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Valley Hall effect in graphene-like SnX (X = Si, Ge) buckled monolayers
with high charge carrier mobility and low lattice thermal conductivity
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A systematic analysis of the electronic and thermal properties of two semiconducting monolayers, SnSi and
SnGe, is conducted through the lens of density functional theory. Unlike centrosymmetric graphene, these two
monolayers are noncentrosymmetric and buckled in the structure; however, their band dispersion resembles that
of graphene with a finite small band gap occurring at the K point of the Brillouin zone. Unlike transition metal
dichalcogenide (TMDC) monolayers, the band edges in the studied semiconducting monolayers are devoid of
d orbitals and contain s and p orbitals, and thus, the valley spin splitting occurring in these semiconductors is
a nontrivial topological effect originating from broken inversion symmetry in the crystal structure, as observed
earlier in bilayer graphene or graphene-based van der Waals heterostructures. The electronic properties are found
to be tunable via external perturbations like an electric field and biaxial strain. These monolayers are highly
flexible, as indicated by the small value of Young’s modulus, <50 N/m. The charge carrier mobility is calculated
within the Boltzmann transport equation and found to be ~1000 cm? V=1 s~!. The phonon dynamics study
indicates a very low value of lattice thermal conductivity at room temperature (i.e., k; < 1.5 W m~! K1), which
arises from the domination of Umklapp scattering, small group velocity, and low Debye temperature. Such a
low value of «; will facilitate better thermal control than TMDCs or graphene-based devices. In this paper, we
indicate that the inherent properties of SnSi and SnGe monolayers, such as valley contrasting properties, high
charge carrier mobility, low lattice thermal conductivity, and mechanical flexibility, surpass that of well-known

TMDCs (MoS,, WS,) and boron pnictides (BP, BAs, BSb), thereby motivating their synthesis.

DOI: 10.1103/PhysRevB.107.035429

I. INTRODUCTION

The era of two-dimensional (2D) materials commenced
with the discovery of graphene [1] which shows excep-
tional properties compared with other bulk materials [2—4].
However, the semimetallic nature of graphene forced experi-
mentalists to synthesize other 2D semiconductors, and some
postgraphene semiconductors are transition metal dichalco-
genides (TMDCs; MoS,, WS,) which have been studied over
the past years for their exotic properties and applicability in
most of the front research areas [5-7]. The semiconductor
industry is presently based on utilizing the charge of carriers
(electrons/holes) to store and process data. In addition to
charge, electrons have spin and valley degrees of freedom,
which are exploitable in spintronic and valleytronic appli-
cations. The progress in 2D materials enabled the unveiling
of many physics and phenomena. Valleytronics refers to the
control over the valley degree of freedom of charge carriers
[8,9]. Valleys refer to the band extremum existing at the =K
point of the Brillouin zone (BZ), which can be selectively
excited using an optical method [10]. The valley excitons
originate from K valleys and are labeled by the valley index
(£7). Since graphene is a centrosymmetric crystal, the two
valleys £K become indistinguishable, which hinders its ap-
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plications in valleytronics. However, there are several ways to
break the inversion symmetry such as forming van der Waals
heterostructures with h-BN [11] or application of a vertical
electric field in bilayer graphene [12]. Very recently, valley
physics in single-layer graphene has been brought about via
the breaking of triangular lattice symmetry upon laser irra-
diation of circularly polarized light [13]. Line defects have
also been created for the purpose of inducing valley physics in
graphene [14]. Therefore, it is not simple and straightforward
to bring about valley physics in pristine single-layer graphene.
On the other hand, the TMDCs are excellent semiconductors
on account of having broken inversion symmetry and a finite
direct band gap at the high-symmetry K point. The K/K’
points in the first BZ of a hexagonal lattice of TMDCs are
mirror images of each other under time-reversal symmetry,
and a considerable magnitude of Berry curvature caused by
strong spin-orbit coupling (SOC) makes an ideal platform for
selective control of valley excitons. Making an imbalance of
charge carriers in the inequivalent valleys results in valley po-
larization which is the key point to exploiting the valley degree
of freedom. Magnetic proximity effect, magnetic doping, and
magnetic field are some of the methods en vogue to create
valley polarization [15,16]; also, they can be induced using
optical pumping with circularly polarized light [10,17,18].
Some of the semiconductors proposed in addition to TMDCs
include HfN, [19], TLLO [20], AgBiP,Ses [21], MNX;
[22], Janus TiXY [23] (X # Y, X/Y = Cl, Br, I), CrSizNy,
CrSi, P4 [24], NbX, (X = S, Se) [25], heterostructures T1/SiC
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[26], stanene/Crls [27], and graphene/Crl; [28]. Also, 2D
magnetic materials were explored along the direction of val-
leytronics in search of spontaneous valley polarization [29],
including VSe, [30], LaBr, [31], FeCl, [32], MnPSe; [33],
VAgP,Ses [34], and TiVIe [35]. Although many proposed
semiconductors for valleytronics applications are listed, they
are experimentally limited to TMDCs and graphene. Hence,
valleytronics is still in its infancy and requires exploring ma-
terials with desired properties and functionality.

Next-generation  electronics demand low  power
dissipation, high switching rate, and high charge carrier
mobility of the semiconducting material. However, the
low carrier mobility of <500 cm? V~1s~! in TMDCs
severely affects the performance of the device. Only a
few valleytronics materials with an appreciable value of
carrier mobility in a pristine state have been reported,
e.g., H-TLO [36] (9.8 x 10° cm? V~1s7!), HfN, [19]
(~100ecm?V-1s7!), and BC¢N  [37] (8.8 x
10® cm? V=1 s71). In addition, heterostructures have been
formed to facilitate the enhancement in carrier mobility,
e.g., 1T-SnS;/MoTe, [38] (5038.46 cm? V-1s7") and
HfN,/WSe, [19] (~16 x 10 cm? V-1 s !). In addition
to electronic properties, the lattice thermal conductivities
of TMDCs MoS, and WS, are 33.6 Wm~! K~ and
31.8 Wm~! K~1[39.40], respectively, whereas that of HfN,
is 0.49 W m~! K~! [19]. Hence, semiconducting channel
materials having high charge carrier mobility and low lattice
thermal conductivity are desired for next-generation devices.

In this context, based on first-principles calculations, we
report two sparsely studied semiconductors, SnSi and SnGe,
which exhibit stimulating electronic and thermal properties.
The detailed electronic, thermal, and mechanical properties
in these monolayers have been computed to elucidate the
physical origin of such properties.

II. COMPUTATIONAL DETAILS

All first-principles calculations are accomplished with den-
sity functional theory (DFT) methods using the Vienna Ab
initio Simulation Package [41,42]. The exchange-correlation
interaction is described by the generalized gradient approxi-
mation (GGA) [43], having the form of the Perdew, Burke,
and Ernzerhof (PBE) [44] functional with cutoff kinetic en-
ergy set to 500 eV. The BZ sampling is done by 16 x 16 x 1
['-centered k-point mesh. Adjacent periodical structure inter-
action is eliminated by introducing a vacuum thickness of
15 A in the z direction. Starting from ab initio electronic
band structure calculation, maximally localized Wannier func-
tions are constructed on a fine k mesh as implemented in
the WANNIER9O package [45-48] and used to interpolate
different physical quantities like Berry curvature and or-
bital magnetization in k space. The electronic band structure
with SOC is calculated using QUANTUM ESPRESSO [49,50]
with full relativistic optimized norm-conserving Vanderbilt
pseudopotential [51-53]. The charge carrier mobility of elec-
trons and holes is calculated within the framework of the
Boltzmann transport equation (BTE). The electron-phonon
coupling (EPC) matrix elements are calculated using a 15 x
15 x 1 k- and g-point grid. A denser 150 x 150 x 1 k- and
g-point grid is used to calculate the full EPC matrix [54,55]

FIG. 1. The top and side views of optimized SnSi and SnGe
monolayers; the unit cell is depicted by dotted lines in the left figure.

using generalized Wannier-Fourier interpolation [45,56,57] of
the electron-phonon (el-ph) vertex as implemented in EPW
code [58]. The second-order (harmonic) and third-order (an-
harmonic) interatomic force constants (IFCs) are calculated
using PHONOPY [59] and PHONO3PY [60] codes. A 6 x 6 x 1
supercell for second-order and 4 x 4 x 1 for third-order IFCs
with 9 x 9 x 1 k mesh have been used in these calculations.

III. RESULTS AND DISCUSSIONS

A. Geometrical structure and stability

The optimized geometry (top and side view) of the SnSi
(SnGe) monolayer is shown in Fig. 1. SnSi and SnGe mono-
layers have hexagonal honeycomb lattices with optimized
lattice constants of 4.27 and 4.36 A, respectively, consistent
with earlier reports [61,62]. All geometrical parameters, such
as buckling height, bond length, bond angle, average atomic
mass, and atomic mass ratio, are tabulated in Table I. The
heat of formation for SnSi (SnGe) is tabulated in Table I,
and a more negative value indicates greater thermodynamic
stability, whereas phonon dispersion spectra confirm their dy-
namical stability, as discussed later.

The heat of formation is calculated using the following
relation:

_ Esny — Esn — Ex

Ey=—", ey
n

where Egny/sn/x are energies of SnX unit cells and their con-
stituent atoms, respectively.

B. Electronic and valley contrasting properties

The electronic band structures of SnSi and SnGe are cal-
culated using GGA-PBE and plotted in Fig. 2. Both SnSi
and SnGe monolayers are direct band gap semiconductors
with their valence band maxima (VBM) and conduction band
minima (CBM) located at the high-symmetry K points of the
hexagonal BZ with band gaps of 0.25 and 0.22 eV, respec-
tively. The GyW, band gap is 0.44 eV (0.39 eV) for the SnSi
(SnGe) monolayer, as listed in Table II and plotted in Fig. S1
in the Supplemental Material (SM) [63]. The orbital projected

TABLE 1. The optimized geometrical properties of SnSi, SnGe
monolayers; lattice constants ag (A), buckling height A(A), bond
lengths bg,.x (10\), bond angle Og,.x.sn(°), average atomic mass M,
the atomic mass ratio (my /ms,), and heat of formation (E},).

System ay A bspx Ospxsn M myx/ms, Ej, (eV/atom)

SnSi 427 0.68 2.56
SnGe 4.36 0.77 2.63

113.17 73.39 024
111.83 95.68 0.61

—2.23
—2.03
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FIG. 2. Atomic orbital projected electronic band structure and
density of states (DOS) plots of (a) SnSi and (b) SnGe monolayers.
The contribution of different orbitals has been plotted with different
colors in DOS, whereas only p, orbitals of constituent atoms are
projected in the band structure.

band structure indicates that the band edges are composed of
individual atomic orbitals. The orbital contributions are listed
in Table III. The significant contribution toward VBM and
CBM is by the p, orbitals; the VBM of the SnSi monolayer
is contributed by the Si p, orbital (72.24%), whereas that of
the CBM is contributed by Sn p, (80.77%). Similarly, in the
case of the SnGe monolayer, VBM and CBM are contributed
by Sn p, (73.66%) and Ge p, (72.54%), respectively. The
same can be found in the density of states (DOS) plot. The
electronic band energies are composed of the s and p orbitals,
as can be analyzed from their electronic configuration:

Sn:[Kr]4d'* 55> 5p%;  Si: [Ne]3s*3p*;
Ge : [Ar]3d'04s? 4p*.

To include the relativistic effect in electronic properties,
band structures with SOC are plotted in Fig. 3. The effect of
SOC can be observed in both monolayers as the band gap de-
creases to 0.22 eV (0.17 eV) for the SnSi (SnGe) monolayer,
respectively, and the valley spin splitting (VSS) is observed
in the band edges at the K valleys. The calculated VSSs at
the conduction band (Ac) and valence band (Ay) edges are
8 meV (23.5 meV) and 68 meV (72 meV), respectively, for the

TABLE II. The calculated band gaps of SnX (X = Si/Ge) mono-
layers using different functionals.

Band gap (eV)

Monolayers PBE PBE-SOC GoW,
SnSi 0.25 0.22 0.44
SnGe 0.22 0.17 0.39

SnSi (SnGe) monolayer. The Ac of these monolayers is com-
parable with VSSs in MoSSe (A¢ = 13.7 meV) and WSSe
(Ac = 26.8 meV), whereas Ay of the SnSi (Ge) monolayer
is of the order of the VSSs in the CrS, (68.5 meV) and CrSe,
(90.6 meV) monolayers [64—66]. Considering the orbital com-
position of the band edges, both SnSi and SnGe are analogous
to bilayer graphene or graphene/h-BN systems, as these ma-
terials have minimal spin-orbit interaction but exhibit valley
splitting by virtue of broken inversion symmetry [67—70]. For
a better representation, the Berry curvatures along with orbital
magnetization of both monolayers have been calculated from
Wannier interpolation [48,71,72] and shown in Fig. 3. Both
semiconductors have finite Berry curvatures and orbital mag-
netization. Similarly, a previous study of valley splitting in
bilayer graphene indicates that the valley degrees of freedom
have a nontrivial topology that gives rise to a Berry curvature
and a pseudo-orbital magnetic moment [73].

The equation of motion of Bloch electrons under periodic
potential and the magnetic field is given by [74]

deq (k)
dk

The anomalous velocity obtained is proportional to the
Berry curvature €2,(k), represented by the second term in
the above equation. The Berry curvature acts as an effective
magnetic field to the Bloch electron. The Berry curvatures as
contour maps over the entire BZ €2,,(k) for both monolayers
are calculated and plotted in Fig. 4, using the Kubo formula
given by [75-77]

fiun (k) = — eEQ, (k). 2)

Z Z fnzlm wnklvxlwmk><1//mk|vy|l%1k> (3)

Q. k
0= (B — E)*

n.o m#n

Here, f, is the Fermi-Dirac distribution function, v, is
the Bloch wave function with energy eigenvalue E,, and 9, ,
corresponds to velocity operators along x and y directions. An
optical selection rule arises in the K/K' valleys of hexagonal
honeycomb lattices lacking inversion symmetry. The relation-
ship between Berry curvature and optical circular dichroism
is given by [78]

Q0 e
nk) = o) 20 A(k), 4)
where pj(k) = efi/2m*, and A(k) = [e.(k) — &,(k)] is the

direct transition energy (band gap at k). The circular dichroism
is evaluated with the DFT calculation and plotted in Fig. 4.
Full selectivity occurs for energetic minima at the K and K’
points, while n(k) = —tz. The right-handed circularly polar-
ized light (o*) can be coupled to the interband transition at
the K valley and the left-handed circularly polarized light
(o07) for exciting the charge carriers from the K’ valley, as
shown in Fig. 5. Under optical excitation, the Bloch carri-
ers at K and K’ will drift in opposite directions because of
anomalous velocity under the influence of an in-plane electric
field, as governed by Eq. (2). In addition to selective excita-
tion of carriers with circularly polarized light, spin-dependent
excitation is also feasible with different excitation frequen-
cies, as denoted by w, (blue) and w; (red). The coupling of
valley and spin is highly desirable for the practical realization
of valleytronic devices, which can be achieved using different

035429-3



MOHANTA, IS, AND DE SARKAR

PHYSICAL REVIEW B 107, 035429 (2023)

TABLE III. Orbital contribution to the VBM and CBM of SnSi and SnGe monolayers.

VSS at conduction and valence

VBM CBM band edges
s Py Px P: s Py Px P: Ac (meV) Ay (meV)
SnSi Sn 0 7.76 7.76 0 8.46 0 0 80.77 8 58
Si 7.4 0 0 72.24 0 5.26 5.26 0
SnGe Sn 0 8.7 8.7 0 8.5 0 0 73.66 23.5 72
Ge 7 0 0 72.54 0 8.13 8.13 0

excitation frequencies. For instance, in a hole-doped system,
as a result of valley-contrasting Berry curvatures, the holes
from the K valley (green) and K’ valley (blue color) will be
accumulated at the edges as their motion will be perpendicular
to the in-plane electric field realizing spin and valley Hall ef-
fect [79], as shown in Fig. 5. Similarly, under linear polarized
light radiation with a frequency w,, a spin-up electron and a
spin-down hole from the K valley and a spin-down electron
and a spin-up hole from the K’ valley are generated, and in
the presence of the electric field, their motional dynamics is
pictorially presented in Fig. 5(c).

C. Electronic properties under external perturbation

Electronic properties can be manipulated using external
stimuli like strain and electric field experimentally and the-
oretically [80-85]. In this section, a thorough analysis of the
transformation of band structure under both strain and electric
fields is conducted. The variation of the band gap of the SnSi
monolayer under biaxial strain is plotted in Fig. 6. Here,
strain is defined as ”*:0, where ag is the unperturbed lattice
constant. The band gap changes from direct to indirect and
from semiconducting to a metallic state under biaxial strain
are observed here. The band structures of selected strains are
plotted for visualization of different transitions. In the interest
of the experimentalists, different kinds of strain within the

experimentally feasible range, i.e., £3%, have been applied
to the SnSi monolayer, and Fig. S2 in the SM [63] depicts
how the band gap evolves with different types of strain. The
band gaps are found to be direct in nature in all cases except
under tensile strain applied along the b direction. It is clear
that, whereas the band gap changes linearly with biaxial strain
from —3 to +3%, band gap variation with the application of
uniaxial strain along the a and b directions is complementary
to one another. Further, uniaxial compressive strain applied
along the b direction is found to be quite effective for opening
the band gap, which remains direct in SnSi monolayer. The
strain-induced transition from direct to indirect band gap, say,
under biaxial strain >2%, as shown in Fig. 6, will manifest
experimentally through a drastic reduction in photolumines-
cence [86], while the same from semiconducting to a metallic
state, occurring at higher strain percentage, can be exploited
in electronics. A small 4% biaxial tensile strain results in
a metallic state, as plotted in Fig. 6, which indicates their
sensitivity to external strain. Similarly, the results under strain
for SnGe are provided in Fig. S3 in the SM [63].

Next, a perpendicular electric field is applied, as schemati-
cally shown in Fig. 7, along with the variation in the band gap
of SnSi. The band gap increases under a positive electric field,
whereas it closes under a small magnitude of negative/reverse
electric field, and the shifting of CBM and VBM under an
electric field is marked and shown in Fig. 7(d). The band gap

(a) SnSi ; ) SnGe Sz+ 1
—~ 050 0501 = / \ //I
= \ / ¢
2 025 \ 0.25 1 \V W/

H“ 0.00 - 0.00 - g A b
& 025/ A N 0251 7/ _AV \
, \_| o] /N ol

(b)ﬂ,\ 400 | 500 |
< 2001 250
2 04 0 4

x -200 \ / -250 /
S 00 -500 | \\

(C) <10 40
< s 20
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< 01 0
= 054 -20 1
=10 -40 |
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FIG. 3. (a) Calculated band structure including relativistic effect; A, represents valley spin splitting occurs at the valence band maximum
(VBM) at the K point, (b) calculated Berry curvature (£2,), and (c) orbital magnetization (M;"") of SnSi and SnGe monolayers.
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(a) Berry Curvature (b) Circular Dichroism

“\

SnSi

FIG. 4. (a) Calculated Berry curvature and (b) circular dichro-
ism in the two-dimensional (2D) Brillouin zone for SnSi and SnGe
monolayers.

evolution of SnGe under a vertical electric field is plotted
in Fig. S4 in the SM [63]. The important point to be noted
is that band closure is achievable for a very small negative
electric field of ~ —0.25 V/A in both SnSi and SnGe mono-

FIG. 5. (a) Schematic diagram of valley spin splitting in the
valence and conduction band edges at the K/K' point; the green and
cyan hemispheres represent charge carriers in the K and K’ valleys,
respectively; symbols + and — represent holes and electrons, respec-
tively; blue and red arrows show the optical transition frequencies w,
and w,, respectively; o+/o — represent right-/left-handed circularly
polarized light, spin, and valley Hall effect; (b) under hole doping
and (c) under linearly polarized optical field with a frequency w,.

(a) _ SnSi (b) . Biaxial tensile strain ———
03} ! 2 \ \ ;
ﬁ\'\ i :
—~ | .} ;
Z : ! =
= 0.2 i Direct
80 i |
= I e
£ I i
5 0] | \
0.0} S
-10 -5 0 5
Biaxial strain (%)
(¢) 2Biaxial compressive strain >

® CBM
@ VBM

FIG. 6. (a) The band gap tunability of the SnSi monolayer with
the application of biaxial strain (b) and (c) band structures under
different strains as indicated in the figure; blue and red dots repre-
sent valence band maximum (VBM) and conduction band minimum
(CBM), respectively.

layers, which makes it promising for low-power switching
applications.

From the electric-field-dependent electronic properties
study, it can be concluded that a positive electric field will be
more interesting than strain or a negative electric field as the
band gap opens. Hence, small electric field within 0.2 V/A
is chosen where both monolayers remain direct band gap at
the K point, and VSSs at both CBM (A¢) and VBM (Ay)
are plotted for SnSi and SnGe monolayers in Fig. 8. Although
there is a slight variation in VSS under an electric field, VSS
can be considered robust against a small positive electric field.

D. Mechanical constants and charge carrier mobility

The mechanical stability of these materials has been con-
firmed via Born-Huang stability criteria:

Cii > [Cial, Cn > 0, Cos > 0, C11Cx — C}, > 0.
%)

The elastic stiffness coefficients C;;, C2, and Cy; which
are the most significant for any 2D material were calculated
for SnSi and SnGe monolayers using the strain-energy re-
lationship as incorporated in VASPKIT [87] and tabulated in
Table IV. Further other mechanical parameters can be derived
from obtained C;; as follows:

CZ _ C2
Young’s modulus ¥ = %, (6)
11
Shear modulus = Cgg, @)
C
Poisson’s ratio v = -1z (8)

11
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FIG. 7. (a) Schematic of the application of vertical electric field, (b) band gap of the SnSi monolayer under vertical electric field, (c) and (d)
band structure under different field directions; red and blue circles represent conduction band minimum (CBM) and valence band maximum

(VBM), respectively.

The low value of Young’s modulus for both monolay-
ers represents their flexibility, which is comparable with
CdTe (25.63N/m) [88], ZnTe (31.73 N/m) [88], and MgTe
(29.13 N/m) [89] and smaller than the other monolay-
ers such as h-BN (271 N/m) [90], MoS;, (118-141 N/m)
[91,92], BP (152.41 N/m), BAs (135.68 N/m), and BSb
(107.19 N/m) [93].

The charge carrier mobility, which plays a key role in
determining the performance of a semiconductor in electronic
devices, is dependent on the EPC strength. In earlier studies,

SnSi
80 i SnGe
o o
o~ o . T eee o o
-~ o
60 -
—~
>
)
g DA .4,
2 40t ! oA
1) —— A,
o
o)
=
= EPY
o o o oo o000
20
e T ——o
00L . i J . L A
0.0 0.1 0.2 0.0 0.1 0.2

Electric field (V/A) Electric field (V/A)

FIG. 8. The variation of valley spin splitting (VSS) at the valence
band maximum (VBM; Ay) and conduction band minimum (CBM;
Ac) under the application of small vertical electric field.

the deformation potential (DP) theory proposed by Bardeen
and Shockley [94] was extensively used to calculate charge
carrier mobility in 2D materials [95,96] on account of its rela-
tive simplicity. This formalism requires only a few material
properties such as effective mass, elastic stiffness constant,
and carrier DP (i.e., slope of the shift in the band edges
under infinitesimal uniaxial strain) as inputs [97]. Moreover, it
only considers scattering from longitudinal-acoustic phonons,
while optical phonon scatterings are excluded. The latter have
been shown to be a crucial factor in carrier scatterings at
room temperatures, such as in 2D MoS,; [98]. Therefore, the
BTE method beyond effective mass approximation has been
employed here to calculate the charge carrier mobility.

The phonon-limited charge carrier mobility is calculated as
[99,100]

1 d*k
af = — - Un Ota nk s 9
Hap = o ZfQBka, £, fok ©)

neCB

TABLE IV. Elastic stiffness constants C (N/m), Young’s mod-
ulus ¥ (N/m), shear moduli G,, (N/m), and Poisson ratio (v)
calculated for SnX (X = Si, Ge) monolayers.

System  Cy; Cx Cip Y G,y v Stability
SnSi 53.35 5335 1275 50.3 20.3 0.24  Stable
SnGe 4441 4441 1047 4194 1696 024  Stable
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TABLE V. Calculated charge carrier mobility of SnX (within
BTE) and other valley and nonvalley semiconductors (using DP
theory [94,102-104]).

Charge carrier mobility (cm? V=1 s71)

2D semiconductors Electron Hole

SnSi (This paper)  1176.6 (xx)/1190.7 (yy) 704 (xx)/800.6 (yy)
SnGe (This paper)  855.3 (xx)/831.3 (yy)  810.9 (xx)/810.5 (yy)
h-BP [105] ~50 x 10° ~10 x 10°
h-BAs [105] ~70 x 10° ~30 x 10°
HfN, [19] 1.18 x 10° 5.93 x 103
MoS, [106,107] 0.072 x 10° 0.060 x 10°
WS, [106,107] 0.12 x 10° 0.21 x 10°

where €2 is the volume of the unit cell, n. is the charge
concentration, Qg7 is the volume of the BZ, Ok, [k is the
derivative of the occupation function f,; with respect to the
electric field E, and vy o = r! ‘if—k; is the band velocity for
the Kohn-Sham state €,;. The scattering rate (rr;{l) defined as
the inverse of el-ph relaxation time can be directly calculated
from the imaginary part of the el-ph self-energy ImX,; using

-1 _ 2 . .
T = 7ImX, which is expressed as

2
=7 D gtk @)

qu,m
X [(nq,v + fk+q,m)5(€k+q,m - Ek,n - hwq,v)

+ (1 + Ngv — fk+q,m)8(ek+q,m — €kt Fla)q,u)]» (10)

where hw, , is the frequency, and n, , is the occupation (using
Bose-Einstein statistics) of the phonon mode v at wave vector
q. The el-ph matrix elements g,,, ,(k, q) are the amplitude for
scattering from an initial state n, k to a final state m, k + gq.
The two Dirac delta functions indicate the energy conserva-
tion conditions for el-ph scattering events, with the former
corresponding to a phonon absorption process and the latter
to a phonon emission process. Treating the static electric field
as a small perturbation, dg, fu,x can be solved iteratively, and
the electron mobility is obtainable from an iterative solution
of the linearized BTE [100,101]. The charge carrier mobilities
of SnSi and SnGe monolayers are tabulated in Table V.

E. Phonon dynamics

The lattice thermal conductivity («;) of a phonon in the i
direction is obtained by solving the BTE under relaxation time
approximation and using the Fourier law given by [108]

kLi= Y Y vy (g, M)T(g, h). (1)
Aq

The summation is over all phonon modes with wave vector
q and dispersion branch A, ¢, is specific heat capacity, v, ;
is the i component of the group velocity, and (g, 1) is the
relaxation time of the phonon mode with wave vector q.

The specific heat capacity is calculated using harmonic
approximation, whereas for the calculation of phonon life-
time, anharmonic contributions must be included where
phonon-phonon interaction is considered. In the harmonic
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FIG. 9. Phonon dispersions and the partial atomic phonon den-
sity of SnSi and SnGe monolayer states. Green, pink, and violet
represent the three acoustic phonons, and black represents the optical
phonons.

approximation, the phonon frequencies have been calculated
using density functional perturbation theory. The phonon dis-
persion, along with the phonon DOS (PhDOS) for the SnSi
and SnGe monolayers, is plotted in Fig. 9. The zoomed image
of acoustic phonon spectra near the I" point indicates the ¢?
feature, as plotted in Fig. S5 in the SM [63]. There are two
atoms in the unit cell, which results in six phonon branches:
three acoustic phonons (LA, TA, and ZA) and three optical
phonons as distinguished by different colors. From the Ph-
DOS, the acoustic phonon modes are contributed from both
atomic vibrations.

The group velocity of each mode of vibration is determined

from the phonon dispersion directly using the relation [109]

Vig = %4 and plotted in Fig. 10. The maximum group veloc-

]

ity of Sr?Si and SnGe are 5 and 4.2 km/s, respectively. The
group velocities obtained for these monolayers are compara-
ble with that of germanene (1.39 km/s) [110], phosphorene
(7.7 km/s) [111], silicene (5.4-8.8 km/s) [112], and stanene
(1.3-3.6 km/s) [113]. The numerical solution of phonon re-
laxation can be obtained by the phonon line width using the
below relation [60]:

1
T = my (12)
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FIG. 10. Calculated phonon group velocity and lifetime for
(a) and (b) SnSi monolayer and (c) and (d) SnGe monolayer.

where the I';(w;) is analogous to the Fermi golden rule and
completely incorporates scatterings from all phonon modes.
The phonon lifetime obtained for the SnSi (SnGe) monolayer
is plotted as shown in Fig. 10. The very short lifetime of
phonons indicates a high phonon-phonon scattering rate, as
they are inversely proportional to each other. Such a short
phonon lifetime is comparable with that of ZnX (X =S, Se,
Te) [88].

Further, the Debye temperature calculation can be calcu-
lated from the phonon dispersion given by [110,114]

1 1/1 n 1 n 1

0 3\O O Oin)
where 64 = hv,,/kp, where # is the Planck constant, v, rep-
resents the maximum frequency of the mode, and kg is the
Boltzmann constant. Table VI contains the Debye temperature
of the SnGe monolayer. The Debye temperature obtained for
SnSi (87.63 K) and SnGe (65.15 K) monolayers are of the

(13)

TABLE VI. Calculated Debye temperature (®p; in K) of SnSi
and SnGe monolayers from phonon frequency of three acoustic
branches; v,,, the maximum frequency corresponding to normal
mode vibration.

System Phonon modes v,, (THz) Oy ®p (K)
SnSi ZA 1.43 68.64 87.63
TA 2.22 106.55
LA 2.56 122.87
SnGe ZA 1.03 49.44 65.15
TA 1.83 87.83
LA 2.02 96.95
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FIG. 11. Calculated lattice thermal conductivity at different tem-
peratures and cumulative lattice thermal conductivities of (a) and (b)
SnSi monolayer and (c) and (d) SnGe monolayer.

order of that of stanene (72.5 K) and very low compared with
graphene (2300 K) and MoS; (262.3 K). In accordance with
the Slack theory [115], a low Debye temperature implies low
thermal conductivity because a low Debye temperature cor-
responds to a low phonon velocity and low acoustic-phonon
frequencies, which leads to an increase in phonon scattering
rate (decrease in a phonon lifetime) as a result of increased
phonon population. Also, it can be predicted that the bond
strength of the material in terms of the low value of Young’s
modulus in the SnSi (SnGe) monolayer also leads to low
group velocity and hence the ultralow thermal conductivity.

The temperature-dependent lattice thermal conductivities
of SnSi and SnGe monolayers are plotted in Fig. 11. The
lattice thermal conductivity value of the SnSi (SnGe) mono-
layer at 300 K is found to be 1.5 W/mK (0.85 W/mK),
which is of the order of reported 2D materials with ultralow
thermal conductivity such as SnSe, [116] (1.74 W/mK), SbAs
[117] (1.60 W/m K), SnSe [118] (2.63 W/mK), and dumbbell
silicene [119] (2.86 W/mK). For a systematic comparison,
the lattice thermal conductivities of other well-known val-
leytronic semiconductors are provided in Table VII. It can
also be seen that the Umklapp scattering is dominant in
these systems, as they follow a 1/T relation, as marked in
Fig. 11. The shaded region of this plot is the cumulative
lattice thermal conductivity which highlights the contribution
of acoustic phonon modes toward heat transportation. It is
found that acoustic phonons dominate in the case of SnSi
(93.16%), whereas optical phonons (23%) contribute to the
SnGe monolayer. Considering the three-phonon scattering
mechanism (a + a <> a;a + a < 0), the acoustic and optical
gap decreases significantly in case of SnGe, as marked in
Fig. 9, and hence, the contribution of optical mode increases
[88,89,110].
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TABLE VIIL. Lattice thermal conductivity of well-known val-
leytronics material for comparison.

2D semiconductors Lattice thermal conductivity (W m~! K1)
SnGe (this paper) 0.85
SnSi (this paper) 1.5
HIN, [19] 0.49
MoS, [39,40] 33.6
MoSe; [39] 17.8
MoTe, [40] 16.3
WS, [39] 31.8
WSe, [40] 18.2
h-BP [93] 513
h-BAs [93] 20.7

IV. CONCLUSIONS

In this paper, we introduce two buckled semiconducting
monolayers, SnX (X = Si, Ge), having properties similar to
and yet different from that of graphene. Both monolayers are
found to be direct band gaps, whereas the band dispersion
resembles that of graphene. These two semiconducting mono-
layers exhibit VSSs at the K/K’ point, which originates from
their crystal structure and is found to be robust against a small

electric field. Additionally, small biaxial strain and a negative
electric field can be applied to close the band gap in these
monolayers, which will be useful in low-power switching ap-
plications, whereas a positive electric field can be used to open
the band gap. Low lattice thermal conductivity in the semicon-
ducting monolayers, as noted in this paper, originates from
the dominance of Umklapp scattering, low group velocity,
and low Debye temperature. Moreover, these two semicon-
ductors exhibit rich spin-valley physics, high flexibility, high
charge carrier mobility, and low lattice thermal conductivity,
which shows their immense potential in the field of val-
leytronics, nanoelectronics, and flexoelectronic devices and
thermoelectricity.
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