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Abstract: Zigzag nanoribbons tailored from chemically surface-modified Sb or Bi monolayers by
methyl, amino or hydroxyl are investigated through first-principles electronic-structure calculations
to explore their potential applications in topological transport nanoelectronics. It is verified by
Dirac-point-like energy dispersion of band-edges near Fermi level that the scattering-forbidden
edge-states of these nanoribbons can give a topological conductive channel with extremely high
electron mobility. Accordingly, Sb/SbXH,/Sb and Bi/BiXHp /Bi nanoribbon double-heterostructures
(SbXHp or BiXHy: XHy = CH3, NH;, OH) are designed as resonant tunneling transistors and mod-
eled by bipolar transport devices with their electron transport characteristics being calculated by
nonequilibrium Green'’s function combined first-principles schemes. Ballistic equilibrium conduc-
tion spectra and current-voltage characteristics prove that quantum conductance currents of these
nanoribbon double heterostructures originate from the electron resonant tunneling between the
topological edge-states of the two constituent Sb or Bi monolayer nanoribbons through the central
barrier of SbXH,, or BiXH, nanoribbon segment. This renders a high resonant current peak with
strong negative differential conductance, thus being competent for zero-loss and ultrahigh-frequency
resonant tunneling nanotransistors.

Keywords: first-principles calculation; two-dimensional topological material; quantum ballistic
conductance; resonant tunneling transistor

1. Introduction

Nanostructures of two-dimensional (2D) materials are more sensitive to accurate
processing due to their controllable electronic edge-states at atomic scale, implying their
higher compactness and stability than three-dimensional (3D) materials in electronic device
integration [1]. When silicon technology reaches the development of super-devices, the
miniaturization of energy-saving transistors will focus on how to avoid the size limitation
that leads to increased power consumption and decreased performance [2], in which
2D materials are expected to replace silicon-based 3D materials as electron transport
channels [3]. However, since graphene-like materials even with an ultra-high electron
mobility still lack a sufficient bulk electronic band-gap, the research focus of 2D topological
materials has shifted to other 2D systems, such as indium selenide (InSe) and vanadium
diselenide monolayer transistors [4,5]. Hexagonal graphene/boron-nitride sandwiched
structure can realize electron resonant transitions by aligning Fermi levels of graphene
electrodes, thus producing strong negative differential conductance with an extremely high
peak-to-valley ratio, which is expected to be applied in ultrahigh-frequency and energy-
saving electron transport devices [6]. In the 2D family of III-VI compounds, it has been
demonstrated by both experimental material syntheses and electron-transport simulations
that the carrier mobility of multi-layered InSe nanotransistor reaches ~2 x 10% cm?/(V-s) at
room temperature due to its high robustness to intra-band tunneling current, resulting in a
higher open-to-switch current ratio than that of transition-metal dichalcogenides [7,8].
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When the size of microelectronic components is reduced to less than 14 nm, the limita-
tions to high-density microcircuit manufacturing technology and device performance can be
overcome by developing new transistor channels [9,10]. The size of electron transport chan-
nel determines the global device size of electron transistor, which is inversely proportional
to operation speed and energy efficiency [11,12]. The resonant tunneling transistor (RTT)
made of 2D topological insulators (TIs) has attracted significant attention in recent years
due to its great potential in applications of logic gates and signal processing devices [13-16].
Non-equilibrium Green’s function combined with conjugate orbital tight-binding approach
has been employed to calculate electron transports in graphene nanoribbon RRTs, which
elucidated the effects of nanoribbon shape and operation temperature on electron resonant
tunneling, and proved the versatile tuning functions realized by adjusting width and length
of tunneling channel [13]. The graphene/boron-nitride(BN)/graphene nanoribbon double
heterostructures represent an obvious resonant peak and the strong negative differential
conductance in peak-valley ratios of 1~4, in which tunneling oscillation currents in radio fre-
quencies can also be introduced for ultrahigh frequency devices [12,14]. Electron transports
in the transversely repeated graphene/BN multi-heterostructures represent distinct charac-
teristics of electron resonant tunneling [15]. When employing the graphdiyne nanoribbon
with an extremely high electron mobility as electron transport channel in nanoribbon
RTTs of graphene/graphdiyne/graphene double-heterostructures, the resonant current
peak-valley ratio approaches to 4.5~6.0 [16].

Hexagonal honeycomb 2D elemental materials composed of antimony (Sb) or bismuth
(Bi) element have a strong spin-orbit coupling and are expected to become a new family of
2D TIs at room temperature [17,18]. The Sb (111) atomic bi-layer can be converted into a
two-dimensional topological phase by applying bi-axial strains in layer-plane, while Bi (111)
bi-layer is a characteristic 2D topological insulator with a bulk band-gap of ~0.2 eV [19].
Although Bi monolayer 2D material has been experimentally prepared, its quantum spin
hall effect has not been observed [20,21]. The 2D topological materials with large bulk
band-gaps can be obtained through the surface chemical modification of halogenation
or hydrogenation, but the plasma method used for material preparation leads to a hike
in lattice defects, and even causes obvious impacts on topological properties [22]. In
contrast, the surface chemical decorations by functional groups (surface functionalization)
undergo a significantly slower reaction dynamic process, which is preferable to passivate
surface conjugate bonds of 2D materials and increase bulk band-gap [23]. Furthermore,
the hydrogenated surface is vulnerable to be oxidized at room temperature and ambient
pressure, and has a poor chemical stability, while the chemical group functionalized surface
presents an antioxidant ability and a higher thermal stability [24-26]. In addition to
improving chemical stability and obtaining a sufficient bulk band-gap that can resist
thermal excitation of electrons at room temperature, the surface chemical modifications can
also ameliorate band structure and topological state of 2D topological materials [27-31].

In the present study, the nanoribbon electronic structures of methyl, amino, or hydroxyl
surface-functionalized Sb and Bi monolayers (SbXH, and BiXH, monolayers: XH,, = CHj,
NH,, OH) are investigated by first-principles calculations. By local surface functional-
ization on the central region of Sb or Bi monolayer nanoribbon by methyl, amino or
hydroxyl group, the bipolar transport device models of Sb/SbXH,,/Sb and Bi/BiXH, /Bi
double-heterostructures are built up, for which electron transport characteristics (quantum
ballistic conduction spectra and current-voltage curves) are calculated by nonequilibrium
Green’s function combined with first-principles method. It is objective of applying surface-
functionalized Sb and Bi momolayer nanoribbons to RTT channels in the merit of designing
and manufacturing ultra-fast nanotransistors with 2D topological materials.

2. Modelling and Calculation Methodology

Based on 2D periodic structures of Sb or Bi and SbXH,, or BiXH,, (surface modified
by functional groups: XH, = CHj3, NH;, OH) monolayers, the nanoribbons with the
two edges in zigzag atomic alignment (zigzag nanoribbons) are modeled for various widths,
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whose electronic band structures in one-dimensional Brillouin zone are calculated by first-
principles all-electron numerical basis-set schemes, as implemented in Dmol3 code of
Materials Studio package (Accelrys Inc., Materials Studio version 2020.08, San Diego,
CA, USA). One-dimensional nanoribbons are modeled in virtual 3D periodic lattice: a
~30 A vacuum layer is set between the two adjacent periodic images to completely avert
electron wave-function overlaps between adjacent nanoribbons in 3D periodic lattice, which
actually represents a nanoribbon one-dimensional structure. The constructed models of Sb
or Bi and SbXH,, or BiXH,, monolayer zigzag nanoribbons are flanked by identical atom
aligning sequences, thus possessing the similar space inversion symmetry as their host 2D
monolayers. Nanoribbon width is evaluated by the number of hexagonal rings Ny, of Sb or
Bi atoms in nanoribbon lateral direction, namely the number of double Sb or Bi atoms in
nanoribbon periodic unit. The Sb or Bi atoms at the two nanoribbon edges are chemically
covered with hydrogen atoms to passivate the unsaturated edge bonds. Bipolar transport
device models of Sb/SbXH,, /Sb and Bi/BiXH,, /Bi nanoribbon double-heterostructures are
established to simulate RRTs, as shown in Figure 1: total length of central scattering region
is persisted to 12 nanoribbon periodic units (electron scatterings at two electrodes cannot
affect each other); the length of SbXH, or BiXH, nanoribbon segment is specified by Ni.
(the number of nanoribbon periodic units); nanoribbon orientation is specified along [100]
crystallographic direction of host 2D monolayer (zigzag edge).

P ress
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YN T I I I Sb/SbCH3/Sb
3 €9 (¢ -+ i dlp P @ Bi/BiCH3/Bi

Sb/SbNH2/Sb
Bi/BiNH2/Bi
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Bi/BiOH/Bi

Figure 1. Bipolar transport device models of Sb/SbXHy, /Sb or Bi/BiXHy, /Bi double-heterostructure
RRTs, where two semi-infinite electrodes are specified at two terminals of Sb or Bi monolayer
nanoribbons. Purple, gray, blue, red and white spheres represent the chemically bonding atoms of
Sb or Bi, carbon, nitrogen, oxygen and hydrogen respectively. Shallow blue and deep blue colors
indicate buffer and electrode regions respectively.

Geometry optimizations of these nanoribbons and their double-heterostructures are
performed by Smart iteration algorithm until iteration energy difference, atomic force
and atom displacement are less than 0.02 kcal/mol, 0.1 kcal/mol/A and 0.001 A, respec-
tively. Quantum ballistic conduction spectra (electron transmission spectra) and current
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versus voltage variation profiles of Sb/SbXH,/Sb and Bi/BiXH, /Bi nanoribbon double-
heterostructures are calculated by non-equilibrium Green’s function combined with first-
principles all electron orbital basis method [32-34]. The specified schemes and parameter

settings of Dmol3 code adopted to calculate band structure and electron transport are listed
in Table 1.

Table 1. Specifications in band structure and electron transport calculations with Dmol3 code.

Electron-State Solution Schemes Specification
Exchange-Correlation Functional Gradient Corrected Approximation PBEsol [35]
Core Treatment all electron relativistic [36]
Numerical Atom-Orbit Double Polarization
Orbital Cutoff Global 50A
Tolerance 1 x 107° Ha/atom
Self-Consistent Field Iterati (1 Ha =27.2 V)
cHr-onsistent Hield Heration Multipolar Expansion Hexadecapole
Density Mixing Charge Amplitude = 0.2
BZ Integration k-sampling (band structure) Monkhorst-Pack Grid [37] 1x1x10
BZ Integration k-sampling (electron transport) Uniform Grid 0.02 A1
Buffer Length 75 A
Poisson Solver [38] Poisson Grid Maximum Ele.n.lent 05 A
(electron transport) Electrode Boundary Condition Dirichlet
P . b
Side Boundary Condition Neumann
Electrode Buffer Length 3A

3. Results and Discussion
3.1. Electronic Band Structure

For Sb and Bi monolayer nanoribbons, the p,-orbital of Sb or Bi atoms is laterally
coupled into a huge delocalized conjugate 7 bond to form one-dimensional electron gas
in monolayer plane. The conjugate 7 bonding electrons near the two edges of Sb or Bi
monolayer nanoribbon give rise to a highly conductive channel along nanoribbon extension
direction, which appears in band structure by multiple overlapping metallic bands crossing
with Fermi level along G-X path of one-dimensional Brillouin zone, as shown in Figure 2.
Although the nontrivial topology of Sb or Bi monolayer keeps their topological nanoribbon
edge-states being protected for back-scattering forbidden, the Dirac-point of topological
edge-states at Brillouin zone boundary X is significantly higher than Fermi level and cannot
be incorporated into metallic bands of one-dimensional electron gas near Fermi level.
Nevertheless, when nanoribbon width is raised to Ny, > 2, the electronic-state density of Sb
or Bi p,-orbitals near Fermi level increases enough to cause the band of topological edge-
states just below Fermi level elevating to Fermi level. Consequently, a Dirac cone is formed
at Fermi level with a smaller effective electron mass than both the conjugate 7 bonds at
Fermi level and the topological edge-states considerably higher than Fermi level, implying
that a significant part of electron-states at Fermi level are under topological protection from
back scattering, which is actually a nontrivial topology defined by Chern’s number that
will be spin-splitting in broken time-reversal symmetry under magnetic field as 2D free
electron gas [39]. For an even wider Sb or Bi monolayer nanoribbon, this character is more
evident in band structure.

As shown in Figure 3 for the calculated band structures of SbXH,, or BiXH,, monolayer
zigzag nanoribbons, the Fermi level, especially for BiCH3 nanoribbon, is overall ~1 eV
higher than that of Sb or Bi monolayer zigzag nanoribbons. Surface functionalization on Sb
and Bi monolayer nanoribbons causes a complete transformation of band structures near
Fermi level, which manifests Z, invariant (time-reversal symmetry) topological properties
derived from hexagonal honeycomb arrangement of Sb or Bi atoms. When Ny, > 4, the Z,
invariant topological edge-states on two nanoribbon edges cannot couple each other, and
a separate Dirac-cone-like band dispersion is formed at Brillouin zone boundary X point
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near Fermi level which is slightly higher than Dirac-point. The coupling of topological
edge-states between the two nanoribbon edges can open a electronic band-gap and decrease
Fermi level, as indicated by the slightly increasing Fermi level with Ny, at Ny, <5 and the
constant Fermi level at Ny, > 4.

X GG X GG X

GG X

Figure 2. Band structures of Sb (top panels) and Bi (bottom panels) monolayer zigzag nanoribbons
for diverse widths (Nw = 2~7). Vacuum free electron energy is set as energy zero and Fermi level is
indicated by horizontal dash line.

The Fermi level of Sb or Bi monolayer nanoribbon decreases with the increase of
Ny, as shown by the left panel in Figure 4. This proves that Fermi-level electron-states
are partly derived from the coupled p,-orbitals of the huge delocalized 7 bond which is
subject to the quantum confinement by nanoribbon width, because the energy level of
quantum-confined electrons should decrease with confinement dimension. On the contrary,
the Fermi level of SbXH,, or BiXH, monolayer nanoribbons increases slightly or persists
unchanged with the increase of Ny, as shown by the right panel in Figure 4, indicating that
Dirac point near Fermi level comes completely from Z; invariant topological edge-states
which is distinguished from electron-states internal nanoribbons.

3.2. Electron Transport in Quantum Resonance

Given that the present nanoribbon double-heterostructure RRTs have mirror or in-
version symmetry in atomic structures, it is equivalent of applying positive and negative
voltages in opposite directions of bipolar device. Hence, one electrode is arbitrarily chosen
as positive electrode and the other one as negative electrode to be applied with U}, /2 and
—Uy, /2 electrostatic potential, respectively, for the modeled double-heterostructure bipolar
devices, where U}, is defined as bias voltage (or voltage bias) and specified in range of
0~1V to calculate quantum ballistic conduction spectra (electron transmission spectra) and
current versus bias voltage (I-Uy,) profiles, as shown in Figure 5. A threshold voltage is
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defined here specifically as the bias voltage where the initial electric current rises to 1/10
of peak current. There is an inevitable Ohmic-like electric conduction due to the coupling
between high-mobility topological edge-states of Sb or Bi and SbXH,, or BiXH,, nanorib-
bons at Sb/SbXH,, or Bi/BiXH, interfaces (heterojunctions), which can be intensified by
increasing electric field at these heterojunctions but will approach an uppermost limit at a
bias voltage below resonant tunneling threshold.
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Figure 3. Cont.
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(b)

Figure 3. Band structures of (a) SbXH, and (b) BiXH,, monolayer zigzag nanoribbons (Ny, = 2~7)
with their surfaces being chemically decorated by methyl, amino or hydroxyl group. Vacuum free
electron energy is set as energy zero and Fermi level is indicated by horizontal dash line, and Eg
denotes energy band gap.

When Uy, is lower than threshold voltage (U, = 0.3~0.4 V), the quantum conductance
current is still smaller than 1 pA. With the increase of Uy, the Fermi level contributed by
topological edge-states of Sb or Bi monolayer nanoribbon segment in the relatively low
electric potential area (source region) elevates gradually in these double-heterostructure
RRTs, and the triangular energy barrier formed by the quasi Fermi level in central SbXH,,
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or BiXH,, nanoribbon segment (tunneling channel) becomes more accurate, which means
a decreasing length of tunneling channel. Accordingly, when Uy, exceeds Uy,, electron
resonant tunneling occurs between the topological edge-states of the two constituent Sb or
Bi monolayer nanoribbons, and the quantum conductance current increases exponentially
with the increase of Uy,. Since the transporting electrons near Fermi level are dominantly
derived from nanoribbon topological edge-states, for which the back-scattering is forbidden
by topological protection, the mobility of electron transport is completely determined by
effective electron mass of topological edge-states in these double-heterostructure RRTs.
Because the Dirac point of Sb or Bi monolayer nanoribbons becomes more accurate af-
ter surface chemical modification by methyl, amino or hydroxyl, that is, the effective
electron mass near Fermi level is substantially reduced, the electron mobility of Sb or
Bi monolayer nanoribbons is lower than that SbXH,, or BiXH, monolayer nanoribbons,
which determines the quantum conductance currents of Sb/SbXHy, /Sb or Bi/BiXH,, /Bi
double-heterostructure RRTs. Without gate voltage, the electron resonant tunneling in these
nanoribbon double-heterostructures produces the resonant current peak at Uy, = 0.55~0.8 V;
as bias voltage further increases, the topological conductive channels of the two constituent
Sb or Bi nanoribbons in these double-heterostructures begin to stagger, which accounts for
the sharply decreasing electron transmission probability and resonant tunneling current
with bias voltage, resulting in an extremely high negative differential conductivity.
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Figure 4. Fermi energy levels in dependence on nanoribbon width (N = 2~7) of Sb or Bi (left panel)
and SbXH, or BiXH, (right panel) monolayer zigzag nanoribbons in reference to vacuum free
electron energy level.
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Figure 5. Quantum conductance I-U}, characteristics of resonant tunneling transistors modeled by
Sb/SbXHy, /Sb and Bi/BiXHy /Bi double-heterostructures of monolayer zigzag nanoribbons.

As shown by the 0.0~1.0 V electron transmission spectra of Sb/SbXH,/Sb and
Bi/BiXH,, /Bi nanoribbon double-heterostructures in Figure 6, electron resonant tunnel-
ing arises when bias voltage is raised to 0.4 V, producing electron transmission peaks in
(=Up/2, +Uy, /2) bias window, accounting for the quantum conductance current increas-
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ing exponentially with voltage bias. As bias voltage increases to 0.55~0.65 V, the Fermi
levels of topological electrons at the two electrodes of Sb/SbXHy, /Sb nanoribbon double-
heterostructure bipolar devices (RRTs) begin to separate each other when the resonant
tunneling turns to ordinary electron tunneling, as manifested by the electron transmission
peak near Fermi level shifting out of bias window, which results in a prompt abatement
in quantum conductance current and a strong negative differential conductance (NDC)
with resonant peak-valley ratios (PVR) of 4.3~4.9. A higher PVR means a longer lifetime of
transporting electrons, according to which the optimal working frequency can be effectively
set for RRTs. In comparison, Bi/BiXHy /Bi nanoribbon double-heterostructures give rise to
strong NDC with PVR of 3.2~4.8 under voltage bias of 0.7~0.8 V.
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Figure 6. Electron transmission spectra of resonant tunneling transistors modeled by Sb/SbXH,, /Sb
and Bi/BiXH,, /Bi nanoribbon double-heterostructures.
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It has been verified from a recent report that the resonant tunneling current increases
sensitively with channel length, whilst persisting on a constant PVR of NDC in BP/silicon-
carbide(SiC) nanoribbon double-heterostructure RRT [40]. As illustrated in Figures 2 and 3,
in contrast to Sb or Bi monolayer nanoribbons, the SbXH,, or BiXH, monolayer nanorib-
bons exhibit a more accurate Dirac-point of topological edge-states with a lower effective
electron mass. Accordingly, it is reasonably suggested for the electron transport character-
istics of Sb/SbXH,, /Sb and Bi/BiXH,, /Bi nanoribbon double-heterostructures as follows:
the highly conductive tunneling channel through SbXH;, or BiXH,, barrier is dominantly
derived from nanoribbon topological edge-states, not from quantum confined electrons
internal nanoribbons, which are under topological protection from back-scattering in each
constituent nanoribbon segment of double-heterostructures; given Ny, > 4, the coupling
between topological electron-states of the two nanoribbon edges can be avoided, so that res-
onant tunneling current is independent of nanoribbon width; electron scattering primarily
occurs at Sb/SbXHy, or Bi/BiXH,, heterojunction interfaces, which is determined by energy
barrier height and length of central SbXH,, or BiXH,, monolayer nanoribbon segments.

Therefore, the resonant tunneling current peaks of Sb/SbXH, /Sb and Bi/BiXH/Bi
nanoribbon double-heterostructures decrease exponentially and linearly, respectively, with
the increase of N1, while PVR of NDC relies merely on the species of functional group
decorated on Sb or Bi nanoribbon surfaces (the higher oxide-ability of functional group
used for surface chemical decoration results in a higher electron barrier and PVR), as shown
in Figure 7. The recently reported PVR of the nanoribbon RRTs constituted with different
monolayer materials are listed in Table 2, indicating that Sb/SbXH, /Sb and Bi/BiXH, /Bi
nanoribbon double-heterostructures have higher PVR values than graphene/BN/graphene
and GaN/Al/GaN nanoribbon double-heterostructures, which implies they are more
efficient nanochannels for RTTs.
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Figure 7. Quantum conductance current peaks (I},) of electron resonant tunneling for Sb/SbXHy, /Sb
(left panel) and Bi/BiXHy /Bi (right panel) nanoribbon double-heterostructures (N = 5) in depen-
dence on the length (N1) of central SbXH, or BiXH, nanoribbon segments.

Table 2. Threshold gate voltage and PVR for resonant tunneling transistors of nanoribbon double-
heterostructures constructed by specific 2D monolayer materials.

Nanoribbon Nanoribbon Gate
Scattering Region  Electrodes Research Approach Voltage/V PVR Data Source
Sb/SbXHy /Sb Sb First-principles calculations 0 4.3~4.9 Present study
Bi/BiXH, /Bi Bi First-principles calculations 0 3.2~4.8 Present study
BN Graphene  Theoretical calculations and experiments 0,20 1~4 Ref. [14]
BN Graphene  Theoretical calculations and experiments —0, £40 - Ref. [12]
Graphdiyne Graphene First-principles calculations 5 4.5,6.0 Ref. [16]
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4. Conclusions

Fermi levels of Sb or Bi monolayer nanoribbons are determined by the infinite de-
localized 7t bond similar to one-dimensional electron gas, while nanoribbon topological
edge-states arise at Brillouin zone boundary X point with evidently higher or slightly lower
energy levels than Fermi level. Topological edge-states of Sb or Bi monolayer nanoribbon
can be merged into Fermi level by increasing nanoribbon width and thus contribute to
electron transports with an extremely high mobility under partly topological protection.
Surface functionalized Sb and Bi monolayer nanoribbons present a pure Dirac-cone near
Fermi level derived from nanoribbon topological edge-states, which accounts for electron
transports completely under topological protection without back-scattering. Sb/SbXH, /Sb
and Bi/BiXH,, /Bi nanoribbon double-heterostructures render a significant resonant cur-
rent peak with a strong negative differential conductance (NDC) in a narrow voltage
bias range by the resonant tunneling of nanoribbon topological edge-states. Resonant
current peaks of these simulated double-heterostructure resonant tunneling transistors
increase exponentially and linearly with the lengths of central SbXH, and BiXHj, tun-
neling channels, respectively. In particular, the peak-valley ratio of NDC only depends
on the species of functional group used for surface chemical decoration on central tun-
neling channel and is not affected by channel length. Quantum conductance currents
of Sb/SbXH;,/Sb and Bi/BiXHy,/Bi nanoribbon double-heterostructures are generated
from the resonant tunneling of high mobility topological edge-states between the two
constituent Sb or Bi nanoribbons, which are independent of nanoribbon width and give
maximum NDC peak-valley ratios of 4.9 and 4.8 respectively. The present study suggests
that surface-functionalized Sb and Bi monolayers are potential in future applications of
ultrahigh-frequency and zero-loss topological nanotransistors.
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