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ARTICLE INFO ABSTRACT
Keywords: We present a first-principles method to calculate electron-phonon coupling elements in atomic systems, and
Ab initio showcase its application to the evaluation of the phonon-limited mobility of n-type single-layer MoS,. The
Carrier transport method combines a density functional theory (DFT) plane-wave supercell approach with a real-space maximally
DFT . . localized Wannier basis. It enables the calculation of electronic structure, phonon displacements with their
Electron-phonon interaction . . . . .
Electron mobility corresponding fre(.luenmes,. and real-spac§ electron-phonon coupling .eler.nents on .the same footing, w1tl.10ut
Mo, the need for density functional perturbation theory (DFPT) or Wannier interpolation. We report a low-field,
intrinsic mobility of 274 cm?/Vs at room temperature for MoS,, and highlight its dependence on carrier density
and temperature. In addition, we compare our findings to the latest available modeling data and put them in
perspective with the experimentally measured values. Based on these observations, the mobilities presented
in this work appear to be compatible with experimental results, when taking into account other scattering
sources. Hence, the proposed approach provides a reliable framework for mobility calculations that can be
extended towards large-scale device simulations.
1. Introduction 2. Method
Recent advances in density functional theory (DFT) have enabled The el-ph coupling elements g(k,q) can be expressed in terms of
the theoretical study of electron-phonon (el-ph) interactions in various the electronic Hamiltonian derivatives with respect to atomic displace-
semiconductors. The developed approaches have been extended to the ments, i.e. dH/dQ as [7]
calculation of the carrier mobility of these materials, in particular two- oH -
dimensional (2-D) transition metal dichalcogenide (TMD) monolayers. gim(k, qQ = Z (K f fv(q)1 [ ————l®=Ro), (@D)]
Indeed 2-D TMD-based transistors are widely seen as one of the most 90 Mo, (@
promising candidates for future logic switches. Among them, field- Here n/m are the orbital indices, 1 (w) the phonon mode index (en-
effect transistors (FETs) made of MoS, monolayers have been shown ergy), while k/q are the el and ph Bloch vectors. Q;, represents
to reach high ON-state currents [1]. To better understand the physics the displacement of atom I along the direction v, M; the displaced
behind carrier transport in MoS, FETs, we showcase here an original ion mass, R the unit cell lattice vector, f;U the phonon displacement
Wannier-based supercell approach to calculate the MoS, mobility and vector, and Zgﬂ the d H /dQ elements. A DFT finite difference supercell
its possible extension towards realistic device simulations. When deriv- approach can Be employed to calculate dH /dQ on a real-space grid,
ing the method, we found that the inclusion of long-range interactions after the DFT Hamiltonians, obtained with VASP [12] for a number of
through an analytic expression of the 2-D Fréhlich [2] has a negligible atomic displacements, have been transformed into a localized Wannier
effect on the total mobility value of MoS,. We provide an overview basis [13] such as

of the el-ph-limited mobility in MoS, by comparing our results to
P Y 2 P 8 a}Inm _ [Hnm(le) - Hnm(_le)]

available modeling data [3-11], thus showing that our results are in = ?2)
good agreement with the literature [11]. We also put our findings and 90r, 20,

the available data in perspective with the experimentally measured By taking into account the symmetry of the system and equivalent
values. atoms, the total number of required displacements can be significantly
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reduced. This is done using the Phonopy code [14], which constructs
a supercell, by repeating the unit cell along the directions of the
primitive lattice vectors, for each unique displacement in the unit cell.
By resorting to the same procedure, Force Constants are also obtained
from the calculated forces of each displaced supercell using Phonopy.

A correction originating from the modified orbital overlaps must be
included to account for the change in the basis functions associated
with each displacement. Following Frederiksen et al. [15], an expres-
sion for the d H/dQ elements can be rewritten with correction terms
as

oH,, (| m) = o(n|H|m)
90, anv -~ 00y,

3
D 1S (HHIm) + (n[HIKYS ™)y (L), @
ki

where the first term is the un-corrected d H /dQ elements, as obtained
with finite difference, while the second term is the correction. Here,
S is the orbital overlap matrix, (n’'|k) and (/|m’') are derivatives of
the orbital overlaps, and H represents the Hamiltonian of the un-
displaced supercell. The overlap derivatives are calculated using finite
differences based on the real-space Wannier functions. However, since
the Wannier functions are constructed to be orthogonal, the overlap
matrix is close to the identity matrix, resulting in a small contribution
from this correction.

Once the corrected elements are calculated, symmetry operations
are applied to build a complete set of d H/dQ elements corresponding
to all possible displacements in the unit cell. Furthermore, numerical er-
rors are minimized by averaging over symmetrically equivalent d H /dQ
elements,

OHuy _ 1 HS
aQI\/ N S S QIV '

where S indicates symmetrically equivalent d H /dQ elements and N

is the number of symmetry operations.

The Wannier functions are by construction highly localized, mean-
ing that the Hamiltonian elements quickly decay as the interacting
orbitals are located further apart. This property transfers to the d H /dQ
elements which are, in addition, localized around the displaced atom,
as depicted in Fig. 1. The localized nature of the d H /dQ is essential in
reducing the computational cost of transport calculations by truncating
longer range interactions.

The Force Constants obtained from the displacement calculations,
the unit cell Hamiltonian, and the d H/dQ can altogether be used to
calculate g(k, q). Subsequently, transport calculations based on the lin-
earized Boltzmann Transport Equation (LBTE) or on the Non-equilibr-
ium Green’s Function (NEGF) formalism with dedicated scattering self-
energies are possible, as illustrated in Fig. 2.

A key feature of this approach to calculate the real-space el-ph
coupling elements is that no el-ph specific implementation is needed
in the DFT code, contrary to density functional perturbation theory
(DFPT) where el-ph Wannier interpolation is often needed to obtain
matrix elements on a fine (k,q) grid. This method can therefore be
used without modification for any plane-wave DFT code interfaced with
Wannier90 or directly with a localized basis code.

“

3. Results

Each electronic structure calculation is performed with the gener-
alized gradient approximation (GGA) of Perdew, Burke, and Ernzerhof
(PBE) as implemented in VASP, using a k-point spacing smaller than
0.01 /0\_], along each periodic direction, and a plane wave cutoff energy
of 500 eV. Since the spin-orbit coupling has a negligible effect on the
conduction band of MoS, it is omitted. The total energy convergence
criterion is set to less than 1070 eV. The unit cell is relaxed to ensure
that the residual forces are bellow 1078 eV/A. Gaussian smearing is
used with a smearing width of 0.05 eV. The Wannier Hamiltonian is
obtained from the DFT calculations, by considering 5 d-like orbitals
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Fig. 1. Example of “dH/dQ vs distance of displaced atom” data, illustrating the
localized nature of the elements.

LBTE /\ NEGF

Fig. 2. Workflow showing the different steps of the method to compute the el-ph
coupling elements used in the linearized Boltzmann Transport Equation (LBTE) and in
the Non-equilibrium Green’s Function (NEGF) formalism.

on each molybdenum atom and three p-like orbitals on each sulfur as
starting guesses for the minimization procedure. Displacement calcu-
lations are performed with a 9 x 9 x 1 supercell. A vacuum space of
20 A is used in the z-direction, which is considered non-periodic. The
displacement distance is 0.01 A.

The electron and phonon bandstructure of monolayer MoS, are
reported in Fig. 3. The convergence results for the g(k, g) corresponding
to the longitudinal optical phonon are also shown and compared to an
analytical expression for the 2-D Frohlich interaction. Convergence is
tested by limiting the interaction range to that of smaller supercells.
Absolute values of g(k, q) calculated on a g-grid for a fixed k-point at
the conduction band minimum are displayed in Fig. 4 for 4 different
phonon modes. The subsequent mobility calculations are performed
using an iterative LBTE solver [6,16] with the g(k,q) calculated on
a 201 x 201 x 1 k/gq-point grid in the full Brillouin Zone, including
scattering states up to 0.4 eV above the conduction band minimum. The
resulting mobility at different temperatures is plotted as a function of
the carrier density in Fig. 5. The intrinsic mobility at room temperature
is found to be 274 cm?/Vs. We note that the mobility calculations with
and without the 2-D Frohlich contributions are almost identical (not
shown here).

4. Benchmark
Table 1 summarizes the MoS, el-ph-limited mobility values ex-

tracted from several ab initio studies and compare them to those ob-
tained in this work. In spite of numerous reports about the el-ph carrier
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Table 1
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Comparison between the MoS, mobility values collected from previous studies and those calculated in this work (marked in blue). The data is classified as a
function of the electron density, from low intrinsic density to high (5¢13 ¢cm™2). The extracted temperature-dependent exponents y are provided, when available.
The corresponding methods for the calculation of the electronic bandstructure and el-ph matrix elements are also given. Abbreviations: Frozen Phonon (FP),
Linear Interpolation (LI), Wannier Interpolation (WI), Multi-Valley Deformation Potential (MVDP), Linear Combination of Atomic Orbitals (LCAO), Plane-Wave
(PW), Local density approximation (LDA), Perdew-Burke-Ernzerhof (PBE), Spin-Orbit Coupling (SOC), Optimized Norm-Conserving Vanderbilt (ONCV), Quantum

Espresso (QE).

Mobility [em?/Vs] v DFT El-Ph Ref.
Intrinsic n = 2el2 lel3 5e13 [cm™2] Bandstructure Matrix Elements
410 400 343 - 1.690 LCAO, LDA FP 3
130 - - - PW (QE), LDA DFPT 4
225 - - - PW (QE), PBE DFPT 5
150 - - - PW (QE), PBE DFPT + LI 6
380 368 340 244 1.349 LCAO, PBE FP (9x9) 7
- - - 144 PW (QE) DFPT + LI 8
- 168 - - 1.378 PW (QE), ONCV-PBE + SOC DFPT + WI 9
147 - - - PW (QE), ONCV-PBE DFPT + WI 10
290 275 244 122 PW (QE) MVDP 11
274 264 226 114 1.436 PW (VASP), PBE FP (9x9) This work
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Fig. 3. (a) Electronic band structure, (b) phonon dispersion, (c) Frohlich el-ph coupling
elements along the k/q-points of high symmetry. The convergence of the long range
interaction for different supercell size is compared to an analytical expression of the
2-D Frohlich interaction (dashed line).
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Fig. 4. El-ph coupling elements calculated on a g-grid for a fixed k-point at the
conduction band minimum for 4 different phonon modes: transverse acoustic (TA),
longitudinal acoustic (LA), transverse optical (TO), and longitudinal optical (LO).

mobility of MoS,, no consensus exists about its “true” value. Mobilities
ranging between 130 and 410 cm?/Vs have been published. Recently,

Fig. 5. 2-D MoS, phonon-limited mobility at different temperatures (100-300 K) as a
function of the carrier density.

Ref. [10] suggested that the origin of those scattered values could be
attributed to the choice of different pseudopotentials. From our review
of the published data, we see no clear trend between the reported mo-
bility values and model parameters such as pseudopotentials, exchange
correlation, and perturbation method i.e. DFPT or frozen phonons (FP).
We note however that other scattering mechanisms such as surface
optical phonon and charged impurity scattering [16] are known to
have a strong impact on the experimentally measured mobility of
around 40 cm?/Vs [17,18]. Moreover, it is expected that the MoS,
intrinsic mobility without screening effects decreases at higher carrier
concentrations due to enhanced intervalley scattering. Based on these
observations, the mobility values presented in this work, including car-
rier and temperature dependencies, are compatible with experimental
results and the expected decreases coming from the aforementioned
scattering sources.

5. Outlook

With the calculated quantities constructed on a real space grid,
the presented method can be directly used as input to a NEGF-based
quantum transport device simulator. Using this, full devices can be sim-
ulated while considering dissipative transport, thus providing insight
into effects such as self heating in 2D-FET devices.
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