GaInS; monolayer would be effectively adjusted
by strains. Our study suggests that the GaInS; monolayer is promising
for applications in optoelectronic devices.

scitation.org/journal/apl

The geometric parameters and electronic band structures of
GalnS; nanosheets with different numbers of layers (N=2-5) are
investigated, which are generated through directly extracting from
their bulk crystal. From monolayer (1L) to multilayer (2L-5L) GalnS;,
the location of VBM varies from the I'-X line to I"-Y line, whereas the
location of CBM remains unchanged (see the supplementary material,
Fig. S6). Meanwhile, one can find that the addition of more layers
induces the obvious band splitting over the entire Brillouin zone,
which leads to a slight decrease in the gap. The bandgaps of GalnS;
nanosheets are also plotted in Fig. 2(e), showing that the HSE bandgap
changes from 3.04eV (monolayer) to 2.66eV (bulk), in consistent
with those PBE results. The thickness dependence bandgaps E, could
be described by an exponential decay function E, = A/N* + B, where
A, B, and o are the fitted parameters as listed in the supplementary
material, Table S2. It is worth noting that the relationship between the
HSE-calculated bandgap and N follows the 1/N%** power law for
GalnS;, similar to those previously reported in phosphorene and
Bi,Te,X (X =, Se) monolayer,”*”” while the ordinary quantum con-
finement predicts a much faster decay relationship of 1/N?.

Remarkably, the C,, noncentrosymmetry is always maintained in
the GalnS; nanosheets. The piezoelectric stress tensor e and strain
tensor djj are defined as™®

OP; OP;
Cijk = gjk; ijk =

1)

Jo ik ’
where P;, &jks and oj are the polarization, strain, and stress tensors,
respectively, and

OP;  OP; 0oy
Oeii " 00um Ok

Cijk = = dimncmnjk7 (2)
where C, represent elastic stiffness constants. In the Voigt nota-
tion,”® for 2D GalnS; nanosheets with the C,, point group, the inde-
pendent coefficients e;;, €12, dy;, and d;, are as follows:

e11Cn —enCp
2
C11C22 - C12

dp = enCi —enCn ) 3)

diy =
" CiiCy — C

Based on Berry’s phase approximation,”* e;; and e,, are deter-
mined from the polarization changes (AP) vs uniaxial strains (¢;; and
&) ranging from -0.01 to 0.01 with a step of 0.005. As shown in
Figs. 3(a) and 3(b), the slopes of the fitted lines represent the 2D piezo-
electric coefficients 2 and €22, and the relaxed-ion condition means
that the correspondmg coefficients include both the ionic and elec-
tronic contributions. To compare with the values for 3D bulk of the
same stoichiometry, the 2D piezoelectric coefficients must be renormal-
ized by the effective thickness h of the corresponding nanosheets, ie,
&P = el /h and 3D = €20 /h. The calculated ¢?P and 2D of GaInS;
monolayer are 2.23 x 10 '* and 0.38 x 10 ° C/m, respectlvely, exhib-
iting obvious anisotropy. With the increase in layer number N, ¢?P and
2D increase linearly and reach 11.20 x 10~ '° and 1.98 x 10~'° C/m
for five-layer GalnSs, respectively (see the supplementary material,
Table S3). For comparison, the eﬂ) and e of GalnS;, h-BN,
and 2H-MoS, nanosheets and bulk crystals, respectlvely, are plotted in
Figs. 3(c) and 3(d).

Obviously, since the h-BN and 2H-MoS, nanosheets are in an
inversely stacking structure of the unit cell along the polarization
direction, those with even layers have an inversion symmetry and are
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FIG. 3. 2D polarization changes along the x-direction with respect to applied uniaxial strains along (a) x- and (b) y-directions for GalnS3 nanosheets. The 2D piezoelectric coef-
ficients €2 and €22 can be obtained from the slopes of the lines. (c) 2D and (d) 3D piezoelectric coefficients €22 and €32 of GalnS;, h-BN, and 2H-MoS, as a function of layer

number N. (e) Layer-dependent carrier mobilities of 2D GalnS; nanosheets.

non-piezoelectric, while those with odd layers are noncentrosymmetric
and possess non-zero piezoelectric coefficients.” Such odd-even effect
also results in the rapid decrease in ;7 of h-BN and 2H-MoS, nano-
sheets with increasing N, which could finally vanish in the bulk [see
Fig. 3(d)]. The results are consistent with those predicted theoretically
and confirmed experimentally in MoS, systems, which have been
found to largely restrict their applications in integrated piezoelectric
devices."”’

Due to the directly stacking structure of the unit cell along the
x-direction accompanying with the uniform polarization [see
Fig. 4(a)], monolayer and multilayer GaInS; could maintain the C,,
symmetry and exhibit robust in-plane piezoelectricity without the
odd-even effect, which is consistent with those observed in o-In,Se;
nanoflakes and in clear contrast to those of #-BN and 2H-MoS, nano-
sheets. As shown in Fig. 3(d), e3P of GaInS; nanosheets does not vary
significantly with N and that of the monolayer (around 0.23 C/m?) is
well maintained in the nanosheets with different N, generally larger
than those of h-BN and 2H-MoS, with increasing N. Similar behaviors
of layer-dependent e3P (around 0.04 C/m®) are found for GalnSs, as
listed in the supplementary material, Table S3. Moreover, take the case
of GalnS; bilayer, we also consider other possible stacking types,
including polar (AB and AA) and nonpolar structures (AB’ and AA”)
[see Fig. 4(b)]. The total energy difference AE between a possible
stacking type and the ground state structure shows that the polar AB
stacking is the most stable structure, which is consistent with the
intrinsic bulk stacking type.

Based on Eq. (3), d;; and d, are calculated based on the elastic
stiffness constants Cy, which can be determined by the finite difference

method. As expected, the elastic stiffness constants satisfy the Born sta-
bility criteria described by the relations C;;Cp — C% >0 and
Cit, Cx, Ce >0, demonstrating the good mechanical stability of
2D GalnS; (see the supplementary material, Table S3). Moreover, due
to the retention of noncentrosymmetry, d;; of multilayer GalnS; is
maintained at a relatively stable level of 2.08-2.26 pm/V, which is com-
parable to that of a-quartz."’ For 2D materials, the few-layer nano-
sheets can be easily synthesized experimentally, and one can customize
the thickness of nanosheets discretionarily according to the piezoelec-
tric application requirements. Therefore, the robust and anomalous
layer-dependent piezoelectricity in GaInS; nanosheets could be promis-
ing for applications in energy harvesting and piezotronics.

The carrier mobility is another important factor that determines
the practical performance of electronic and piezoelectric devices.
Herein, the carrier mobilities of 2D GalnS; nanosheets are calculated
based on the deformation potential theory as proposed by Bardeen
and Shockley"' and the mobility formula including the anisotropy of
elastic stiffness constants, deformation potential, and effective mass as
generalize by Lang et al."” (see computational details in the supple-
mentary material) As shown in Fig. 3(e), the electron mobility
increases gradually with increasing N and reaches as high as 5160
(5220) cm® V71 g7t along the x-direction (y-direction) for five-layer
GaInS;. Moreover, the bilayer structure exhibits the highest
hole mobility of 4930 (2640) em? Vgt along the x-direction
(y-direction). The high carrier mobilities of GalnS; nanosheets are
comparable to those of few-layer black phosphorus. The outstanding
and layer-dependent carrier mobility could improve the applicability
of GalnS; nanosheets in piezoelectric devices.
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AB’: AE=18.0 meV AA’: AE=62.6 meV

FIG. 4. (a) The stacking configurations of five-layer 2H-MoS,, h-BN, and GalnS;. (b) Side views of AB, AA, AB’, and AA’ stacking structures for bilayer GalnS;. The red arrow
represents the polarization direction of monolayer within one unit cell. AB stacking type, directly extracted from its bulk crystal, represents the ground state structure. AE is the

total energy difference between a possible stacking type and the ground state structure.

In summary, we reported a class of 2D GalnS; semiconductors,
which can be exfoliated from their bulk crystal. Theoretical calculations
show that 2D GaInS; nanosheets have good thermal and structural sta-
bilities and oxidation resistance, as well as tunable wide bandgap rang-
ing from 2.66eV (bulk) to 3.04eV (monolayer). Due to the strain
sensitivity of GalnS; nanosheets, the indirect-to-direct bandgap transi-
tion can be achieved under a small strain. Moreover, the particular
stacking structure with C,, symmetry endows 2D GalnS; nanosheets
with promising piezoelectricity without the odd-even effect, which is
much different with those of previously reported 2D piezoelectric mate-
rials. With the increasing number of layers, the piezoelectric stress and
strain coefficients e?lD and d,; of 2D GalnS; nanosheets are sustained at
a consistent level with those of monolayer (around 0.23 C/m? and
2.08 pm/V, respectively). The stability in piezoelectricity accompanying
with high carrier mobility endows 2D GalnS; nanosheets with promis-
ing application prospects in nanosized sensors, piezotronics, and
energy-harvesting devices. Those electronic and piezoelectric properties
of GalnS; nanosheets as demonstrated in this work call for further
practical applications and experimental verifications.

See the supplementary material for the computational details of
carrier mobility, crystal configuration, and band structures of bulk
GalnS; in Fig. S1, lattice parameters and bandgaps of GaInS; nanosheets
in Table S1, structural changes of GaInS; monolayer with gaseous phase
O, after AIMD simulation for 10 ps in Fig. S2, band structures of
GalnS; monolayer under in-plane applied strains in Figs. S3-S5, band
structures of GalnS; multilayers in Fig. S6, fitted parameters for layer-
dependent bandgaps of GalnS; nanosheets in Table S2, piezoelectric
coefficients of GalnS; nanosheets in Table S3, carrier mobilities of
GalnS; nanosheets in Table S4, and evaluations of band edges of
GalnS; nanosheets with respect to applied strains in Figs. S7-S11.
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