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ABSTRACT

Two-dimensional (2D) piezoelectric nanomaterials have widely been studied recently due to their promise for various applications in
technology. Investigation of vertical piezoelectricity will contribute to a deeper understanding of the intrinsic mechanism of piezoelectric
effects in the 2D structures. In this paper, we report a first-principle study for the structural, electronic, piezoelectric, and transport proper-
ties of new-designed Janus WSiZ;H (Z = N, P, and As) monolayers. The structural stability of WSiZ;H is theoretically confirmed based on
the energetic, phonon dispersion, and also elastic analyses. At the ground state, while WSiN3;H is an indirect semiconductor, both WSiP;H
and WSiAs;H are predicted to be direct semiconductors with smaller bandgaps. When the spin-orbit coupling effects are taken into
account, a large valley spin splitting is observed at the K point of WSiZ3;H materials. Interestingly, a giant Rashba spin splitting is found in
WSiP;H and WSiAs;H with Rashba constant az up to 770.91 meV A. Additionally, our first-principles study indicates that Janus WSiZ;H
monolayers are piezoelectric semiconductors with high out-of-plane piezoelectric coefficient |ds;|, up to 0.15 pm/V, due to the broken
mirror symmetry. Besides, with high electron mobilities and also possessing direct band gaps, WSiP;H and WSiAs;H monolayers are favor-
able for applications in optoelectronics.
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I. INTRODUCTION harvesting devices.”” The thin and flexible nature of the 2D
structures makes them particularly attractive for integration into
nanoelectronic devices and wearable technologies.”™® Scientists
are presently delving into and manipulating diverse 2D materials
to unlock their full potential in the realm of piezoelectricity.
The studies of 2D piezoelectric structures not only help us to

Controlling the mechanical and electrical characteristics of
nanoscale devices dynamically is one of the biggest obstacles to

fully using the power of nanotechnology. The unique aspect of two-
dimensional (2D) piezoelectric nanomaterials lies in their ability to

convert mechanical strain into electrical energy and vice versa, even understand their physical characteristics but also open up new
at the nanoscale.l Piezoelectricity is essential to many different avenues for inn()yative techno]ogies with enhanced performance
kinds of applications, ranging from sensors and actuators to energy and adaptability.’
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Recent studies have shown that 2D materials can have many
advantages in piezoelectric characteristics.”” The piezoelectricity
has been experimentally reported in a free-standing MoS, mono-
layer.'™"" The in-plane piezoelectric coefficient dy; of the MoTe,
material was found to be 9.13 pm/V'* by the density functional
theory (DFT) calculations, much larger than that of the traditional
bulk form of a-quartz (2.3 pm/V)." Particularly 2D group IV
monochalcogenides exhibit an outstanding piezoelectric effect with
dy, ranging from 75.43 to 212.13pm/V."* Such positive initial
results are worthy of continuing studies on the piezoelectric effect
in 2D materials.

Since 2D Janus materials have been reported experimen-
tally,'>'® these asymmetric structures have been of particular inter-
est because they possess many rich physical characteristics with
many technological application prospects.'” > Many novel charac-
teristics of Janus structures have been found, which do not exist in
their corresponding symmetric materials.”'~* Recently, Janus
XMoSiN,; (X =S, Se, Te) has been designed from the MoSi, Ny
monolayer.”” The Rashba spin splitting does not often appear in
the vertically symmetrical structure. However, the mirror symmetry
breaking in Janus materials can give rise to the Rashba spin split-
ting effects. This is explained by the presence of a perpendicularly
internal electric field because of the difference in electronegativity
between layers of atoms in the Janus material, such as in the 2D
Janus structures based on transition metal dichalcogenide.z"
Furthermore, the lack of vertical mirror symmetry may induce the
out-of-plane piezoelectric effect in the 2D Janus materials.”” The
out-of-plane piezoelectric coefficient ds; for Janus y-Sn,STe and
Sb, Te,Se monolayers has theoretically been predicted to be 1.02°
and 1.72 pm/V,”® respectively, which are suitable for piezoelectric
devices. In this paper, we theoretically design the novel Janus
WSiZsH (Z =N, P, and As) monolayers and systematically
examine their structural, electronic, piezoelectric, and transport fea-
tures based on a first-principles approach.

1Il. COMPUTATIONAL METHODS

First-principle calculations were carried out with the projector
augmented wave (PAW) method”””’ as performed in the Vienna
Ab initio Simulation Package.’'”’* We used the generalized gradient
approximation of Perdew-Burke-Ernzerhof (PBE)’ to treat the
electron exchange-correlation functional. The hybrid functional
suggested by Heyd, Scuseria, and Ernzerhof (HSE06)’* was also
adopted to get a better examination of the electronic bandgap.
The semiempirical DFT-D3 method” was used to consider the
weak van der Waals forces. The spin-orbit coupling (SOC) effect
was included in the self-consistent calculations.’” An energy of
650 eV was adopted as the energy cutoff of the plane wave basis
set, and the Brillouin zone integration was sampled by a 12 x 12
x1 k-point mesh grid. The threshold for energy convergence was
chosen to be 107® eV, and the positions of atoms in the studied
structures were fully relaxed until the maximum force on each
atom was smaller than 1073 eV/A. A vacuum space of 40 A was
inserted to the vertical direction. Phonon spectra were calculated by
the frozen-phonon technique as implemented in the PHONOPY
code.”” The ab initio molecular dynamics (AIMD) simulation®
with the canonical ensemble was performed at 300K to examine
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the thermal stability. The dipole correction was included to correct
the dipole moment induced in the asymmetric structures. The
strain-stress relationship and density functional perturbation
theory (DFPT) were used to calculate the elastic and piezoelectric
coefficients. We adopted the deformation potential (DP) method™
to examine the mobility of the carriers.

lll. RESULTS AND DISCUSSION

We show the crystal structures of 2D Janus WSiZ;H (Z = N,
P, and As) monolayers in Fig. 1(a). At equilibrium, Janus WSiZ;H
belongs to the P3m1 (No. 156) space symmetry group. Our calcula-
tions indicate that the optimized lattice constants of WSiNsH,
WSiP;H, and WSiAssH are 2.91, 3.42, and 3.57 A, respectively.
These values are very close to those of WSi,Ny (2.91 A), WSi,N,
(3.46 A), and WSi;N, (3.61 A)." The obtained structural parame-
ters of Janus WSiZ;H are presented in Table I.

We next evaluate the chemical bonding strength in the studied
compound through the calculations for the cohesive energy E,p, as
follows:

E. Eiot — (NwEw + NsiEsi + NzEz + NuEn) )
b Nw + Nsi + Nz + Ny ’

where Ey and E, (1= W, Si, Z, and H) are the total energy of
WSiZ;H and energy of the isolated 7 element, respectively. N,, are
the numbers of the 77 atom in the unit cell.

The electron localization function (ELF) of Janus WSiZ;H is
depicted in Fig. 1(b) to analyze the spatial charge distribution and
the unique bonding characteristics in their structures. We can see
that the electron in Janus WSiZ;H monolayers is mainly located
around the hydrogen and Z atoms. Meanwhile, the charge density
around the W and Si atoms is very low. This suggests that there is
an electron transfer from W and Si atoms to H/Z atoms. We show
the results of the Bader analysis for Janus WSiZ;H monolayers
in Table I.

The calculated E,, for Janus WSiZsH compounds are also
listed in Table I. Based on Eq. (1), the material exhibits a stable
structure in energy since its cohesive energy is negative. The more
energetically stable the structure, the more negative the cohesive
energy is. As listed in Table I, the calculated E, for all three com-
pounds is negative, suggesting that their structure is energetically
stable. The most energetically stable structure is indicated to be
WSINsH with Ec, = —8.23 eV/atom. The most energetically
stable structure of WSiN3H is due to their shorter chemical bond
lengths in comparison with other compounds. In addition, the
Bader charge analysis is also carried out to quantitatively study the
distribution and variations in the effective electrons in the studied
compounds. As shown in Table I, the hydrogen atoms in WSiP;H
and WSiAs;H monolayers accumulated additional charge, while a
small amount of charge on the hydrogen atom in the WSiN;H
monolayer was lost. This is also clearly shown in the ELF image in
Fig. 1(c). The calculated results also indicated that the Si atoms lose
charge. However, there are large differences in the amount of
charge loss of Si in different monolayers. The atomic charges for Si
atoms in WSIN;H, WSiP;H, and WSiAs;H monolayers are —2.086|e|,
—0.310le|, and —0.001|e|, respectively, as reported in Table L
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WSiN3;H

WSiPsH

Furthermore, charge polarization in the vertical direction will result
from the asymmetry in the vertical charge distributions in each
structure. Consequently, Janus WSiZ;H materials have the out-of-
plane piezoelectricity.

To evaluate the structural stability, we carry out the phonon
spectra of Janus WSiZ;H monolayers as depicted in Fig. 2. Since
the unit cell of Janus WSiZ;H contains six atoms, its phonon dis-
persions have 18 phonon modes. We recognize that, as presented
in Fig. 2, there is a vibrational region where both acoustic and
optical phonons co-exist. This induces the robust acoustic-optical
scattering in the Janus WSiZ;H. Importantly, there are no negative
vibrational frequencies in the phonon dispersion relations of all
three investigated structures. This demonstrates that the dynamical
stability of Janus WSiZ;H monolayers is confirmed. Furthermore,

ARTICLE pubs.aip.org/aip/jap

FIG. 1. (a) Crystal structures and (b)
calculated contour maps of the electron
localization function (ELF) of WSiZzH
(Z= N, P, and As) monolayers. The

I 1.0 blue and red regions in the ELF maps
indicate the lowest (0.0) and highest
(1.0) values of ELF, demonstrating the
depletion and accumulation of elec-
0.5 trons, respectively.
0.0

WSiAS3H

we also evaluate the thermal stability of WSiZ;H based on the
AIMD simulations. The total energy fluctuations to simulation
time at 300 K within 10 ps by the AIMD simulation for WSiZ;H
monolayers are depicted in Fig. S1 in the supplementary material.
It is found that the crystal structures of WSiZ;H monolayers
remain robust after 10 ps of AIMD simulation. There is no struc-
tural transition nor the breaking of chemical bonds. This demon-
strates that WSiZ;H monolayers are thermally stable at room
temperature.

We next examine the electronic properties of WSiZ;H based
on the analysis of their electronic band diagrams as shown in
Fig. 3. Our calculated results for the band structures indicate that
all three configurations of WSiZ;H are semiconductors. However,
while WSIN;H exhibits indirect semiconducting characteristics

TABLE I. The lattice constant a (A), bond length d (A), thickness of monolayer Ah (A), cohesive energy Ecn (eV), and Bader charger g (|e]) of atoms for WSiZsH monolayers.
The sub-indexes Z(1), Z(2), and Z(3) denote the Z atom located in the bottom, middle, and topmost of the monolayer as shown in Fig. 1(a), respectively.

a d, d, ds d, ds Ah Econ qw qsi qz(1) qz(2) q-(3) qu
WSIN;H 291 1.76 1.74  2.10 2.08 1.02 5.75 —8.23 —1.374 —2.086 1.446 1.347 0.741 -0.075
WSiP;H 3.42 2.23 2.22 244 243 1.42 7.53 —6.25 —0.553 —-0.310 0.157  0.377 —0.183 0.512
WSiAs;H 3,57 235 2.34 2.55 2.54 1.53 7.99 —5.64 —0.094 —0.001 —0.065 0.071 —0.487 0.576
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with the valence band maximum (VBM) located at the K point and
conduction band minimum (CBM) found at the I' point as
revealed in Fig. 3(a), both WSiP3sH and WSiAs;H monolayers
possess the small direct bandgaps opening at the K point. At the
PBE level, the bandgaps of WSiN;H, WSiP;H, and WSiAs;H
are predicted to be 2.06, 0.65, and 0.58 eV, respectively. Notably, the
band structure characteristics of Janus WSiZ3H are similar to those
of WSi,Z, monolayers; for example, WS N, exhibits the indirect
semiconducting characteristics with energy gap of 2.08 eV,"’ which is
similar to its corresponding Janus WSiZ;H. To correct the bandgap,
we carry out the band structures of Janus WSiZ3H monolayers calcu-
lated by the HSE06 method as illustrated in Fig. 3. The HSE06 calcu-
lations give a larger bandgap of the examined materials of 2.63, 0.92,
and 0.83 eV for WSiN;H, WSiP;H, and WSiAs;H, respectively, as
presented in Table II.

Figure 4 shows the band structures of WSiZ;H calculated by
the PBE+SOC approach. When including the SOC effect, the band
structures of Janus WSiZ;H are significantly changing and the SOC
effect slightly reduces the bandgap of the studied materials as listed
in Table III. In addition, the spin degeneracy is eliminated when
the SOC effect is taken into account. A valley spin splitting A is
found at the K point in the valence band of all three Janus WSiZ;H
materials as shown in Fig. 4. The A, value for WSiN;H, WSiP;H
and WSiAs;H is observed to be 0.42, 0.45, and 0.51 eV, respec-
tively. Furthermore, we also observe the obvious Rashba splitting
near the I' point in the valence band of the Janus WSiP;H and
WSiAssH monolayers as shown in Figs. 4(b) and 4(c). We can

describe the strength of the Rashba SOC splitting via three Rashba
parameters: Rashba energy Eg, the k-space shift or momentum
offset kg, and Rashba constant og. Here, we can get the values of
Eg and kg from the band structures’’ and the Rashba constant ag
is obtained via the expression as ag = 2Eg/kg"" with the schematic
description of the Rashba-type spin splitting at the I" point illus-
trated in Fig. 4(d). The calculated Rashba parameters of Janus
WSiP;H and WSiAs;H monolayers are presented in Table IL
It can be seen that there are differences in the Rashba energy in the
I'-K EX and I'-M EY directions. However, this difference is small.
The values of Rashba energy Eﬁ for WSiP3H and WSiAs;H mono-
layers are calculated to be 55.9 and 47.3 meV, respectively, which
are slightly higher than those in the I'-M direction. We found the
values of EX for WSiP;H and WSiAs;H monolayers to be 49.9 and
47.3 meV, respectively. In addition, the momentum offset kX is also
quite close to that kX for both two studied systems. From Table II,
we can see that the Rashba constants in the T'-K/I-M directions
ok Jai! for WSiPsH and WSiAs;H monolayers are 621.11/623.75
and 675.71/770.91 meV A, respectively. The obtained ay value for
WSiZ;H is comparable with that of Janus MoSeTe (524 meV A)*°
but much higher than that of WSiGeN, (111 meV A 1t is
clear that while the dependence of the Rashba parameters of
WSiP;H on the investigated directions in their Brillouin zone is
weak, the WSiAs3;H monolayer exhibits slightly anisotropic Rashba
spin splitting. The Rashba constants ag for WSiAs;H are higher
than those for WSiP3;H because the SOC effect in As is larger than
that in P.

PBE

__HSE06

HSEO06

~
e

N
N
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(a) 41y T F . b) 47
/\4 J\ 4 A
2} 1t 1 2f
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© VBM N
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S

%)
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FIG. 3. Calculated PBE (left) and HSEO6 (right) band structures of WSiN;H (a), WSiPsH (b), and WSiAs3H (c) monolayers.
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TABLE II. The PBE/HSE06/PBE+SOC bandgap £, (eV), vacuum level difference A® (eV), valley spin splitting energy A, (eV), Rashba energy Er (meV), momentum offset
ks (A™"), Rashba constant ar (meV A), and work function @ of WSiZzH (Z= N, P, As) monolayers. Indexes K and M indicate the Rashba parameters calculated in the T-K
and I'-M directions, respectively.

EgBE E;{SE% E};BE+SOC /12 E§ Eﬁ\{j kg Eg/[ a}[g a}]g{ AD (I)Z d)H
WSIN;H 2.06 2.63 1.85 0.42 2.85 5.06 2.21
WSiP;H 0.65 0.92 0.40 0.45 55.9 49.9 0.18 0.16 621.11 623.75 1.22 4.52 3.30
WSiAs;H 0.58 0.83 0.30 0.51 47.3 424 0.14 0.11 675.71 77091 0.69 4.17 3.48

experimental measurement.'’ Then, we utilize the identical meth-
odology as Duerloo et al.'* in order to investigate the piezoelectric
characteristics of Janus WSiZ;H monolayers.

To examine the piezoelectricity, we first calculate the planar
elastic stiffness coefficients C; by fitting the strain-dependent
unit-cell energy.'” In the strained unit cell, the positions of atoms
are allowed to be fully relaxed and the obtained corresponding
coefficients in this model are so-called relaxed-ion stiffness coeffi-
cients. The relaxed-ion stiffness coefficients, which represent the
piezoelectricity from contribution of both electronic and ionic
components, are considered to be in better agreement with experi-
mental measurements than the clamped-ion model.'*** For the
strain energy calculations, small uniaxial strains from —1.5% to
1.5% (in increments of 0.5%) are applied. For Janus WSiZ;H
monolayers, only two independent coefficients C;; and Cj, should
be carried out [Cy = Cy; and Ces = (Cy; — C12)/2]. The calcu-
lated relaxed-ion Cj;; and also corresponding Young’s modulus
Yp = (Cf1 - sz)/Cu and Poisson’s ratio v = C;,/Cy; are listed
in Table III. Due to hexagonal symmetry, Janus WSiZ;H monolay-
ers are mechanically isotropic. We can see that the in-plane elastic
coefficients of WSiZzH materials are positive and they satisfy
Born’s mechanical stability criteria for 2D hexagonal crystal,”
namely, C;; > 0 and Cg > 0. This demonstrates that the mechani- :
cal stability of Janus WSiZ;H monolayers is confirmed. Furthermore,
WSiZ;H monolayers, particular Janus WSIiN3H, exhibit high
Young’s modulus Y,p. The value of Yyp for WSiN;H, WSiPsH, and
WSiAs3H is calculated to be 373.83, 153.47, and 124.80 N/m,

Another important electronic feature of materials is work
function ®, which can be calculated based on the Fermi level F,
and vacuum level V; as ® = V; — F;. The values of F; and V; can
be found by the analysis of the electrostatic potential as shown in
Fig. S2 in the supplementary material. Due to the asymmetric
structure, WSiZ;H monolayers possess an intrinsic built-in electric
field. Therefore, we include the dipole corrections in the calcula-
tions for Janus structures. From Fig. S1 in the supplementary
material, we can see that there is a distinct vacuum level difference
A®D existing on the two different sides of Janus WSiZ;H monolay-
ers. Consequently, there is a difference in the work function on the
two sides @, and ®y as listed in Table I1. The calculated results for
the work functions show that the value of @ is always higher than
that of @y for all three materials, demonstrating that the electrons
escape more easily from the H side than the Z side. Differences in
the electrostatic potential at the surfaces of WSiZ;H not only affect
the work function but also affect their other chemical properties,
including photocatalytic characteristics.”’

Piezoelectric materials are strongly restricted by their crystal
symmetry, and the necessary condition for piezoelectric material is
the lack of central symmetry. Since WSiZ;H materials are semicon-
ductors with non-centrosymmetric structure, we can consider them
as piezoelectric materials. The piezoelectric properties are the
ground state features; therefore, the DFT approach is a suitable
technique for the piezoelectricity examination.'* Importantly, the
correctness of earlier DFT computed findings for the piezoelectric-
ity of MoS, by Duerloo et al'’ has been validated by recent
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FIG. 4. Calculated PBE+SOC band structures of WSiNsH (a), WSIiPsH (b), and WSiAszH (c) monolayers. (d) The schematic diagram of Rashba spin splitting that
corresponds to the shadow regions around the I" point in the valence band in (b) and (c).
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TABLE lll. The relaxed-ion elastic coefficient C; (N/m) , Young modulus Y,p (N/m) , Poisson ratio v, and piezoelectric coefficients esy (1071°C/m), ez (1070 C/m), dyy
(pm/V), and d31 (pm/V) of WSiZzH monolayers.

Cn Ci Ces Yop v €11 €31 di ds
WSIN;H 402.86 108.15 147.35 373.83 0.27 2.90 —0.08 0.99 —0.02
WSiP;H 162.88 41.17 60.85 152.47 0.25 5.92 —0.16 4.86 —-0.08
WSiAs;H 136.13 39.27 48.43 124.80 0.29 6.36 —-0.26 6.57 —0.15

respectively. The Young modulus of WSiN3;H is comparable with
that of graphene (340 N/m)*® and much higher than that of MoS$,
(130 N/m)*’ and Janus MoSSe (113 N/m).*" This suggests that the
Janus WSiN3;H monolayer is a very mechanically hard material.

The polarization of the noncentrosymmetric systems can be
changed by uniaxial strain. We examine the linear piezoelectric
coefficients based on evaluating the polarization change under the
applied uniaxial strains within the framework of the modern theory
of polarization.”” The linear piezoelectric effect in 2D structures
can be described through the third-rank piezoelectric tensors e;j
and dj, which depend on the relationship between the surface
polarization P; and strain £  or stress o j as'?

element from N to As. The magnitude of piezoelectric coefficients
for WSiAs;H is the highest, being dj; =6.57 pm/V and
d3; = —0.15pm/V. This tendency to vary the piezoelectric effect
with atomic size has also been found in transition metal dichalco-
genides'” or group IV monochalcogenides.'* We can see that the
in-plane piezoelectric coefficient di; for WSiN;H (0.99 pm/V) and
WSiPsH (4.86 pm/V) is higher than that of their corresponding
symmetric  structures WSihNy  (0.25pm/V) and WSi,Py
(1.65 pm/V).”” Tt is worth noting that the out-of-plane piezoelec-
tricity induced in Janus WSiZ3;H monolayers due to the breaking
of mirror symmetry is significant, and the value of ds; ranges from
—0.02 to —0.15 pm/V. This amplitude of ds; is comparable to that
of other 2D hexagonal structures, including GaAs (0.125 pm/V),”

OP; Janus MoSiGeN, (—0.014 pm/V),42 or Janus group III monochal-
Eijk :a?jk’ @) cogenides (0.07-0.46 pm/V).”’ However, the out-of-plane piezo-
electric effect in Janus WSiZ;H monolayers is significantly weaker
op than that in Janus MoSTe (ds; = 0.40 pm/V) or Janus y-Sn,STe
i = 8—i’ 3) (ds; = 1.02 pm/V).”’ .
O jk In the last part, we investigate the transport characteristics of >
WSiZ;H monolayers. The carrier mobility of semiconductors can &
where indices i, j, k € {1, 2, 3} with 1, 2, and 3 correspond to x, y, be examined by using Bardeen-Shockley deformation potential §
and z, respectively. (DP) theory.”” The mobility of carrier for the 2D structures sy, is 3
In the case of Janus WSiZ;H monolayers, due to the break of given by"’ g
the vertical symmetry, both in-plane e;; and out-of-plane e;; piezo- 8
electric coefficients are available when the uniaxial strain is intro- 5 §
duced. The piezoelectric coefficients can be obtained by using the Lo eh”Cop 6)

density functional perturbation theory (DFPT) and we then derive
the coefficients d;; using the relations with the previously obtained
ejr and elastic coefficients Cj; as™

- kB Tm*m*Eﬁ ’

where T is the temperature; m" is the effective mass; and

m =, /m;m; indicates the average effective mass. C,p and E; are

€11
dy=——, 4
1 Ch—Ciy “ the 2D elastic modulus and DP constant, respectively. In the calcu-
lations for the carrier mobility, we adopt T = 300 K.
€31 In Table IV, we show the calculated results for the carrier
dyg = ————. (5) : . L )
Ciu +Cp effective masses along the x and y axes m, and m,. It is demon

We apply the uniaxial strains along the x and y directions of the
orthorhombic supercell to calculate the coefficients e;; and ej;.
The obtained e;; and e3; and corresponding d;; and ds; for Janus
WSiZ;H are listed in Table III. We can see that e;; for WSiN;H,
WSiPsH, and WSiAs;H is 2.90 x 1071°, 5.92 x 1071, and
6.36 x 1071% C/m, respectively. The obtained e;; for Janus WSiZ;H
monolayers is comparable to that of Janus MoS, (3.70 x 10710)7!
Janus MoSTe (4.55 x 1071°)* or Janus y-Sn,STe (4.26 x 10719).%”
Our calculations indicate that the Janus WSiNs;H monolayer has
the smallest piezoelectric response with dj; = 0.99 pm/V and
d3; = —0.02 pm/V, as presented in Table III. Interestingly, the pie-
zoelectric effect is enhanced by the moving upward of the Z

strated that, except for the WSIN;H monolayer, the effective
masses of both the electron and hole in WSiP;H and WSiAs;H
monolayers are quite small. This is consistent with their energy
band structures displayed in Fig. 3. The difference in the mass
between electrons and holes in WSiP;H and WSiAs;H monolayers
is small. However, the effective masses of both electron and hole
exhibit slightly directional anisotropic along the x and y axes as
revealed in Table IV. The transport parameters C,p and E,4, which
can be obtained by fitting the uniaxial-strain-dependent total
energy and band edges as shown in Fig. S3 in the supplementary
material, and the corresponding carrier mobilities u are displayed
in Table IV in the supplementary material. It is indicated that the
WSiN3;H monolayer possesses very low-electron mobility, about
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TABLE IV, Calculated effective mass m* (in units of free electron mass my), 2D elastic modulus C,p (Nm™"), DP constant E, (eV), and carrier mobility  (cm?V~"s™") along

the x and y directions of Janus WSiZ;H.

my m, & Cp Ej Ey Hx Hy
Electron WSIN;H 8.09 6.42 228.99 228.95 -3.10 -3.10 8.70 10.96
WSiP;H 0.37 0.24 107.42 107.37 =717 =717 403.21 610.61
WSiAs;H 0.53 0.34 90.04 90.03 —6.34 —6.34 209.91 327.11
Hole WSIN;H 0.60 0.49 228.99 228.95 —5.93 —5.94 426.42 526.86
WSiP;H 0.41 0.26 107.42 107.37 —5.45 —5.45 562.78 882.08
WSiAs;H 0.46 0.31 90.04 90.03 —4.77 —4.77 490.74 728.07
only 10cm? V-1s71, due to its large effective mass. The carrier Conceptualization (equal); Investigation (equal); Software (equal);

mobility in all three structures exhibits slightly directional anisotropics
along the two examined directions. The Janus WSiP3;H monolayer has
the highest electron mobility, up to 610.61cm?* V-!s~! along the
y axis. The electron mobilities x, and p,, of the WSiAs;H monolayer
are found to be 209.91 and 327.11 cm? V! s71, respectively. In addi-
tion, the hole mobilities of WSiZ3H monolayers are high, ranging from
426.42 (u, of WSiN;H) to 882.08 cm” V™' s™" (u,, of WSiPsH).

IV. CONCLUSION

In conclusions, we have examined the electronic, piezoelectric,
and transport properties of novel Janus WSiZ3H monolayers.
We have identified the structural stability of novel Janus WSiZ;H
materials. Our first-principles simulations reveal that WSiZ;H are
semiconductors with large valley spin splitting energy when the
SOC is included. Particularly, WSiP3;H and WSiAs;H monolayers
possess the intrinsic Rashba-type spin splitting due to the broken
mirror symmetry. The Janus WSiZ;H monolayers are predicted to
be piezoelectric materials with large in-plane piezoelectric coeffi-
cients di; up to 6.57 pm/V. Moreover, the breaking of mirror sym-
metry in Janus structures induces an out-of-plane piezoelectricity
with d3; from 0.02 to 0.15 pm/V (absolute value). Our calculations
also indicate that both WSiP;H and WSiAs;H monolayers are the
direct bandgap semiconductors with very high electron mobility,
indicating that they are more favorable than WSiN3;H for applica-
tions in optoelectronic devices.

SUPPLEMENTARY MATERIAL

See the supplementary material for the calculated results for
the AIMD simulations, average plane electrostatic potentials, and
uniaxial strain-dependence of the total energy and band edge posi-
tions of Janus WSiZ;H (Z = N, P, As) monolayers.
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