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The introduction of the concept of topology into condensed matter physics has greatly deepened our
fundamental understanding of transport properties of electrons as well as all other forms of quasi particles
in solid materials. It has also fostered a paradigm shift from conventional electronic/optoelectronic
devices to novel quantum devices based on topology-enabled quantum device functionalities that trans-
fer energy and information with unprecedented precision, robustness, and efficiency. In this article, the
recent research progress in topological quantum devices is reviewed. We first outline the topological
spintronic devices underlined by the spin-momentum locking property of topology. We then highlight
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the topological electronic devices based on quantized electron and dissipationless spin conductivity pro-
tected by topology. Finally, we discuss quantum optoelectronic devices with topology-redefined photo-
excitation and emission. The field of topological quantum devices is only in its infancy, we envision many
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1. Introduction

The concept of topology was first introduced into condensed
matter physics in the early 80s of the last century to explain
the quantum Hall effect (QHE)." It was shown that quantized
electronic conductivity can result from non-trivial electronic
band topology. This has not only revolutionized our funda-
mental understanding of electronic transport behavior, but
also afforded new device concepts with the highest possible
precision, ie., measurement of fine-structure of atoms,
because the quantized conductivity depends on only funda-
mental physical constants (e, &, n).> However, a super high
magnetic field and extremely low temperature required for the
QHE limited its further applications, until the concept of topo-
logy was introduced in lattice models® and solid-state
materials.*™®

Over the past 18 years or so, the understanding of topologi-
cal concept in condensed matters is significantly advanced
along with the continued discovery of various topological
materials” "' (see Fig. 1). As a new type of “quantum conduc-
tor”, 2D/3D topological insulator (TI) is a bulk insulator but an
edge/surface conductor, where the edge/surface conductance
is quantized, in accordance with a bulk-boundary correspon-
dence protected by a nontrivial Z, topology of bulk electronic
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significant advances in the near future.

wave functions.” A TI can be viewed as two copies of Chern
insulator,"? one for each spin channel. Their nontrivial topo-
logy is characterized with a non-zero Z, (1) invariant or
integer Chern number for one spin channel, which can be cal-
culated by integration of Berry curvature of wave functions’
over the Brillouin zone (BZ) for all the occupied bands below
the topological gap. On the other hand, a topological Dirac/
Weyl semimetal is a weak topological non-magnetic/magnetic
bulk conductor with a vanishing density of states (DOS) at the
Fermi level, where the Dirac and Weyl points represent a Berry
flux center, ie., a divergent point of Berry curvature for the
valence (conduction) bands below (above) the Dirac/Weyl point
having opposite chirality (opposite pseudospin), such as the
upper (lower) Dirac cones of graphene. In general, a TI can
arise from gap opening at the Dirac point or band inversion of
a narrow-gap semiconductor featured with two band-edge
states of opposite parity (such as s- and p-states), induced by
spin-orbit coupling (SOC)."*** Another prominent feature of
2D/3D TI is that their topological edge/surface states (TSSs) is
helical, exhibiting a spin-momentum locking property due to
SOC, which constrains the orientation of spins perpendicular
to that of momenta.'®"”

Also, the topological concept has also been extended to
topological crystalline insulator’®'® and high-order TI,>>*" for
which the nontrivial topology and bulk-boundary correspon-
dence arise from protection of crystalline spatial symmetry.®>?
Furthermore, the single-particle concept of topology has been
incorporated  into  correlated = materials®®*>*  and
superconductors.’®>° It has been shown that topological
phenomena can also emerge in collective excitations, such as
phonons,***! magnons,** and plasmons.** On the other hand,
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Fig. 1 Timeline of original discoveries of new concepts and materials in the field of topological materials.

topological flat band (FB) presents another topological mani-
festation, in analogy to Landau level which is topological
without band inversion; while a singular band touching point
between a FB and a dispersion band can be viewed as a Berry
flux center, in analogy to a Dirac point.""**” Remarkably, the
FB is dispersionless whose single-particle energy E(k) is inde-
pendent of momentum k, so that the kinetic energy is comple-
tely quenched in the FB. Consequently, this macroscopically
degenerate quantum-mechanical state is inherently a strongly
correlated state, offering an ideal platform to investigate exotic
many-body quantum phenomena in association with topo-
logy,"* such as fractional quantum Hall effect,>*™*°
ferromagnetism,**~** Wigner crystallization,
superconductivity, excitonic insulator’® and Bose-Einstein
condensates (BEC).>’™>® Very interestingly, a new class of
quantum semiconductors have been recently proposed, which
have both a flat valence and conduction bands around the
Fermi level, the so-called yin-yang FB of opposite chirality.>*>*
In contrast with conventional semiconductors having para-
bolic band edges, yin-yang FBs are inherently topologically
nontrivial and invoking strong electron-electron interaction,
so that transport of fermionic carriers of electrons and holes,
as well as bosonic excitons are quantum by nature. Such
quantum semiconductors are expected to revive the “classical”
semiconductor physics, leading to a paradigm shift of elec-
tronic and optoelectronic devices into the realm of quantum
information and computation technologies.

45,46

47-49
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Excitingly, the rise of topological materials opens a new
door to topology-enabled quantum devices. It not only pro-
vides a new knob to manipulate the electronic states in con-
ventional electronic, optoelectronic, and spintronic device set-
tings, but has also fostered new quantum device concepts and
platforms with unprecedented precision, robustness, and
efficiency. For example, robust quantized conductivity renders
transport signal with extremely high precision.>® The spin-
momentum locking property prohibits elastic backscattering
allowing creation of pure quantized spin current without heat
dissipation.’®” Topological superconductivity opens a new
paradigm of fault-tolerant quantum computing.’® As theore-
tical predictions of many topological phenomena have been
characterized and confirmed experimentally, using transport
measurement, scanning tunnelling microscopy/spectroscopy,
angle-resolved photoemission spectroscopy, and magneto-
optical spectroscopy, significant efforts have also been made
toward realizing topological quantum devices.

In this review, we recap the recent progress made in devel-
oping topological devices, by employing new topology-enabled
physical phenomena as well as engineering approaches to
manipulate these phenomena. We first discuss new physical
concepts and applications in association with topological spin-
tronic devices. Specifically, we will review works in charge-spin
conversion, spin transport devices, and magnetic devices
enabled by unique topological properties. We then discuss
recent studies to extend application of topological materials to

This journal is © The Royal Society of Chemistry 2023
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electronic devices, such as topological field-effect transistor
and topological p—n junction. In addition, we briefly review
the important role played by topology in optoelectronic device
applications. In particular, we will introduce a new class of
plasmonic topological materials, with promising applications
in topological laser, and novel optoelectronic device employing
topological FB systems.

2. Topological spintronic devices

In this section, we attempt to give an up-to-date overview of
the research progress made in the fundamental physics and
applications for topological spintronic devices. Spintronics has
emerged as a promising field for advancing next-generation
quantum devices with enhanced memory, processing capabili-
ties, and reduced power consumption. These devices leverage
the spin degree of freedom of electrons and/or holes, which
can interact with their orbital moments. Traditionally, spin
polarization in such devices is achieved through the use of
magnetic layers as spin-polarizers or analyzers, or through the
influence of SOC. However, by harnessing the unique topologi-
cal properties of materials, it becomes feasible to create an
intrinsic spin-polarized channel without magnetic fields or
magnetic materials. In addition, the topologically protected
spin channel allows for a long spin lifetime and spin diffusion
length, which are useful in spin transistor and logic device
applications. Recently, beyond the topological properties of
electronic structure, new topological behaviors related to the
topology of atomic structure, such as the dislocations and the
nonsymmorphic crystal symmetry, are discovered. New forms
of the SOC effect in specific atomic structure provide more
effective means to manipulate spin transport properties.

We note that in the field of topological spintronic devices,
several main challenges remain to be addressed. First, material
selection is crucial, requiring the identification of materials
with desired properties such as large topological energy gap,
long spin coherence time, and efficient spin manipulation.
Secondly, precise control and manipulation of spins in topolo-
gical devices are essential. This involves utilizing the unique
electronic structure of topological materials and employing
external perturbations such as electric field, magnetic field,
mechanical strain, and optical control. Thirdly, reliable fabri-
cation techniques are needed to create device structures and
interfaces while preserving the spin-related properties of the
materials. Scalable and low-cost production methods for large-
scale topological materials are being explored. Finally, scaling
up the fabrication of topological spintronic devices and inte-
grating them into practical systems present significant chal-
lenges in terms of scalability, compatibility with existing
technologies, and device integration. To address these chal-
lenges, extensive research has been conducted on various con-
cepts and proposals for topological devices, and further
studies on topological spintronic devices are ongoing.

This section is structured as follows. We begin with introdu-
cing the basic concept for generating pure spin current using

This journal is © The Royal Society of Chemistry 2023
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2D TI and the nanomechanical architecture for spin rectifying
devices application. Then we discuss the efficient control and
manipulation of spin degrees of freedom in magnetic TI struc-
tures. Next, we briefly review the unique spin structure in topo-
logical dislocations. Finally, we discuss the unidirectional spin
textures and spin coherent properties in nonsymmorphic
materials for novel multi-functional spin transistors.

2.1 Perfect spin filtering in curved 2D TI

Quantum spin Hall (QSH) system, two-dimensional (2D) TI,
can exhibit exotic spin transport phenomena, mediated by its
topologically protected edge channels.>®'>'33°% [t has the
advantage of being able to implement efficient generation and
detection of pure spin current, which is one of the key chal-
lenges of spintronics. Especially, a transverse edge pure spin
current can be generated under a four-terminal device
setting.>”® For a conventional flat QSH insulator, there are two
basic properties, time-reversal symmetry (TRS) and spin con-
servation, which are of special interest. TRS renders the edge
states of a QSH insulator topologically protected to transport
robust spin current without elastic back-scattering from non-
magnetic impurities. However, spin conservation mandates
that there is no net spin current under a two-terminal device
setting in a QSH system. Therefore, discovering new mecha-
nism to control the spin current and/or transverse pure spin
current in a QSH system is of great importance for spintronics
devices. The original proposal to exploit the pure spin current
in the QSH system has been demonstrated via bending strain
engineering.®*® In layered materials, curvature or local
strains are believed to affect the transport, magnetic, and spin
relaxation properties.®*"®” Because the helicity of edge states
should not be changed by the deformation, the rotation of
orbitals by the bending strain leads to spin rotation.®* Fig. 2
shows schematics of the adiabatic manipulation of counter-
propagating spins along the edge of a curved QSH layer. For
the flat QSH layer (6. = 0°), there exist both clockwise and
counterclockwise edge channels, whose direction was deter-
mined by the spin orientation (either up or down) of the occu-
pying electrons. For the curved QSH system (6. > 0°), curvature
does not remove TRS, and spin/charge currents with opposite
polarity still propagates in opposite directions along the edges,
which is also reflected by the unchanged edge band structures.
However, bending changes the directions of orbital angular
momenta, which in turn changes the spin directions subject
to the spin-momentum locking property. Spins are no longer
conserved along the edges, which is expected to modify non-
equilibrium spin transport properties in curved QSH systems
under a bias. Specifically, edge spin rotation is achieved by
creating spin y (S,) component in addition to S,. At two oppo-
site edges of a QSH ribbon, the S, components are antiparallel
(pointing in the opposite directions at opposite edges) but the
S, components are parallel (point in the same directions at
opposite edges) to each other along the same direction of
charge current. Consequently, a conventional (flat) QSH
system conducts only charge current but not spin current
under a two-terminal device setting because only S, com-
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Fig. 2 (a)-(c) Schematic diagrams of spin current and charge current flowing along the edges as the bending angle 6, increases from 0° to 180°. A
pair of edge states counter propagate along all four edges subject to TRS. The spins rotate adiabatically along the curved edges. (d)—(f) Comparison
of two-terminal and four-terminal measurement geometries for a flat QSH system(d, = 0°), curved QSH system(0° < 6, < 180°), and curved QSH
system (0. = 180°), respectively. The arrows indicate the charge current (/) (blue sign) and spin current (F) (red sign) and their flow directions. The

2
unit of / and I° are Iy = <eF> Vand [ = (4£) V, respectively. The diagrams to the right and bottom indicate population of the edge states. Reprinted
7

with permission from ref. 61, Copyright 2017 Nature Publishing Group.

ponent exists, while a curved QSH insulator can conduct both
charge current and spin current arising from the emergence of
Sy component.

Based on the same physical mechanism, curvature can also
modify the transverse pure spin current of QSH systems. More
generally, using the Landauer-Buttiker framework,®® a com-
parison can be made between the charge and spin transport
properties of curved QSH devices and those of conventional
(flat) QSH devices in both two- and four-terminal device set-
tings. In a two-terminal geometry [Fig. 2(d)-(f), upper panel],
we expect a ballistic two terminal charge conductance (I) with

. e ,
conductance unit I, = (ﬁ) V for all three cases. While the

spin current () for the curved QSH device is significantly
different from the flat QSH device that conducts only charge

. . e .
current. The spin current varies from 0 to (2—) V according to
T

the bending angle. A curved QSH device can effectively work as
a topological half-metal for spin injection, that is, it transports
topologically protected completely spin-polarized charge
current, and the density of spin current can be tuned by the

12790 | Nanoscale, 2023, 15, 12787-12817

curvature. With four terminals setup, the flat QSH device con-
ducts a longitudinal charge current (f;) and a transverse pure
spin current () [Fig. 2(d), lower panel], while the curved QSH
device with 0 < 6, < 180° [Fig. 2(e), lower panel] conducts both
longitudinal charge current (I; = I,) and spin current (I} < I5)
(contributed by S, component), as well as a transverse pure
spin current I < I (contributed by S, component).
Interestingly, If(Ij) continues to decrease (increase) with
increasing 6. subject to the conservation of total spin, § = §, +
S, and finally I} vanishes at 6, = 180° [Fig. 2(f), lower panel].

A practical approach to realize curved QSH systems is nano-
mechanical architecture of strained nanofilms, which has
been proven a powerful method to fabricate nanomembranes,
nanotubes, partial or half nanotubes, and nanocoils.®®””* The
general process of nanomechanical architecture proceeds with
growth of strained nanofilms on a sacrificial substrate followed
by patterning and release (through removal of the sacrificial
substrate) of the nanofilms, which will roll-up into different
tubular shapes as pre-designed by strain engineering. As a rea-
lizable curved QSH system, one promising example is a Bi(111)

This journal is © The Royal Society of Chemistry 2023
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Fig. 3 (a) 2D topological Bi(111) single layer nanoribbon. (b) Cross-sectional view of curved Bi single layer nanoribbon. Reprinted with permission
from ref. 60, Copyright 2016 Royal Society of Chemistry. (c) The process of exfoliation of a Bi(111) single layer (red) after contact with the STM tip.
One helical edge channel is represented. Reprinted with permission from ref. 77, Copyright 2013 American Physical Society. (d) Atomic structure of
As decorated graphane. (e) Side view of schematic configurations for the curving process of zigzag As-graphane nanoribbon. Reprinted with per-
mission from ref. 62, Copyright 2017 American Chemical Society. (f) Top and side views of a flat Bi/Cl/SiGe(111) surface and self-bent structure of a
Bi/Cl/SiGe(111) surface, respectively. Reprinted with permission from ref. 61, Copyright 2017 Nature Publishing Group. (g) Atomic structure of the
naturally curved As-graphene nanoribbon arrays and its schematic design of a spin injector. (h) A proposed spin injector device concept: mass pro-
duction of self-rolled up QSH nanofilms on a substrate produced by the concept of nanomechanical architecture process, connected with

electrodes.

single layer with a puckered honeycomb lattice [Fig. 3(a)]. The
Bi(111) single layer has been predicted and confirmed a QSH
insulator with a large bulk gap and odd number of helical
edge states.”””’® The concept of spin control through the
bending strain can be applied to the Bi(111) single layer.®®
Fig. 3(b) shows schematics of deformation of zigzag Bi(111)
nanoribbons and subsequent spin orientation in the edge
states. The helical Dirac cone of edge states persists even when
the nanoribbon is bent. The orbital rotation by the bending
strain leads to the spin rotation to preserve the helicity. When
both edges are bent parallel, both edges have the same spin
direction, providing channels for spin-polarized currents. In
order to achieve mechanical deformation in Bi(111) single
layer, one can consider a contact-induced exfoliation of Bi(111)
single layer [Fig. 3(c)]. Because the interlayer coupling is about
10 times weaker than the intralayer covalent bonding, once a
gentle contact is made on the appropriate surface orientation,
retracing the tip can peel off a single layer and bend it in the
desired direction.”

In addition to Bi(111) single layer, there are other curved
QSH systems with self-bending,”® such as As-graphane®” and
Bi/Cl/SiGe(111) surface.®’ The As-graphane with As deposition
on graphene with honeycomb H vacancies has been predicted

This journal is © The Royal Society of Chemistry 2023

as a new QSH insulator with a nontrivial gap ~83 meV
[Fig. 3(d)]- Because of a large tensile surface stress in the As-
graphane system (about 0.32 eV A™2), As-graphane nano-
ribbons will self-bend toward the graphane side [Fig. 3(e)].
After full relaxation, the As-graphane nanoribbon bends to the
graphene side with a curved angle (the central angle of the
curved nanoribbon) ~72°. The naturally curved As-graphane
nanoribbons then exhibit unique spin-filtered transport pro-
perties, distinctively different from the flat ones. In terms of
feasibility, the surface-based QSH system'*’°"®* has an advan-
tage in its curved structure. It has been predicted that a
surface based QSH state forms in a hexagonal Bi overlayer de-
posited in the halogenated Si/Ge(111) surface, that is, Bi/H(Cl)/
Si/Ge(111). If one grows a ultrathin Si/Ge(111) film on a sacrifi-
cial SiO, substrate before Cl adsorption and Bi deposition,
then the resulting Bi/H(Cl)/Si/Ge(111) nanofilm is readily
subject to the nanomechanical architectural process,”* sell-
rolling into a tubular shape including a partial cylinder type.
Fig. 3(f) shows the atomic structure of Bi/Cl/Si/Ge(111) nano-
film and its self-curved nanoribbon structure. The calculated
self-bending curvature of Bi/Cl/Si/Ge(111) is 0.0136 nm™*,
which satisfies the conditions for generating spin-rectified
current with a configuration of parallel edges. Furthermore, a

Nanoscale, 2023,15, 12787-12817 | 12791
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parallel process®® that can facilitate mass production of identi-
cal partial cylindrical QSH arrays [Fig. 3(g) and (h)], which will
function ideally as a robust spin injector device with high spin
current density. The proposed a concept of bending strain
engineering of spin transport in QSH systems, which is gener-
ally applicable to all QSH materials and especially suited for
flexible atomic 2D QSH layers or surface-based QSH states on
or inside a thin film.

2.2 Control and manipulation of spin current in the TI/
ferromagnet heterostructure

Efficient control and manipulation of spin degrees of freedom
without a magnetic field is one of the challenges in developing
spintronic devices.*»® Taking inspiration from ordinary ferro-
magnetic heterostructures, proximity coupling has also been
used for TI materials to achieve magnetic order, and thus enable
the observation of topological phenomena with thermal
stability.>”*% The coupling between the topologically protected
surface states and the local magnetic moments can provide more
interesting physics at the interface. In addition, the proximity
coupling can break the time-reversal symmetry (TRS) while main-
taining the TI surface free from impurities or lattice defects, over-
coming the problem of large Dirac-mass disorder.

The nontrivial metallic Dirac band on the surface of a 3D
TI, which is protected by the bulk topology order is the main
characteristic feature. By introducing magnetism to a TI, either
by magnetic impurity’>®" or by proximity coupling to a ferro-
magnet (FM),”> TRS can be broken. The breaking of TRS
induces a band gap in the Dirac surface states [Fig. 4(a)]. For
the design of the next-generation spintronic devices, it is
crucial to find efficient ways to magnetize their topological
surface states (TSSs) while maintaining their topological fea-
tures. The magnetized TIs by doping magnetic atoms has been
realized in Fe-,”' Cr-* or V-doped® (Bi, Sb),Te; thin films.
There also have been theoretical studies of the effect of mag-
netic atomic impurities on the topological properties.”> %
Magnetic impurities in the bulk can lead to a small gap
opening at the Dirac point. It was shown that magnetic Fe
atoms on the Bi,Se; surface act as strong Coulomb and mag-
netic scattering centers, which lead to the creation of odd mul-
tiples of Dirac fermions, and that magnetic interaction breaks
TRS in the presence of band hybridizations.”” On the other
hand, a promising alternative route to magnetize TSSs is the
ferromagnet (FM) and TI heterostructure via magnetic proxi-
mity effect. This approach provides a spatially uniform magne-
tization of TSSs and the absence of the dopant-induced scatter-
ing. Recently, many theoretical studies have been conducted to
find suitable magnetic materials and to understand the physi-
cal mechanism occurring at the FM/TI interface.”®'** Among
them, 2D van der Waals ferromagnetic monolayer such as Crl;
offers an optimal way to magnetize the TSSs [Fig. 4(b)]. The
calculated band structure of Crl;/BizSe;/Crl; shows the gapped
Dirac cone of TSSs and lifted spin degeneracies indicating that
the TSSs of Bi,Se; are magnetized by the Crl;."**

In light of the above two approaches, different magnetic TI
structures have been studied to probe the spin-orbit torque
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(SOT)-induced magnetization switching. As the first approach,
the magnetization switching in the TI/Cr-doped TI hetero-
structure is reported.®®!°® The Cr-doped TI structure is an
ideal platform to study the SOT because it gives very robust fer-
romagnetism at low temperature.'®® In the TI heterostructure,
the Cr-doped TI magnetization can be successfully switched by
scanning the longitudinal current and a giant SOT is generated
by the current flowing through the heterostructure.®®
Furthermore, the current-induced SOT in Cr-doped TI systems
can also be controlled by the gate electric field.'”® Fig. 4(d)
shows a top-gated Hall bar structure made of Au(electrode)/
Al,O5/Cr-doped TI/GaAs(substrate). The top gate voltage can
effectively tune the carrier density at the Al,O;/Cr-doped TI
interface, and consequently the net SOT in the Cr-doped TI
layer can be modulated. The SOT strength modulated by a
factor of four by gate tuning within the accessible voltage
range, which is 1-2 orders of magnitude larger than that
reported in  metal/ferromagnet  heterostructures.'®” 1%
Furthermore, it is demonstrated that the magnetization
switched by scanning gate voltage with constant current and
in-plane magnetic field [Fig. 4(e)]. The gate voltage enabled
switching points towards devices applications such as electric
field controlled magnetic memories that are compatible with
modern field-effect semiconductor technologies. Secondly,
SOT-driven magnetization switching also has been demon-
strated in FM/TI based structure, where the spin current gener-
ated by the strong SOC in TIs exerts a spin torque to the adja-
cent FM and thus switches the magnetization with a
current.””"'°% In particular, ref. 113 demonstrated a TI-
driven SOT-magnetic random-access memory (NRAM) cell with
a state-of-the-art tunneling magnetoresistance (TMR) ratio
102% and an ultralow switching current density at room temp-
erature. Fig. 4(f) show the 3-terminal SOT device of TI-mag-
netic tunnel junction (MTJ), the writing current is applied
between terminal 1 (T1) and T2, where the spin-polarized
current in TSSs is employed to provide the SOT and switch the
magnetization of the free-layer (B-CoFeB) of the MT]. For
reading, a small vertical current between T1 and T3 is applied
to pass through the tunneling barrier MgO, where the tunnel-
ing resistance strongly depends on the magnetization orien-
tation between the free-layer (B-CoFeB) and the fixed-layer
(T-CoFeB): low resistance for the parallel state (“0” state) and
high resistance for the antiparallel state (“1” state), respect-
ively, i.e., the TMR effect. From the cross-sectional scanning
transmission electron microscopy results, we see the layer-by-
layer (i.e., van der Waals) structure of the TI [(BiSb),Te;] and
the clear interface between TI and MT]J [Fig. 4(g)]. Fig. 4(h)
shows the tunneling resistance R and the TMR ratio as a func-
tion of the magnetic field H at room temperature, where a
TMR ratio of 102% indicates the energy consumption is sig-
nificantly reduced.

2.3 Topological dislocation induced unique spin texture with
high spin coherency

The structural, mechanical, and electronic properties of dis-
locations have been intensively studied for decades.''*''®

This journal is © The Royal Society of Chemistry 2023
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Fig. 4 (a) Linearly spin-polarized Dirac band of TSS and gapped TSS by breaking time-reversal symmetry. The broken time-reversal symmetry induced by

magnetic impurity doping or proximity coupling with a ferromagnet (FM). (b) Side view of Crls/Bi,Ses/Crls heterostructure. (c) Band structure of Crls/
4QL-Bi,Sez/Crls. Colors in the main panels indicate the contributions from Bi,Ses (blue) and Crls (yellow). Colors in inset indicate the spin projections.
Reprinted with permission from ref. 104, Copyright 2019 American Association for the Advancement of Science. (d) Schematic of the Hall bar structure
with the ALLOs(20 nm)/Cr-TI(7 nm)/GaAs(substrate) stack. Standard four-point measurement set-up is displayed. A gate voltage of V,; can be applied
between the top gate and the source contact. (e) Magnetization switching induced by scanning V; in the presence of constant B, and Iy for X: (lgc =
20 pA, B, = 0.1T) and Y: (lgc = 20 pA, B, = —0.1T). Insets show the corresponding initial and final magnetization configurations. Reprinted with permission
from ref. 105, Copyright 2016 Nature Publishing Group. (f) Schematic of the 3-terminal SOT-MRAM cell with a TI. The writing current applied between T1
and T2 is used to switch the MTJ between Tl and T3. In the T1, the spin-momentum locking of the surface states provides a giant SOT. (g) Cross-sectional
scanning transmission electron microscopy image shows the layer-by-layer structure of the TI/FM and the clear interface. (h) Tunneling resistance R and
TMR ratio as a function of the magnetic field, where the 102% TMR ratio indicates the high quality of MTJ. Inset shows the patterned SOT-MRAM device.

Reprinted with permission from ref. 113, Copyright 2021 Nature Publishing Group.

They fall into three categories, ie., edge, mixed, and screw
type.'™ In general, dislocations are considered to have a nega-
tive impact on materials properties and functionalities. For
example, formation of dislocation is the leading mechanism
for growth instability of coherent thin films. Dislocations may
create scattering centers'™"® to lower carrier mobility, cause
current leakage and act as in-gap deep-level carrier recombina-
tion centers.""”"'® Therefore, much research effort in the past
has been devoted to alleviating dislocations in semi-
conductors."'® However, using the unique structure of dis-
location (topological singularities and line defects) and the
SOC effect, the ordinarily harmful dislocation turns into a ben-
eficial unit for spintronic devices.'**™*** In a crystalline solid,
the motion of an electron is inevitably coupled with its spin
orientation through the SOC effect. Hence, discovering new
forms of the SOC effect and topological behavior in the dis-

This journal is © The Royal Society of Chemistry 2023

locations that provide more effective means to manipulate
spin transport properties is not only of fundamental interest
but also critical to the development of spintronics devices.

The extrinsic SOC effect in a crystal requires breaking of
inversion symmetry, which commonly occurs on surfaces or
interfaces as manifested by the 2D Rashba'®®> and Dresselhaus
SOC'*® (RD-SOC) effects [Fig. 5(a)]. For the pure Rashba SOC,
the spin is always orthogonal to the k vector. For the
Dresselhaus SOC, the spin can be either parallel or orthogonal
to the k vector. In the case of equal contribution of Rashba
and Dresselhaus effect, the spin-orbit field becomes uni-
directional, i.e., the persistent spin texture."”'*® On the other
hand, the SOC in a screw dislocation (SD) is 1D in nature and
exists in bulk materials, so it goes much beyond the conven-
tional 2D RD-SOC effect. In ref. 123, it demonstrated the key
features of the coherent 1D SD-SOC effect and its main differ-
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Fig. 5 (a) The orientations of the effective electrical field (light gray shaded circle) and spins (red and blue arrows) for the conventional Rashba SOC
effect at surfaces or interfaces, for the linear Dresselhaus effect in an asymmetry QW or a strained zinc blende film and combined effect of Rashba
and Dresselhaus effect, respectively. (b) The orientations of the effective electrical field (gray arrows) and spins (red and blue arrows) for the 1D
SD-SOC effect as found in Ge, GaAs and SiC, respectively. (c) The atomic structure of a SD in bulk SiC. (d) Band structure of a SD in SiC with SOC
effect. The red and blue lines represent SD-SOC bands with different spin projections. Inset shows the spin textures of SD-SOC bands. The red and
blue arrows show orientations of two spin projections. Reprinted with permission from ref. 123, Copyright 2018 American Physical Society. (e)
Atomic structure of WS, with two parallel aligned S vacancy line defects. (f) Spin-projected conduction bands of line defects engineered WS,.
Reprinted with permission from ref. 124, Copyright 2019 American Chemical Society.

ence from a conventional 2D RD-SOC effect [Fig. 5(b)]. For the
newly discovered 1D SD-SOC [Fig. 5(b)], spins only rotate in
one quadrant with an angle changing from 0 to /2.
Consequently, the 1D SD-SOC will exhibit a significant higher
degree of spin coherency because the spins are constrained to
vary within a much narrower range of angles. Furthermore,
similar to the persistent spin texture in 2D system, an ideal
spin texture can be achieved in 1D SD-SOC, albeit be available
intrinsically in a single material.

This new type of SOC was confirmed on three representative
semiconductors: Ge, GaAs, and SiC.'** For each material, a
model for the single dislocation defect was constructed
[Fig. 5(c)]. The crystal field around the defect can be broken
into two components—one Rashba-like, the other
Dresselhaus-like. In addition, the ratio of these two com-
ponents depends on the compound’s ionicity, which is a
measure of how ionic the atomic bonds are. Purely
Dresselhaus-like SOC occurs in the compound with the
weakest ionicity, Ge, while the Rashba-like contribution domi-
nates in the compound with the strongest ionicity, GaAs.
Interestingly, the two contributions are equal in SiC, whose
ionicity is between that of Ge and GaAs. The Rashba and
Dresselhaus contributions rotate spins in opposite directions,
so having an equal contribution of the two produces spins
with a fixed orientation [Fig. 5(d)]. Thus, the SD in those com-
pound semiconductors with medium iconicity, like SiC, may
be used effectively for suppressing spin relaxation in spintro-
nics devices.

The 1D SD-SOC character in 3D bulk materials can be
extended to 1D line defects of 2D systems."**
with atomic thickness and high exposure of surface atoms
allow for easy regulation of properties by means of defect
engineering.'>® Especially, monolayer transition metal dichal-
cogenides MX, (M = Mo, W; and X = S, Se) suitable for three

2D materials
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critical reasons: (1) controllable defects engineering, (2) a
moderate band gap (~1-2 eV) providing the possibility to
create ideal SOC states free of interference from bulk states, (3)
large SOC strength enabling effective manipulation of spin
states. In ref. 124, the proposed chalcogen vacancy line defects
are oriented along the armchair direction of MX,, and the two
parallel aligned line defects are separated by a single atomic
line, as shown in Fig. 5(e). The spin-projected conduction
bands of the double line defects engineered WS, where are
expectation value of spin x component is clearly shown in
Fig. 5(f). These in-gap defect states are completely isolated
from other bulk bands. Spin components of S, and S, are both
zero, and the only nonzero spin component is S, along the
entire path of I'-X. This suggests that the defect states have
uniaxial spin polarizations oriented along the x direction,
which forms exactly the desired unidirectional SO field.
Interestingly, when the relative positions of double line defects
change, spin polarization of the defects states changes from x
to y direction. The emerging unidirectional SO field is subject
to both the structural symmetry and 1D nature of the line
defects. The orientation of the SO field can be effectively tuned
by altering the line defect spatial distribution.

2.4 Persistent spin texture in 2D non-centrosymmetric
materials

Rich and exotic electronic properties may arise through sym-
metry breaking in 2D materials, which have recently attracted
much attention for both fundamental interest and novel spin-
tronic device concepts. The SOC in inversion asymmetric
system has been an important factor in spintronics since the
development of the Datta-Das spin field-effect transistor,'*>***
which induces the coherent spin precession governed by the
Rashba SOC [Fig. 6(a)]. However, the Rashba SOC is rarely
compatible with long spin lifetimes because it breaks the spin

This journal is © The Royal Society of Chemistry 2023
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Fig. 6 (a) and (b) The conventional Rashba and PST spin configurations appear under the out-of-plane (z-direction) and in-plane (x-direction) elec-

tric field, respectively. (c) The unidirectional spin-split Fermi surface with the long-lived persistent spin helix mode. The spheres (arrows) represent
electrons (spin directions). [psy denotes the persistent spin helix wavelength. (d) Schematic images of spin propagation across the channel with non-
collinear spin texture and the colinear spin texture. Reprinted with permission from ref. 136, Copyright 2021 IOP Publishing. (e) Top and side view of
SnTe monolayer. (f) Band structure of SnTe monolayer along the high-symmetry and the spin polarization (S, component) of topmost valence band
over the entire BZ. Reprinted with permission from ref. 139, Copyright 2020 IOP Publishing. (g) Atomic structure of Bi(110)/NbSe, heterostucture. (h)
Spin resolved band structure of the puckered Bi(110) monolayer. (i) STM morphology of Bi(110)/NbSe,. Right panels show the atomically resolved
STM image and simulated STM image. Reprinted with permission from ref. 134, Copyright 2021 American Chemical Society. Non-volatile (j) electric
and (k) magnetic on—off switching mechanisms in the spin-valve structure. (I) A multi-functional cross-shaped charge-spin transistor. Reprinted

with permission from ref. 138, Copyright 2020 AIP Publishing.

rotational symmetry and suffers from fast spin decoherence in
a diffusive transport regime.'*® Thus, acquiring effective elec-
trical spin manipulation while preserving the long spin life-
time has been elusive. As an exceptional example, in the case
of PST [Fig. 6(b)], the spin-orbit field is unidirectional which
results in a spatially periodic mode known as a persistent spin
helix (PSH)"? [Fig. 6(c)]. In addition, recent studies reported
that the PSH feature is closely related to the topological charac-
ters, such as Berry curvature dipole, valleytronics, and non-
linear Hall effects."**'** The PSH has spatial periodicity with
the wave length lpsy defined as the distance over which the
spin direction repeats. The combined spin-orbit field is
aligned in a uniaxial direction with SU(2) symmetry, which is
robust against spin-independent scattering and renders the
spin lifetime ultimately infinite'*® [Fig. 6(d)]. It has been
demonstrated that the PSH states can be achieved in specific
noncentrosymmetric bulk materials where the PSH state is
enforced by the nonsymmorphic space group symmetry of the
crystal.”>>"*¢ However, these states survive only along certain
high-symmetry paths in the Brillouin zone and are likely over-

This journal is © The Royal Society of Chemistry 2023

whelmed by other non-PSH states in the same energy window,
which severely hamper their practical applications. Therefore,
it is highly desirable to explore material platforms for realizing
the PSH states.

The ideal target system for PSH states should simply
possess a unidirectional, field-tunable, and large SOC.
Specifically, atomically thin SnTe film, recently synthesized
using molecular beam epitaxy, is the most promising material
potentially capable of satisfying the criteria."”*”° Fig. 6(e)
shows the SnTe monolayer structure. The ions are arranged in
two buckled layers with distortions inducing the spontaneous
polarization along x, while the tiny anisotropy between the
lattice constants a and b emerges as a natural signature of the
ferroelectric phase. When the ferroelectric polarization is
aligned along the x-axis, the electronic structure of the SnTe
monolayer exhibits two valleys near points X and Y™°
[Fig. 6(f)]. In particular, the energy levels without the SOC are
fourfold degenerate, while the SOC splits them into doublets
over the entire Brillouin zone (BZ) except for the I'-X line.
Furthermore, these doublets split into singlets with eigen-
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values of spin operator S, indicating the PST (anti-)aligned in
the out-of plane direction. The spin texture of topmost valence
band clearly shows unidirectional PST aligned along the
z-direction. The estimated lps;; of SnTe monolayer falls within
the range 8.8-18.3 nm which improves the suitability for use
in nano-size spin transistors by handling the rapid but coher-
ent spin precession.'*® Another promising material platform is
a buckled Bi(110) monolayer."**"'** A notable structural feature
of Bi(110) monolayer is the finite out-of-plane buckling, result-
ing from the vertical shift of the two centered Bi atoms
[Fig. 6(g)].- The structural distortion creates internal in-plane
ferroelectricity with inversion asymmetry. Similar to SnTe
monolayer, the in-plane ferroelectricity induces a momentum-
independent spin orientation. As shown in Fig. 6(h), a uni-
directional spin splitting is observed along the k,-direction.
The glide mirror symmetry allows the z spin component only
in each spin-polarized band. Ref. 134 further shows that such
novel electronic properties can be secured in a Bi(110) film
grown on a proper substrate such as a Bi(110)/NbSe, hetero-
structure [Fig. 6(i)]. Furthermore, Bi(110)/NbSe, hetero-
structure provides a promising platform for realizing a sizable
Berry curvature dipole and nonlinear Hall effect which funda-
mentally related with PST.

Considering the non-volatile control over the ferroelectri-
city, SnTe and Bi(110) thin films could enable novel multi-
functional spin transistors."*® As a simple sketch for a device
application, a spin-valve-like experimental setup composed of
ferromagnetic electrodes and a noncentrosymmetric thin film
as a transport channel could facilitate two switching modes by
employing a ferroelectric-coupled PSH. Ferromagnetic metal
leads at both ends have in-plane and orthogonal spin orien-
tations, and the ferroelectric polarization in the monolayer
channel aligns perpendicular to the transport direction. Due
to the orthogonal spin configurations between the ferro-
magnetic source and drain electrodes, the electron spin at the
end of the monolayer channel is either parallel or antiparallel
to the spin orientation of the drain, leading to an on- or off-
state, respectively. The on-off switching could be controlled by
flipping either the electric polarization of the monolayer
channel [Fig. 6(j)] or the magnetic polarization of the ferro-
magnetic electrodes [Fig. 6(k)]. Combined with the charge
switching mechanism along the polarization direction, we can
design the multi-functional cross-shaped charge-spin transis-
tor sketched in Fig. 6(1).

3. Topological electronic devices

Considering the most prominent property of topological
materials,"*° i.e., TSSs with spin-momentum locking, they are
touted as promising electronic transport materials with poten-
tially higher transport efficiency and lower power consump-
tion. In this section, we will review recent studies on the appli-
cation of topological materials in electronic devices. We start
from the usage of TIs in traditional field-effect transistor
(FET), which are termed as topological FET (TFET), and briefly
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review proposals of using different categories of topological
materials for TFET based on topological phase transitions.
Then, the application of topological materials in another fun-
damental electronic device building block, p-n junction, in
both in-plane and vertical configurations are reviewed.
Furthermore, some less mentioned applications of topological
materials in electronic devices will be briefly outlined.

3.1 Topological field-effect transistor

Field-effect transistors have built the foundation for modern
electronic devices that were believed to continually follow
Moore’s Law to achieve faster and more powerful digital infor-
mation processing ability. One key contribution to such
amazing achievement is the continued miniaturization of
device components, such as complementary metal-oxide-semi-
conductor (CMOS) unit, which, however, may have eventually
reached its limit that prevent from further development. To
meet the further future demand on performance improve-
ment, one alternative pathway for advancement is to decrease
the power consumption and find novel materials that are less
affected by the confinement effect. There are several promising
attempts in term of architecture revolution, such as vertical
transport FET,'*! gate-all-around transistors,"** and crossbar-
based computing architectures,'*® etc. These advancements
have gradually matured and been adopted in the next gene-
ration of electronic devices.'*' On the other hand, extensive
research efforts have been made in discovering new materials
to replace the conventional semiconductors, which would lead
to a more disruptive technology advancement. Several most
studied families of materials include but not limited to
organic semiconductors,'**714° ferroelectric
semiconductors,*”*° two-dimensional materials,*>°"**? and
topological materials,">*™**® which however all have their pros
and cons. There are already several comprehensive reviews
available about some of these novel functional materials for
applications in FET,'*>*"*® here we will focus on the emerging
topological materials studied in TFET.

As mentioned above, a number of different categories of
topological materials have been proposed theoretically and dis-
covered experimentally, including insulating, metallic and
semi-metallic materials of different
dimensionality.”*'>"®3%1597166 Among them, TIs that have
bulk insulating states and spin-momentum locked edge/
surface states are considered as the most promising candidates
in TFET at the early stage of the study.”'**'*>'®® This is
mainly because it is believed that the bulk insulating state can
adopt conventional on-off switching mechanism, and the
additional TSS without backscattering and thus no energy dis-
sipation may facilitate more efficient charge transport and
lower power consumption.

One well-studied case is based on 3D TIs, e.g., Bi,Se; and
other binary sesquichalcogenides,'®'®” "% which are directly
employed as a channel material in FET.'”°"*”7* There are several
key challenges that have been encountered and yet to be fully
resolved, e.g., (i) feasible tuning of carrier density of TIs
through electric field; (ii) relatively high bulk conductivity
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compared to the TSS; (iii) high bulk carrier concentration
caused switching difficulty between n- and p-type carriers; (iv)
constrained operation temperature limited by relatively small
band gaps of known TIs, etc.

Several potential solutions have been proposed and tested
experimentally.”’*"7* One of the initial studies based on
Bi,Se; thin film applied a dual gate configuration to achieve
an independent-tuning of carrier density through either top or
back gate, as shown in Fig. 7(a)."”° Parallel bulk and surface
state contributions to the total conductance were observed and
an ambipolar conduction was demonstrated. To reduce the
contribution of trivial bulk electrons to the conductivity, thin
films were proposed for TFET devices to take advantage of the
confinement effect.'”® With the decreasing film thickness, the
bulk state moves away from the Fermi level, leading to substan-
tially reduced bulk conductivity, as shown in Fig. 7(b)."”®
Bi,Se; thin film with different thickness (3-14 nm) was
studied, which showed successful electron depletion for both
surface and bulk state through gate voltage control in TFET.
Also an insulating state was observed when the thickness is
reduced below 3.5 nm."”> However, such insulating state is pre-
sumed to be caused by the coupling of the top and bottom
surface state that destroys the topological feature and forms a
conventional trivial insulator."””"7°

Another difficulty related to tuning the carrier type, which
cannot be fully resolved by reducing the film thickness, is the
residual charge carriers contributed by crystal defects or
environmental doping. Suitable element doping is proposed to
shift the Fermi level to conduction band edge and thus reduce
the bulk carrier concentration, in order to realize successful
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switching between n- and p-type carriers through gate voltage
control. Two feasible approaches had been successfully
demonstrated experimentally, through either Ca doping"”® or
forming ternary TIs (Bi,Sb;_,)Te; by composition tuning."’* In
general, many efforts have been made for the application of
TFET, which however are constrained by the gap size of Bi,Ses,
even though the gap size could increase through confinement
effect. In addition, all the transport data show either parallel
contribution from bulk and surface states of a TI or a comple-
tely insulating state induced by further decreasing the film
thickness that destroys the TSS.

To solve the aforementioned issues, another proposal that
relies on the electric-field-induced topological phase transition
between normal insulator (NI) and TI has been brought up to
serve as the foundation for the TFET, as shown in
Fig. 7(c)."8"'®! Specifically, the device is built using 2D van der
Waal topological materials, e.g., transition metal dichalcogen-
ides (TMD), which show tunable topological states through
either vertical electric field and/or strain, shown in Fig. 8(a)."*°
A series of large-gap 2D TMD TI candidates have been studied
theoretically, and a novel TFET was proposed by stacking TMD
TIs with wide-gap NIs, as shown in Fig. 7(c). Several advan-
tages have been discussed, including easy switch between NI
and TI, i.e., OFF and ON states; better control of the band gap
through external electric field; multiple conduction channels
through decoupled multiple-layer set up in the hetero-
structure; easier thickness control of the 2D materials to mini-
mize devices size.'®® Instead of using the TI/NI state as the
ON/OFF state, recently, a TFET based on tunable topological
dislocation states with quantized conductance for both ON
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Fig. 7 (a) Topological field effect transistor based on Tl Bi,Ses with both top and bottom gate. Reprinted with permission from ref. 170, Copyright
2010 Royal Society of Chemistry. (b) Evolution of the topological surface and bulk state of Bi,Ses with different layer thickness. Reprinted with per-
mission from ref. 176, Copyright 2012 AIP Publishing. (c) Theoretically proposed TFET based on 2D topological materials with topological phase tran-
sition through vertical electric field. Reprinted with permission from ref. 180, Copyright 2014 Science Publishing group. (d) Theoretically proposed
high-fidelity TFET enabled by topological dislocation states, in which two local gates control the quantized ON and OFF states. Reprinted with per-

mission from ref. 182, Copyright 2023 American Physical Society.
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Fig. 8 (a) Topological phase transition of 2D TI, transition metal dichalcogenide, under perpendicular electric field. Reprinted with permission from
ref. 180, Copyright 2014 Science Publishing group. (b) Topological phase transition of topological crystalline insulator, SnTe, with different number
of layers. Reprinted with permission from ref. 183, Copyright 2014 Nature Publishing group. (c) Topological phase transition of topological hetero-
structure HgTe/CdTe. Reprinted with permission from ref. 184, Copyright 2018 Royal Society of Chemistry. (d) Topological phase transition of NazBi
with different layer thickness under strain and electric field. Reprinted with permission from ref. 186 and 187, Copyright 2017 American Physical

Society and 2015 Nature Publishing group.

and OFF states was proposed,'®” as shown in Fig. 7(d). In the
proof-of-concept device, two topological screw dislocation
states in three-dimensional TIs can be controlled separately by
two local fields, which support two quantized conducting
states (2¢*/h and e*/h) that effectively serve as ON and OFF
states, respectively. As both ON and OFF states are topologi-
cally protected with quantized conductance, the TFET is rather
robust, precise, and energy efficient, which may serve as a new
framework for realizing high-fidelity topological quantum
devices.

Similarly, several different mechanisms for inducing topo-
logical phase transitions have been proposed for various topo-
logical materials. For example, topological phase transition in
a family of topological crystalline insulators, such as the one
by applying an electric field perpendicular to the SnTe film,
has been studied, as shown in Fig. 8(b), and a high on/off
operation speed is expected.'®® Fig. 8(c) shows strain modu-
lation of topological states in a piezotronics transistors based

12798 | Nanoscale, 2023, 15, 12787-12817

on topological heterostructure HgTe/CdTe.'®* Also, one experi-

ment demonstrated another interesting topological phase tran-
sition between topological semimetal, TI and trivial insulator
in NazBi system.'®®> The bulk topological semimetal phase of
Na;Bi naturally transforms into a TI in a thin film of a few
layers thick owing to confinement effect, which can be further
tuned into a trivial NI through electric field, as summarized in
Fig. 8(d).'#51%7

To compare the performance between the newly proposed
TFET and other theoretically proposed and experimentally
well-developed FET technologies, two factors, ie., switching
delay and its associated switching energy, were studied for
benchmarking.">>'®' The results of comparison suggest that
TFET may be able to compete with current high-performance
CMOS technologies for its potentially low power consumption
with similar switching speed. However, the application of
TFETs remains challenging due to their generally large capaci-
tance, and the early expectation of high mobility due to TSS
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remains elusive.'>” Better electric field control with suitable
selection of topological materials is necessary to achieve new
breakthrough that could potentially disrupt the current infor-
mation processing technology.

3.2 Topological p—n junctions

Another fundamental building block of modern electronic
devices is p-n junction, which consists of an interface between
p-type and n-type semiconducting materials. Its unique feature
of one-directional current flow makes it the key component for
many electronic devices, such as diode, transistors, and inte-
grated circuits. Similar structure can be created by stacking
topological materials with electron and hole doping, which
however does not serve the same purpose as traditional p-n
junctions and possesses quite distinct properties. Unlike con-
ventional p-n junction, where the junction is depleted of
charge carriers that is non-conductive. The topological p-n
junction is believed to form a standing wave state'®® at the
interface due to the interference between the incident and
reflected waves, which can further induce a gapless chiral edge
state through a perpendicular magnetic field."’

Though the application of topological p-n junction in elec-
tronic devices was not well justified, it does demonstrate
several promising features for useful application in other
aspects. For example, such p-n junction has been used to tune
the chemical potential of the topological Dirac point.’®® This
is realized in a vertical p-n junction with epitaxial Sb,Tes/
Bi,Te; heterostructure, as shown in Fig. 9(a), where the chemi-
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cal potential is able to shift about 200 meV by simply changing
the Sb,Te; layer thickness from 25 to 6 quintuple layers. It pro-
vides one feasible pathway to study exotic quantum states
related to Dirac points.'°

Motivated by the graphene p-n junction that shows angle-
dependent transmission (chiral tunneling),'* topological p-n
junction is expected to show similar chiral tunneling behavior.
Theoretical calculations show that ideal topological p-n junc-
tion indeed allows only the transmission of electrons with very
small incident angle due to the chiral tunneling effect, as
shown in Fig. 9(b).'*> Moreover, those electrons all possess the
same spin due to the spin-momentum locking. Such special
transmission behavior makes topological p-n junction a prom-
ising spin filter that generates pure spin current. Because all
the other electrons are reflected, it could also substantially
reduce the charge current that helps to reduce power con-
sumption.'’®® Also, a very similar spin filtering phenomenon
(spin-dependent Mach-Zender interferometer) was proposed
for the topological p-n junction around the same time.'®?
Differently, an external perpendicular magnetic field is
required to tune both the top and bottom surfaces into the
quantum Hall regime to function as the spin filter through
electronic gate control.'*?

Along with the theoretical demonstration of the aforemen-
tioned intriguing phenomena, several proposals have been
made experimentally, such as composition graded doping and
electrostatic gating.'® Beside the vertical topological p-n junc-
tion formed through epitaxial Sb,Te,/Bi,Te; heterostructure,"°
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Fig. 9 (a) Vertical topological p—n junction built through epitaxial Sb,Tes/Bi,Tes heterostructure that shows feasible control of chemical potential
with different Sb,Tes thickness. Reprinted with permission from ref. 190, Copyright 2015 Nature Publishing group. (b) Chiral tunneling of topological
p—n junction that forms an ideal spin-filter. Reprinted with permission from ref. 192, Copyright 2015 American Physical Society. (c) Formation of in-
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ref. 194, Copyright 2016 Nature Publishing group.
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in-plane p-n junction has also been experimentally
realized.’*'®> Based on an n-type TI thin film,
Bi,_,Sb,Te;_,Se), half of the thin film is properly treated by
organic acceptor molecules that transform into a p-type TI
while the other half is untouched that remains n-type, which
forms an in-plane topological p-n junction, as shown in
Fig. 9(c). Through proper field control from both top and
bottom gates, distinct transport behaviors were observed, con-
firming characteristic p-n junction features.'®*

3.3 Other topological electronic applications

Beside the most fundamental application of topological
materials in electronic devices, there are quite a few less
known but still important aspects where topological materials
could be useful. One is the interconnect of the CMOS devices,
where the traditional metallic interconnect is severely limited
by the finite size effect due to the fast increase of the resistivity
and switching delay with the decreased size.'®® Considering
the high mobility and lack of back-scattering feature, TIs could
potentially serve as efficient interconnect materials.
Theoretical modeling using Bi,Se; as interconnect has been
performed through real-space transport calculation, which
however shows that the mobility becomes much lower than Cu
interconnect due to strong acoustic phonon scattering at room
temperature.’®® A larger-gap TI with weak acoustic phonon
scattering is necessary for such application.

In addition, application of topological materials in
Josephson bifurcation amplifier has been proposed to form a
topological Josephson junction,'®” which could help to under-
stand the Majorana bound state and superconducting qubit-
based quantum information processing technology. The
devices based on Dirac and Weyl materials possess distinct
characteristics and offer unique advantages in various appli-
cations.’ The Dirac materials, characterized by their linear dis-
persion relation, exhibit massless quasi particles with high
mobility. This property enables efficient charge transport
making them promising for high-speed electronic devices and
low-power consumption applications. Recently, FET chiral
devices'”® are demonstrated with Dirac semimetal PtSe,
showing the ON/OFF ratio of more than 10°. On the other
hand, Weyl semimetal exhibits a different type of behavior,
with Weyl nodes acting as magnetic monopole-like sources or
sinks of Berry flux. This gives rise to unique transport pro-
perties, including the chiral anomaly and the Fermi arc
surface states. The existence of Weyl fermions opens up possi-
bilities for high-mobility electronics and potential applications
in quantum computing. With strong SOC and broken inver-
sion symmetry, exotic spin textures enable a large spin Hall
effect that can efficiently convert the charge into spin current
in a type-Il WTe, Weyl semimetal.'***°® While both Dirac and
Weyl devices share similarities in terms of their topological
nature, their distinct band structures and associated phenom-
ena provide different applications. There is also another inter-
esting field that uses non-Hermitian topological systems as
novel high-precision sensors.””" The key design principle is to
couple the boundary conditions that define the non-Hermitian
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topological systems with those measurable physical quantities.
Theoretical modeling founds these novel sensors show increas-
ing sensitivity with the size of the device and high stability
against perturbations.””*

4. Topological optoelectronic
devices

In this section, we review optoelectronic device applications of
topological materials and the inherent topological protection
of edge states due to their non-trivial topology. This section is
divided into four parts. First, we discuss an important class of
topological materials that use valley degree of freedom in
applications ranging from quantum computation to optical
isolators. Next, we introduce the notion of photonic TIs and
their application in optoelectronic devices including TI lasers.
Third part deals with the application of TI surface states and
topological Dirac states in plasmonic materials and photo-
detectors. Finally, we discuss about topological FB and its role
in optoelectronics focusing on a recent proposal on yin-yang
FBs. In recent years, there have been reviews on opto-
electronics using TIs which focused on plasmonics,>°*2%*
photonics,**> 2% and valleytronics.?°®*"2' We provide an over-
view of each of these subjects. Readers are encouraged to go
through individual reviews and references therein for more
elaborate details.

4.1 Valleytronics

Valleytronics deals with the design of electronic and opto-
electronic devices exploiting the fact that electrons, holes, and
excitons behave differently when occupying one valley versus
the other. Valleys are local energy minima in the conduction
band in association with local maxima in the valence band,
where excited carriers are energetically degenerate but differ in
crystal momenta. One can also assign a valley pseudospin
index denoting the localization of particles in a particular
valley.?'®*'" In contrast to spintronics, where electronic spin
can be easily manipulated using external fields, it is generally
rather difficult to manipulate particles in a valley due to very
weak coupling of valley pseudospin to external fields. In
addition, the lifetime of particles occupying the valley needs to
significantly higher in order to make useful valleytronic
devices.?*®

Two quantities that can be used to distinguish different
valleys and to enable, in principle, valleytronic device appli-
cations are — Berry curvature and orbital magnetic moment. In
other words, if two valleys have different Berry curvature and
orbital magnetic moment, they can be distinguished by using
electric and magnetic fields, respectively. Important material
examples are graphene,””” and 2D molybdenum disulfide
(MoS,);>** both possess valleys at high-symmetry reciprocal
points K and K’ in the Brillouin zone, which are time-reversed
images of each other imposed by the underlying hexagonal
lattice symmetry.

This journal is © The Royal Society of Chemistry 2023
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on-site energies, as is the case in MoS,. (b) Gapped Dirac cones at valley K and K’ with opposite Berry curvature denoted in red and blue respectively.
Circularly polarized light of one chirality can excite electrons only in one valley due to opposite effective magnetic field for the two valleys. (c) Upon
breaking time reversal symmetry under circularly polarized light, a net valley polarization leads to anomalous Hall effect as carriers in two valleys
flow in opposite directions. (d) The source—drain bias (V,) dependence of Hall voltage (V) of monolayer MoS, under R—L modulation (red, solid
line), under L—R modulation (red, dashed line), under linear s—p modulation (red, dotted line), and of bilayer MoS, under R—L modulation. Linear
dependence of Vi on V, for only R-L and L—R modulation indicates photoinduced valley polarization of monolayer MoS, which is absent in bilayer
MoS,. Reprinted with permission from ref. 213, Copyright 2014 Science and from ref. 209, Copyright 2021 Wiley.

In case of MoS, inversion symmetry is broken®'? due to
staggered structure of its lattice [Fig. 10(a)] which leads to
different Berry curvatures at K and K'. Naturally, a valley Hall
effect was observed in MoS, in 2014."* The two valleys experi-
ence opposite effective magnetic field [Fig. 10(b)] which allows
for valley polarization under a circularly polarized light and
the detection of valley Hall effect, i.e., electrons from different
valleys move in opposite direction [Fig. 10(c)]. The experi-
mentally measured dependence of anomalous Hall voltage
(Vi) on the bias voltage (V,) is shown in Fig. 10(d) for MoS, in
the presence of circularly polarized light. Under R-L modu-
lation Vi scales linearly with V, which is a signature of photo-
induced anomalous Hall effect driven by a net valley polariz-
ation. Similarly, it can also be shown that broken inversion
symmetry allows for the existence of orbital magnetic moment
responsible for optical circular dichroism and valley optical
selection rules.??%>'47216

The unique valleytronic properties of these 2D materials
make them attractive for various applications such as,
quantum bit for quantum computation,””>'® quantum key
distribution which is an important element of quantum com-
munication relying on generation of polarized photons and
remote detection of polarization state,>*® and valleytronic-
based optical isolators®>*® which make use of inherent optical
dichroism of valleytronic materials.”**>*® In addition, the
topological currents and optoelectronic properties associated
with valley effects can be utilized in the design of transistors
and efficient switching devices.>’°>*> One such application

was recently shown®*® using interlayer excitons in van der

This journal is © The Royal Society of Chemistry 2023

Waals heterostructure of TMDs with a non-volatile memory
function, demonstrating a viable route towards valley polarized
information processing. Fig. 11(a) shows the schematic of the
device consisting of layers of WeS, and WS, with interlayer
excitons (IXs) formed at photon energy of about 1.4 eV
[Fig. 11(b)]. Depending on the chemical doping levels the exci-
tons can be in singlet (IX® at 1.40 eV) [Fig. 11(c)I] or triplet
state (IX' at 1.42 eV) [Fig. 11(c)l] with a lower photo-
luminescence (PL) intensity of IX" [Fig. 11(d)]. The valley polar-
ization of excitons can be seen from Fig. 11(e) where the heli-
city resolved PL data is plotted. IXs show negative circular
polarization as evident from a higher cross-polarized (¢'/67)
than the co-polarized (6'/6") PL component, which also leads
to interesting excitonic hysteresis [Fig. 11(f)] in the degree of
valley polarization. These properties of IXs can be used to
create valley-addressable memory where the periodic behavior
of photon energy of IX emission and PL intensity can be con-
sidered analogous to conventional read, write and erase oper-
ations while treating the intensity levels of IX® and IX" at 1.40
eV and 1.42 eV as bits 0 and 1, respectively, with long retention
times as shown in Fig. 11(g).

4.2 Topological photonics

The seminal work by Haldane and Raghu in 2005%**%*® intro-

duced the notion of topology in electromagnetic waves,
leading to the origin of topological photonics. They considered
electromagnetic waves in two-dimensional spatially periodic
devices embedding time-reversal-breaking magneto-optical
elements, so called photonic crystals,”*®**” and illustrated that
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(6*/6*) PL component for inter- and intra-layer excitons. (f) Absolute circular polarization degree, |P.| = , where (/") indicates co-(cross-)

I +1-
polarized PL component intensity for IX under gate voltage (V) sweep. The interlayer hysteresis is caused by change in valley-depolarization times
caused by electron/hole doping. (g) Time dependent IX emission characteristics. The PL intensity corresponding to IX® and IXT at 1.40 eV and 1.42 eV
can be used as bits 0 and 1 respectively. Writing and erasing voltages last for 3 min, while reading lasts for 64 min. Reprinted with permission from

ref. 223, Copyright 2022 Springer Nature Limited.

the resulting photonic bands would have nontrivial topological
invariants. A major source of loss in optical devices that sig-
nificantly hinders large-scale optical integration in ordinary
waveguides is back-scattering.”®® On the other hand, topologi-
cally protected waveguides are unidirectional, transmitting
electromagnetic waves without back reflection even in the pres-
ence of disorder. Topological transport in photonics has un-
precedented applications in designing unique devices with
immunity to performance degradation due to disorder or
outside environment.*>%>3°

First photonic analogue of QHE was realized by Wang
et al®' A 2D square lattice photonic crystal was prepared
using gyromagnetic ferrite rods as shown in Fig. 12(a). The
structure was sandwiched between two metallic layers to
provide confinement in z-direction. Under the application of
magnetic field of magnitude 0.2 T, a gap is opened between
two topologically non-trivial bands which is depicted in
Fig. 12(b) with a gapless forward moving edge state. Numerical
simulation [Fig. 12(c)] showed the unidirectionality and immu-
nity to disorder of waveguide at frequency 4.5 GHz which falls

12802 | Nanoscale, 2023, 15, 12787-12817

within the non-trivial gap. Experimental transmission data
confirmed a very low backscattering of this waveguide as
shown in Fig. 12(d). Such single mode one-way waveguides
have allowed for the novel design of devices for tunable delays
and phase shifts with unity transmission,”*> reflectionless
waveguide bends and splitters,”*® signal switches,*** direc-
tional filters,”*>**® broadband circulators,”®” and slow-light
waveguides.”*® A challenge in this direction though has been a
weak magnetic response at optical frequencies.

Further investigation into the implementation of such
models in optical domain led to several ideas to realize photo-
nic topological materials, for example, using polarization of
photons as pseudospin in photonic crystals,”*"**>>*° coupled
resonators,>?>?*%?4%  or  bijanisotropic = metamaterials.**®
Subsequently, first photonic TI was introduced in 2013
where an array of coupled helical waveguide arranged in a hon-
eycomb lattice led to the topological protection of photon
transport realized using periodic modulation inspired by
Floquet TIs. Around the same time, an aperiodic coupled ring
resonator was also realized experimentally which showed topo-

241
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Fig. 12 First experimental demonstration of the topological protection
in photonic crystals at microwave frequencies.?*! (a) Gyromagnetic
photonic crystal slab with ferrite rods represented by blue dots arranged
in a 2D square lattice arrangement. Due to confinement in z-direction
by metallic plates this creates 2D transverse magnetic (TM) mode. (b)
The TM band structure of one-way gapless edge state between the
second and third bands of non-zero Chern numbers. (c) Simulated field
propagation of the one-way mode and its topological protection against
a long metallic scatterer. (d) The measured robust one-way transmission
data of the edge waveguide. The backwards mode is suppressed indicat-
ing low backscattering. Reprinted with permission from ref. 205,
Copyright 2014 Macmillan Publishers Limited.

logically protected photon modes.>*® Since then, there have
been many proposals®®’**>7>* both experimental and theore-
tical to realize a photonic analogue of a solid-state TI.

A vital application of photonic TI is a topological insula-
tor laser which was realized recently.”>®*** The idea was to
use an array of coupled ring resonators phase shifted
amongst each other to mimic the effect of imaginary
hopping strength in a square lattice [Fig. 13(a)]. The outer
perimeter was pumped to promote lasing while inner region
had losses. They showed that this topological insulator laser
lased in a single mode while a trivial laser showed multi-
mode operation [Fig. 13(b)]. The non-trivial laser also had a
much higher slope efficiency even in the presence of defects
as shown in Fig. 13(c). A recent theoretical work showed
that indeed the coherence of laser emitters is greatly
improved by a topological design.>®> This major break-
through has been recognized by many groups to realize
more TI lasers®*?*®* and move towards a mode-locked
pulsed laser,>®® a challenge for last few decades. Moreover,
recently valleytronic properties have also been realized using
topological photonics which finds applications in on-chip
communications,*®® and quantum cascade lasers.>>°

This journal is © The Royal Society of Chemistry 2023
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topological insulator laser. Reprinted with permission from ref. 254,
Copyright 2018 Science.

4.3 Plasmonics and photodetection

Surface plasmon polaritons (referred simply as plasmons) are
quanta of elementary excitation that involve collective oscil-
lations of electrons.?**?61:2%> These charge oscillations are
usually confined to the surface of 3D metallic material inter-
faced with air.>°*?%"?%* In case of TIs, the situation is slightly
different due to the presence of a 2D topologically protected
surface state sandwiched between two insulators: topological
bulk and air.

TI surface states host Dirac plasmon with a plasmon mode
dispersion given by,>**?6326

o=\ 1)

where D is the Drude weight, and ¢ is the effective relative
. . Ve
dielectric constant. For TI, D = 5
phene*® due to a similar relevant charge response and pres-
ence of Dirac carriers. Dirac plasmons have been experi-
mentally observed in TIs>***>’° and form one of the major TI
device applications for photodetection, especially in the tera-
hertz regime in a field-effect transistor.>”’>”* This resonant
plasma-wave photodetection in case of TI has been shown to
be more efficient than in case of graphene.””* The utilization
and integration of these Dirac plasmons in current Si-based
electronic devices was theoretically proposed a few years

n ..
—, very similar to gra-
i ry g
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Fig. 14 Si-based terahertz plasmonic device. (a) Schematic of Si-(111)
with 1/3 monolayer Br coverage in a \/3 X \/3R30° supercell. This
uniform configuration has the least energy compared with random and
cluster configurations. (b) Comparison of band structure obtained using
tight-binding (TB) approximation and density functional theory calcu-
lation with Perdew-Burke—Ernzerhof (PBE) and Heyd-Scuseria—
Ernzerhof (HSE) functionals. (c) and (d) EELS of hole-doped Dirac bands
at Fermi energy —0.1 eV in g, and g, directions respectively to illustrate
the anisotropy due to Dirac bands in the superstructure. The open black
circles are fitted to w = a\/q with a = 0.35, and 0.345 eV A™Y/2 for (c) and
(d) respectively. (e) 2D momentum space plots of EELS at various exci-
tation energies clearly indicating the elliptical plasmonic dispersion.
Reprinted with permission from ref. 275, Copyright 2015 American
Physical Society.

back.>”®

Using first-principles calculations it was shown that a
1/3 monolayer Br coverage on Si-(1,1,1) surface saturates the
dangling bonds and forms a uniform \/ 3 x \/SR?;OO honey-

comb superstructure [Fig. 14(a)] which generates anisotropic
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Dirac bands near Fermi level [Fig. 14(b)]. The plasmonic pro-
perties of these bands were illustrated by broadened peaks of
electron energy loss spectrum (EELS) as shown in Fig. 14(c).
The anisotropy of Dirac bands leads to an elliptical dispersion
of plasmons which can still be fitted with to the \/ q relation-
ship in eqn (1). Moreover, these Dirac surface states can be
protected by using a large-gap 2D material, for example, Boron
Nitride, as a protective layer to make such Si-based devices
robust.?”

A disadvantage of plasmons is their dispersion dependence
on carried density (n). Although this dependence allows for
gate-voltage tunability, it hinders applications that require a
stable excitation frequency in changeable environments,>”®
leading to unfavorable device operating conditions, for
example, low temperature limit, high quality sample require-
ment, and unstable operation.””” Recently, a wide range of
density dependence of plasmons have been found in topologi-
cal semi-metals,”’®*”® even though they have similar linear
electronic dispersion to graphene. Interestingly, there’s a
possibility of anomalous density independent plasmons (DIP)
in 1D carbon nanotubes,?®® and nodal surface of electrides.?”®
A unified theory of n-independent plasmons was developed
recently by Wang et al.>’” DIPs can fundamentally overcome
terahertz-unstable bottlenecks in conventional devices and
have been proposed for broadband terahertz spectroscopy in
2D nodal line semi-metallic metamaterials.?””

A unique feature of TI surface state is spin-momentum
locking.”*®" Zhang et al.*®* demonstrated theoretically for a
helical metal that a density fluctuation can induce a transverse
spin fluctuation and vice versa leading to a spin-plasmon
mode. These modes are expected to have a considerably higher
lifetime®®® and hence are attractive for device applications®®®
like spin-torque oscillators, yet to be observed experi-
mentally.*®* TIs are also known to have non-linear optical pro-

perties and enhanced absorbance due to presence of topologi-
285

cally protected gapless surface state®” and have been reported

SS O - Electron
O - Hole

Fig. 15 TI based flexible photodetector. (a) Schematic of photodetector device. Inset shows the flexibility of Tl thin film. (b) Power dependent
photocurrent response of flexible TI. (c) Depiction of a possible mechanism for the high performance of flexible TI. BV/CB — Bulk Valence/
Conduction Band; SS — Surface State Reprinted with permission from ref. 296, Copyright 2021 Scientific Reports.

12804 | Nanoscale, 2023, 15,12787-12817

This journal is © The Royal Society of Chemistry 2023


https://doi.org/10.1039/d3nr01288c

Published on 17 July 2023. Downloaded by University of Utah on 9/22/2023 4:40:16 PM.

Nanoscale

to exhibit broad spectrum photodetection.”®*>° Recently,
with a growing interest>®’ > in flexible optoelectronics given
their potential applications in wearable devices, sensors, and
communication,>** > a TI based flexible photodetector has
been fabricated by depositing thin films of Bi,Te;, a well-
known TI'” onto a flexible plastic substrate, PET (polyethylene
terephthalate).>®® Fig. 15(a) shows the schematic of photo-
detector device and the flexibility of deposited film. The photo-
current response for near infrared regime is shown in
Fig. 15(b). As can be seen clearly the device detects the on and
off laser mode. This high photo-response is speculated to be
due to the band transitions and electron-pair generation
between valence bulk band and conduction surface band as
depicted in Fig. 15(c), but no certain theoretical or experi-
mental evidence has been reported yet.

4.4 Topological flat bands

Analogous to Haldane’s proposal for integer quantum Hall
effect, Fractional Chern Insulators have been proposed and
numerically shown to be stabilized in topological FBs.**>?7731
These FBs are counterpart of Landau Levels (LLs) of 2D free
electron gas, with Chern number equal to 1, and arise due to
the destructive interference of Bloch waves in a lattice system.
This interference manifests itself into compact localized states
in real space giving FBs macroscopic degeneracy, similar to
LLs.""*” The infinite effective mass of carriers and hence their
quenched kinetic energy in FBs allow the interactions to domi-
nate leading to the stabilization of a variety of interaction-
mediated exotic phases, such as Wigner crystallization,****>
high temperature superconductivity,
ferromagnetism,****°° Mottness,***> Fractional QHE,?%310-312
excitonic BEC> and TIs.?'3732°

A most widely used FB electronic lattice is a 2D Kagome
lattice.*'>*?'** Depending on the sign of hopping integral
within nearest-neighbor TB framework, this lattice hosts a FB
either on the top or the bottom of the energy spectrum.?!°?*?
Recently, as an extension of Kagome lattice, a novel 2D lattice
was introduced, called diatomic Kagome lattice®** %7
[Fig. 16(a)] containing two sets of Kagome bands. There is a
rich phase diagram of band structures possible for this lattice
in the parameter space of hopping integrals.’*® An intriguing
band structure arises for certain hopping parameters which
gives rise to enantiomorphic, i.e., yin-yang FBs.*****” Under
this configuration of bands, the FBs of the two sets of Kagome
bands face each other forming the valence and conduction
bands, both topologically non-trivial and flat but with opposite
Chern numbers due to opposite effective signs of hopping
integrals for the two sets. This fascinating band structure,
called the yin-yang bands [Fig. 16(b)], constituting a new class
of “quantum semiconductors”. It has been shown to exist in
material systems, like anilato-based metal-organic frame-
works,**® superatomic graphene®>**” and bilayer nickel-bis
(dithiolene)**” based on density functional theory calculations,
while the superatomic graphene has been recently already
made experimentally.>* Interestingly, this unique band struc-
ture is speculated to show unconventional and exotic physics
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Fig. 16 (a) The diatomic Kagome lattice structure, where ty, t;, and ts
are hopping integrals and 1 represents the SOC strength. (b) The ideal
yin-yang Kagome band structure and Chern numbers of each band with
SOC. (c) Schematic band diagrams of two flat bands device
setups. |. The band diagrams of the yin-yang FCBs and two ferro-
magnetic (FM) metal contacts with different work functions @, , before
contact in a photovoltaic cell. The Chern numbers are opposite for yin
and yang FCBs. Il. The band diagram after contact. A o + CPL excitation
creates a spin-up electron in the top yang FCB and leave behind a spin-
down hole in the bottom yin FCB. The electron (hole) flows to the left
(right) FM contact with a smaller (larger) work function. Ill. The equili-
brium band diagram of a spin-polarized double heterostructure made of
a FM p contact/FM p-type semiconductor (SM)/yin-yang FCB material/
FM n-type SM/FM n contact. The Fermi level EF is constant across the
junction. IV. The band diagram after a forward bias applied to Ill. where
the spin-up electrons and spin-down holes are injected into yang and
yin FCBs, respectively, and the electron—hole recombination emits a CP
laser. Eg (Er) represents the quasi-Fermi level of electrons (holes).
Reprinted with permission from ref. 326, Copyright 2020 American
Physical Society.

326 anomalous excitonic

328

like, giant circular dichroism (CD),
behavior,”*”? and topological superconductivity.

Unconventional optical properties of yin-yang bands
provide a perfect platform for topological FB optoelectronic
device applications. The stabilization of a triplet excitonic
insulator state®® suggest the possibility of a complete popu-
lation inversion between these bands, a property crucial for
the realization of a solid-state laser. In addition, due to a flat
conduction and valence band the coherence in wavefunction is
naturally present which makes it an ideal candidate for a
single mode cavity-free ultralow threshold laser. Two proposals
for FB devices based on yin-yang bands were given by Zhou
et al.>*® and are elaborated here in Fig. 16(c). Interestingly, yin-
yang FBs allow for the possibility of quantization of photo-
excited FB Hall conductivity.>”” One can take advantage of this
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quantization to build robust topological photodetectors in a
photovoltaic cell, as illustrated in Fig. 16(c)I and 16(c)IL. Also,
the flat Chern bands in whole Brillouin zone contribute to the
CD effect in one chirality without the need to select one of the
two sets of valleys, as in valleytronics,*'® whose CD effects
would cancel out each other. This will enable to build CP
lasers in a heterojunction diode, as illustrated in Fig. 16(c)III
and 16(c)IV.

5. Summary and outlook

In this review, we have presented a concise updated review on
device technologies utilizing unique spin, electronic, and
optical properties of topological materials. The guiding prin-
ciple behind this review has been to illustrate the unique
physical properties of topological materials and define their
critical role in the development of new spintronic, electronic,
and optical quantum device technologies. In topological spin-
tronic devices, several novel approaches to achieve high spin-
polarization current have been elaborated in various systems
e.g., curved 2D TIs through strain engineering, hetero-
structures based on TI and FM, traditional semiconductors,
2D transition metal dichalcogenides with topological 1D dis-
locations, and 2D materials with non-centrosymmetric sym-
metry. In topological electronic devices, the aspiring explora-
tion of different topological materials based on distinct physi-
cal mechanisms in field effect transistors has been retro-
spected, followed by a concise review of topological p-n junc-
tions and recent proposals of other topological electronic
devices. In topological optoelectronic devices, recent progress
of the topological photodetector and topological laser have
been briefly reviewed based on the formation of topological
plasmon polaritons and photonic TIs, respectively. At last, an
intriguing and exciting novel topological yin-yang flat-bands
system is illustrated in detail for its promising applications in
topological optoelectronics.

With the fast development of topological materials, their
applications in various fields have been broadly explored. The
progress in all these fields is inspiring, and one of the most
promising applications of topological materials has been well
recognized in the field of magnetic devices, i.e., topological
spintronics, due to their outstanding spin-to-charge and
charge-to-spin interconversion that arises from their topologi-
cal nature. We can anticipate the emergence of a series novel
magnetic device based on topological materials in the near
future. On the other hand, the studies of topological electronic
and optoelectronic devices are awaiting some essential break-
throughs, especially in the experimental perspective, to
compete with the current mature technology based on tra-
ditional electronic and optoelectronic materials. Yet, they may
supplement the current technologies in some special targeted
applications. The study of topological materials has spawned a
much more collaborative community that has united research-
ers from various fields, which will surely facilitate exploration
of topological materials in technologies beyond what have
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been covered here. New applications based on novel topologi-
cal materials will remain one of the most attractive research
fields in the near future.
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