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Abstract—Monolayer SnSe is a two-dimensional (2D) material
with an indirect band gap (~ 0.92 eV) that can be obtained rela-
tively easily by exfoliating bulk SnSe crystals. Like most 2D van
der Waals monolayers, its layered nature reduces or eliminates
the defects found in bulk materials, such as surface interface
roughness and dangling bonds. Here, we show promising results
of first-principle calculations of the low-field mobility and high-
field characteristics of monolayer SnSe by implementing the full-
band Monte Carlo approach.
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I. INTRODUCTION

The discovery of graphene has stimulated interest in two-
dimensional materials, such as silicene [1]- [3], germanene [1]-
[4], phosphorene [5]- [9] and transition metal dichalcogenides
(TMDs) [10]- [16]. Monolayer SnSe has gained attention
in VLSI applications, thanks to recent progress in growth
techniques [17]- [18] and resulting in a low defect density
[19] and in a promising measured carrier mobility [20]- [21].

Unfortunately, there are discrepancies in the intrinsic elec-
tron mobility calculated for monolayer SnSe. Shi et al. [22]
performed a study of the transport properties of monolayer
SnSe calculating the mobility within the deformation potential
theory. They predicted the electron mobility in monolayer
SnSe to be 757 cm? V! s~!. However, the use of constant
deformation potentials fails to account for the anisotropy of the
matrix elements, leading to an overestimation of the mobility.
Gaddemane et al. [5] have shown the importance of selecting
the correct physical models and numerical approximations. For
example, the lack of an accurate treatment often leads to an
overestimation of mobility, as we suspect is the case in Ref.
[22].

In order to clarify the situation, in this paper, we present a
theoretical study of electronic-transport properties of mono-
layer SnSe. The band structure is calculated using den-
sity functional theory (DFT) as implemented in Quantum
ESPRESSO (QE) [23] with the Perdew-Burke-Enzerhoff
generalized-gradient approximation (GGA-PBE) [24] for the
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exchange-correlation functional, and the Optimized Norm-
Conserving Vanderbilt (ONCV) [25] pseudopotential. The
phonon spectrum is obtained using QE which employs density
functional perturbation theory (DFPT). The electron-phonon
scattering rates are calculated to first order using Fermi’s
golden rule. The electron-phonon Wannier (EPW) [26] code
of the QE suite is used to calculate the electron-phonon matrix
elements on a fine mesh in the first Brillouin Zone (BZ) by an
interpolation strategy based on maximally-localized Wannier
functions. Having obtained the electron-phonon scattering
rates, we solve the Boltzmann Transport Equation (BTE) using
a full-band Monte Carlo method. The Monte Carlo calculations
for the low-field mobility calculations are performed assuming
a zero electric field and estimating the electron mobility from
the diffusion constant, using Einstein’s relation. A uniform
electric field is assumed when calculating the high-field behav-
ior. A detailed description of the theoretical method is given
in Ref. [1]

II. RESULTS AND DISCUSSION
A. Band Structure and Phonon Spectrum

In Fig. 1, we show the calculated band structure of mono-
layer SnSe along the high-symmetry directions in the first BZ.
Monolayer SnSe is an indirect band gap material with a band
gap of 0.92 eV, with the conduction band minimum along
the X-I" (C valley) direction and the valence band maximum
along Y-I' (C valley) direction. We observe 5 satellite valleys
(C1 — C5) in the first conduction band (see Fig.1) and the
energy difference between each valley to conduction band
minimum is given in Table 1. At present, there is disagreement
about whether monolayer SnSe is a direct band gap or indirect
band gap material as experimental investigations focusing on
monolayer SnSe are scarce. Previous theoretical calculation
done by Gomes et al. [27] found that SnSe is a direct band gap
material. On the other hand, Guo et al. [28] have determined
that it is an indirect band gap material. This difference stems
from the discrepancy caused when using different ‘flavors
of DFT’ which can be seen in 2D TMDs as studied by
Gaddemane et al. [15]. From our calculations, we observe
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an energy difference between the direct and indirect band
gap of 23 meV. Such a small energy difference between the
conduction band minima along the I'-X and I'-Y directions in
monolayer SnSe indicates that the semiconductor properties
can be tuned from direct to indirect or vice versa by the
application of external controls (e.g., strain).

Energy (eV)

X r Y S X
Fig. 1. Calculated band sturcture for monolayer SnSe along the high-

symmetry directions of the first Brillouin Zone using the GGA-PBE exchange
co-relational functionals

TABLE I
ENERGY DIFFERENCE BETWEEN CONDUCTION MINIMUM VALLEYS
Valleys AE (meV)
C1 —Cs 23
C1—Cs 272
C1 — Oy 239
C1—Cs 567

Figure 2 illustrates the phonon dispersion of the 12 phonon
branches that result from the presence of 4 atoms in the unit
cell. The optical branches corresponding to the longitudinal
optical phonons have a maximum frequency away from the I'
point in the BZ. This is a well-known phenomenon known
as ‘overbending’ or ‘Kohn anomaly’ [29], which has been
previously discussed in the case of monolayer h-BN [30] and
monolayer InSe [16].

B. Scattering Rates

The density of states (Fig. 3), as well as the electron scattering
rates (Fig. 4), are calculated and plotted as a function of
electron kinetic energy (averaged over equi-energy surfaces).
One can see a step-like increase in the density of states and
electron scattering rates at about 25 meV and 560 meV. These
steps are due to the onset of intervalley scattering between
valleys C7 and C5 (at 25 meV) and between valleys C; and
C5 (at 560 meV). The intervalley scattering between other
valleys cannot be distinguished as the interactions between
them are weak.

C. Mobility and Velocity-field Characteristics

From the calculated diffusion constant, we obtain a low-
field electron mobility of 72 ¢cm? V~1s~!, This mobility is
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Fig. 2. Calculated phonon spectrum for monolayer SnSe along the high-

symmetry directions of the first Brillouin Zone using the GGA-PBE exchange
co-relational functionals
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Fig. 3. Density of states plotted as a function of the electron energy with
DFT calculations performed using the GGA-PBE functionals
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Fig. 4. The room-temperature (T = 300K) electron scattering rates plotted as
a function of the initial electron energy (average over equi-energy surfaces)
with DFT calculations performed using the GGA-PBE functionals
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promising when compared to other widely studied 2D mate-
rials, such as phosphorene, silicene, and germanene. Finally,
we have studied the velocity- and energy-field characteristics
by assuming a homogeneous applied electric field along the
zigzag direction [31]. The zigzag direction corresponds to I'-
X direction in k-space. We show, in Fig. 5a, with the dashed
line, the drift velocity obtained from the mobility calculated
from the diffusion constant.

Figure 6 shows the electron occupation in the first BZ. At
low fields, the electrons populate only the regions near the
conduction band minima at C; and C5, as seen in Fig. 6a.
However, at high fields, above 4 x 104 V /cm, the electrons
become hot reaching an energy of 150 meV. However, due
to low mobility when compared to bulk silicon, we do not
observe the saturation of electron velocity at an electric field
of 10° V/cm. Due to a significant increase of the average
energy, the electrons in the C;-valley gain enough energy to
scatter to other valleys.
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Fig. 5. (a) Velocity-field characteristics of monolayer SnSe and their corre-
sponding (b) average energy-field plot at room temperature (T = 300K).

III. CONCLUSION

In an attempt to clarify the confusing situation regarding ex-
perimental and theoretical results regarding electron transport
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Fig. 6. Room temperature distribution of electrons in the first Brillouin Zone
under the acceleration caused by a homogeneous electric field of strength.

in SnSe, we have performed DFT calculations as accurate as
possible [1]. From these calculations we find a band gap of
0.92 eV, making this material suitable for complementary-logic
applications. Using the full-band Monte Carlo method, we
have calculated the low-field electron mobility and velocity-
field characteristics of monolayer SnSe. We found an electron
mobility of 72 ecm? V~-1s~1,

In order to assess the potential of monolayer SnSe as a
candidate for a channel material in high-performance in field-
effect devices, it is interesting to compare the intrinsic mobility
of monolayer SnSe with the electron mobility of 1nm-thick
Si slab. The calculated electron mobility of monolayer SnSe
(72 ecm? V1 s71) exceeds the electron mobility of 1nm-thick
Si (50 cm? V~!s™1), when accounting for surface roughness
[32] under a transverse gate-field of 109 V/cm.

Considering the relatively large electron mobility we have
obtained here and the recent progress in its growth techniques,
monolayer SnSe should be viewed with interest for VLSI
applications [33].
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