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Using first-principles calculations and non-equilibrium Green’s function, we study the topologically-protected
carrier transport in the edges of topological insulator ribbons. We investigate the effects of electron-phonon
interactions on the edge state transport. We observed that in topological insulator with small bulk gaps, elec-
tron-phonon scattering results in the bulk states broadening into the bulk gap. This leads to the destruction of the
dissipationless transport. However, if the transport is restricted to the protected states, a higher immunity to
electron—phonon scattering can be achieved. This can lead to the design of topological insulator field effect

NEGF transistors operating based on scattering modulation, benefiting from a channel material with strong electro-

n-phonon coupling.

1. Introduction

Topological insulators (TIs) have attracted considerable attention
due to their unique properties. 2D topological insulators possess spin-
polarized gapless edge states that are robust against elastic backscat-
tering [1,2]. The absence of backscattering is attributed to the bulk
electronic structure and time-reversal symmetry. Distinguished by a
non-zero Z2 topological invariant, the edge states are protected even
when large level of imperfections such as vacancy defects, phonons etc
are present [3,4].

The observation of the quantized conductance of the protected states
is an essential step in the study of the possible applications of TIs. This
has proven to be challenging in the lab and the experimental success has
been limited to very low temperature or very short channels [5,6]. This
has been attributed to various backscattering mechanisms, such as
electron—electron interactions, defects, phonon scattering [7]. Here, we
study the effects of electron-phonon coupling on the topologically
protected edge conduction using a first principles description and non-
equilibrium Green’s function (NEGF) formalism implemented in our
ATOmistic MOdeling Solver (ATOMOS) [8,9]. Using ATOMOS, we are
able to conduct transport simulations on wide TI ribbons, which contain
heavy atoms and include spin—orbit coupling effects. To decrease the
computational costs, we used a mode-space transformation to reduce the
size of the Hamiltonian and overlap matrices [10,11]. In Section 2, we
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summarize the computational methods used in our simulations. We
discuss the results in Section 3 and draw conclusions in Section 4.

2. Method

ATOMOS operates in a NEGF framework. Density functional theory
(DFT) simulations are carried out to compute the electronic properties of
a material, including Hamiltonian matrix elements. Here we focus on
two widely studied topological insulators, stanene and bismuthene. The
former has a small bulk gap of 0.17 eV [12] while the latter possess a
larger bulk gap of 0.5 eV [4]. By choosing these two materials, we can
compare the impact of electron-phonon interactions on protected and
non-protected states.

The OpenMX package [13,14] is used to perform the DFT simulations
and to extract the matrix elements. The generalized gradient approxi-
mation (GGA) implementation of DFT with the Perdew-Burke-Ernzerhof
(PBE) exchange-correlation (XC) functional is employed. The Brillouin
zone was sampled by a 16x1x1 Monkhorst-Pack grid. All the structures
are fully relaxed with atomic force convergence criterion of 10 eV/A. A
vacuum of 15 A is introduced in the non-periodic directions. The
spin-orbit coupling effects are included. The temperature is set at 300 K
in all the simulations. We have obtained non-zero Z2 invariant for the
monolayers (2D) of stanene and bismuthene. Additionally, the possible
edge-to-edge tunneling is included in our model through the use of
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Fig. 1. (a) The spin-resolved band structure projected on the edge atoms obtained for a 4 nm wide zigzag stanene nanoribbon with Fluorine edge passivation. Blue
dots show spin-up states and red dots represent the spin-down states. (b) The band structure calculated by the original (RS) and mode-space (MS) Hamiltonians. The
shaded area shows the energy window of interest. (c) The sketch of the device structure under study (d) the calculated LDoS for different gate voltages. The shaded
area exhibits the Fermi window. (e) LDoS across the width of the ribbon at various energies obtained from a ballistic simulation. (f) and(g): same as (e) and(d) for
various deformation potentials. (h) IV curves for the ballistic limit as well as the dissipative case with a deformation potential of 16 eV. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)

atomistic (first-principles) Hamiltonian.

The Hamiltonian and overlap matrix elements are imported to
ATOMOS. The Hamiltonian matrix for the full device is then con-
structed. In this work, we study the impact of elastic acoustic phonon

scattering on the transport properties of topological insulators, using
NEGF and the self-consistent Born approximation with DFT computed
effective deformation potential constants [15,16]. The scattering self-
energies were directly computed in real-space, by up-converting the



E. Akhoundi et al.

—— E=-0.03 eV,Vg=0.4 V-bal
—— E=-0.03 eV,Vg=0.4 V-def_pot=16 eV
—— E=-0.03 eV,Vg=0.4 V-def_pot=27 eV

LDOS

0.5 1.0 1.5 2.0 25 3.0 35 4.0

Solid State Electronics 201 (2023) 108587

100

I — Vg=0.4 V-bal

80 /\/\ I - Vg=0.4 V-def_pot=2 eV

—— Vg=0.4 V-def_pot=4 eV
—— Vg=0.4 V-def_pot=6 eV

LDOS

0.00 0.05 0.10 0.15

-0.15 -0.10 -0.05
Energy (eV)

y (nm)
1075
> > > > |
<
=
[
o
5 107° 4
o
f=
Jo
a N’\,
—— bal
10-7 —»— def_pot=16 eV

0.0 0.1 0.2 0.3

T T T T 1
0.4 0.5 0.6 0.7 0.8

gate voltage (V)

Fig. 1. (continued).

mode-space lesser and greater Green’s function, and then down-
converting to mode-space. It has been shown that the scattering rate
of optical phonons is negligible compared to that of acoustic scattering
in stanene [17]. The impact of a (weak) optical phonon scattering pro-
cess is included by considering a small optical deformation constant of 4
eV/nm and a constant phonon energy of 49 meV, values which are fixed
in all the simulations performed in this work (except for the ballistic
transport simulations). The complete simulation procedure is detailed in
[9,18].

3. Results

Fig. 1(a) shows the band structure of a 4 nm wide zigzag stanene
ribbon. The spin-resolved contribution of the edge atoms to the band
structure is shown as well. The topologically-protected edge states
possess a nearly linear dispersion as well as a helical spin texture. The
spin texture ensures that intra-edge backscattering is forbidden.

Fig. 1(b) compares the band structure calculated by a real-space
Hamiltonian (blue dots) to the band structure computed using a
reduced-size, mode-space Hamiltonian (red dots). The mode-space
method is used to construct the band structure in an energy window
of interest. Here the energy window includes edge states as well as a few
bulk bands. As the Fermi level lies inside the bulk gap, carrier transport
takes place through the dissipationless edge bands. By shifting the Fermi

level to the bulk bands, bulk states also contribute to the current. The
shift in the Fermi level from edge states to the bulk states can result in
scattering modulation, which is one of the switching mechanisms pro-
posed for a TI field effect transistor [12].

The Fermi level can be modulated using a gate, as shown in Fig. 1(c).
The LDoS (local density of states) taken from the middle of the channel
of a TI subjected to a gate voltage in the ballistic limit is shown in Fig. 1
(d). The source-drain bias is 0.05 V. The shaded area in Fig. 1(d) rep-
resents the Fermi window. As the gate voltage increases, the bands move
down and at Vg = 0.4 V, the entire Fermi window is covered by the
protected edge states. In Fig. 1(e), it is shown that there is a noticeable
edge localization of the wavefunction for the states in the bulk gap.
However, the wavefunction associated with a state outside the bulk gap
is not localized at the edges.

The LDoS across the width of ribbon at energy of —0.03 eV for Vg =
0.4 V is denoted in Fig. 1(f). In the absence of electron phonon in-
teractions, the state is fully localized at the edges. However, as the
electron phonon scattering is taken into account, the broadening of the
bulk states into the bulk gap results in considerably higher contribution
of the bulk atoms to the LDoS of the considered Fermi window (Fig. 1
(). It is clear from Fig. 1(f) that even a deformation potential of 16 eV
for acoustic phonon scattering destroys the edge localization and leads
to strong degradation of the current as shown in Fig. 1(h). As the
degradation is not merely a product of inter-edge scattering, increasing
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Fig. 2. (a) The spin-resolved energy band structure projected on the edge atoms of 7 nm wide zigzag bismuthene nanoribbon with H edge passivation. (b) The band
structure in a target energy window calculated by RS and MS Hamiltonians. (c) LDOS across the ribbon at E = —0.05 eV for the ribbon under gate voltage. Different
strength of electron-phonon coupling are compared by considering different deformation potentials as well as the ballistic limit (bal). (d) IV curves for ZZ bismuthene
ribbons of widths 5 nm (5) and 7 nm (7) for several deformation potential values. The length of all the structures is 24 nm. (e) The current for different channel
lengths. (f) The on-current obtained for bismuthene, stanene and WS2 with the same structure as a function of the deformation potential (Lch = 10 nm).
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the width of the ribbon will not significantly improve the transport
properties.

Fig. 2(a) and (b) illustrate the energy band structure of a 7 nm wide
bismuthene zigzag nanoribbon, calculated by the real-space and mode-
space Hamiltonians, respectively. The energy window of interest only
contains the edge bands to gain an insight into the effect of phonon
scattering on the topological protection. Furthermore, by tunning the
Fermi level and the drain bias the bulk states will not participate in the
transport, due to the large bulk gap. A source-drain bias of 0.2 V is
considered here. Fig. 2(c) demonstrates that even a deformation po-
tential as large as 40 eV will not destroy the edge localization.

The IV curves for the TI under gate voltage for different deformation
potentials are presented in Fig. 2(d). The total length of the structure is
24 nm, unless mentioned otherwise. As the deformation potential in-
creases to 40 eV, the drop in current is not as significant as that calcu-
lated for the stanene case. However, if the deformation potential is set to
80 eV, the current declines by an order of magnitude. The IV curves for a
bismuthene nanoribbon with a width of 5 nm are also plotted in Fig. 2
(d). It is apparent that even for a smaller ribbon width, there is similar
immunity to backscattering. Additionally, the current dependence on
channel length (Lch) for the deformation potential of 27 eV is shown in
Fig. 2(e). For Lch = 100 nm, the drop in current is smaller than one order
of magnitude. Moreover, the on current as a function of the deformation
potential is plotted for the same structure based on different channel
materials (stanene, bismuthene and WS2 monolayers in H-phase) in
Fig. 2(f). WS2 monolayer in H-phase is a topologically trivial material.
Furthermore, it is made conductive by introducing doping in our sim-
ulations (3¢20/cm™3 donor density). All the other parameters (i.e.
structural and scattering parameters) are set to be the same as those of
stanene and bismuthene ribbons in our simulations. This allows us to
compare the dissipative transport in two TIs and topologically trivial
WS2. A deformation potential as small as 3.9 eV results in a current
degradation in stanene and WS2. However, the current in bismuthene is
almost unchanged, supporting the idea of prohibited backscattering.

4. Conclusions

We observed that electron—phonon interactions can result in the
degradation of the protected transport in a topological insulator. In
stanene with a small bulk gap of 0.17 eV, electron-phonon coupling
results in the extension of the bulk states into the bulk gap. Therefore,
the edge localization of the states within the bulk gap is destroyed by a
deformation potential as small as 16 eV. On the other hand, if we only
consider the transport through the protected states of bismuthene (bulk
gap ~ 0.5 eV), a higher immunity to the electron-phonon scattering is
obtained. The current degradation due to a deformation potential of 27
eV at a higher drain-source bias is improved significantly compared to
that of stanene.
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