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Abstract

2D topological insulators promise novel approaches towards electronic, spintronic, and quantum
device applications. This is owing to unique features of their electronic band structure, in which
bulk-boundary correspondences enforces the existence of 1D spin—-momentum locked metallic
edge states—both helical and chiral—surrounding an electrically insulating bulk. Forty years since
the first discoveries of topological phases in condensed matter, the abstract concept of band
topology has sprung into realization with several materials now available in which sizable bulk
energy gaps—up to a few hundred meV—promise to enable topology for applications even at
room-temperature. Further, the possibility of combining 2D TIs in heterostructures with
functional materials such as multiferroics, ferromagnets, and superconductors, vastly extends the
range of applicability beyond their intrinsic properties. While 2D TIs remain a unique testbed for
questions of fundamental condensed matter physics, proposals seek to control the topologically
protected bulk or boundary states electrically, or even induce topological phase transitions to
engender switching functionality. Induction of superconducting pairing in 2D TIs strives to realize

© 2024 The Author(s). Published by IOP Publishing Ltd


https://doi.org/10.1088/2515-7639/ad2083
https://crossmark.crossref.org/dialog/?doi=10.1088/2515-7639/ad2083&domain=pdf&date_stamp=2024-3-5
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://orcid.org/0000-0001-8586-127X
https://orcid.org/0000-0002-3979-8836
https://orcid.org/0000-0001-5462-7923
https://orcid.org/0000-0001-6809-139X
https://orcid.org/0000-0002-2347-5223
https://orcid.org/0000-0003-3682-6325
https://orcid.org/0000-0002-7531-8764
https://orcid.org/0000-0002-2342-0396
mailto:b.weber@ntu.edu.sg
mailto:michael.fuhrer@monash.edu

10P Publishing J. Phys. Mater. 7 (2024) 022501 B Weber et al

non-Abelian quasiparticles, promising avenues towards fault-tolerant topological quantum
computing. This roadmap aims to present a status update of the field, reviewing recent advances
and remaining challenges in theoretical understanding, materials synthesis, physical
characterization and, ultimately, device perspectives.
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1. Introduction
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Status

The year 2022 marks the 40th anniversary of the discovery of the quantum Hall effect (QHE) [1]

(figure 1)—later understood as the first manifestation of a topologically non-trivial state of matter in 2D [2].
Forty years on, the investigation of topological matter, both theoretically and experimentally, has become
one of the most active fields in condensed matter physics. Not only has the field reached a maturity where
topologically insulating (TI) states are being actively considered for electronic device applications, but 2D
topological phases remain a testbed for fundamental questions of condensed matter physics, including the
interplay of band topology with electronic correlations and superconductivity towards error resilient
quantum information processing.

For nearly 100 years, the band theory of solids has allowed us to distinguish between conductors and
non-conductors—metals and insulators—based on the presence or absence of electronic band gaps. Yet,
starting from the 1980s, a growing number of experiments and theoretical work showed that in certain
settings, a material can be both at the same time. In a topological insulator (T1), a bandgap can exist in the
(2D or 3D) interior of a material, while metallic states prevail on the (1D or 2D) boundaries enveloping it,
arising from the same mechanism as the bulk band gap formation. In the early 1980s, Klitzing et al [3] first
showed that a 2D electron gas (2DEG), when subjected to a strong perpendicular magnetic field, would
display a quantized Hall resistance p, , = %, arising from metallic states at its boundaries, despite the
interior being an insulator. Impossible to explain based on conventional band theory, Thouless et al [2] put
these findings into the context of band topology. Topology in condensed matter describes materials in which
electronic band structure is robust to adiabatic (smooth) deformations and that can hence be classified by
integer numbers—topological invariants. One of these topological invariants—the Chern number
n € Z—quantifies the total Berry flux in the Brillouin zone and determines the number of boundary states
that emerge toward the trivial vacuum surrounding it. As these boundary modes are a consequence of the
quantization of the bulk (‘bulk-boundary correspondence [4]’), they could be shown to—at least
theoretically—pass electrical currents in a dissipationless (lossless) manner.

In 1988, Haldane proposed a toy model for a material in which a non-zero Chern number for a filled
band would arise without the requirement of an external magnetic field [5]: A hexagonal 2D lattice with
antiferromagnetic order would force electrons to move through the lattice at curved trajectories, mimicking
the effect of the magnetic field in the quantum Hall state. Such quantum anomalous Hall (QAH) insulator
would exhibit chiral edge states, similar to case of the QHE. Later, both Murakami and Zhang [6], as well as
Kane and Mele [7] separately showed that spin orbit coupling (SOC) can play a similar role as
antiferromagnetic order, and in hexagonal lattices [7], such as that of graphene, can induce a spin-dependent
second nearest neighbor hopping which serves to separate spin polarities transverse to a current applied. The
net effect can be understood as two identical copies of the Haldane model, one each for each spin polarity,
giving rise to a quantized spin Hall conductance at a net zero charge Hall conductance. The quantum spin
Hall (QSH) state [6] is now the paradigmatic example of the time-reversal invariant 2D topological insulator.

Simultaneously, Bernevig et al [8] independently proposed a model for the QSH effect based on
strain-engineered spin—orbit coupling in semiconductor heterostructures. The QSH state was experimentally
detected shortly after [9] in HgTe/CdTe heterostructures (see section 4), followed by demonstrations in the
related InAs/GaSb system [10]. In both heterostructures, the QSH state arises from exquisite control of
quantum well thickness, strain and doping via molecular beam epitaxy (MBE), allowing for a topological
bulk gap of 10-20 meV that can easily be resolved at cryogenic temperatures. The extrinsic QSH state in
semiconductor heterostructures has the advantage that the inverted quantum well is well-protected as it is
embedded within a single-crystalline host matrix. However, its bulk state is also more challenging to probe as
it is buried beneath a crystalline epilayer and usually remains inaccessible to surface sensitive probes such as
scanning tunneling microscopy (STM) and angle-resolved photoemission spectroscopy (APRES) which have
become standard diagnostic tools for the investigation of topological matter (see sections 9 and 10).

In general, non-trivial topological order in crystalline matter arises from an inversion of conduction and
valence bands (or bands of different parity in general) such that they cross in a way that the top of the valence
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Figure 1. Different classes of 2D topological insulators, and their classical counter parts. Reproduced from [1], with permission
from Springer Nature.

band is positioned higher in energy compared to the bottom of the conduction band (‘band inversion’).
Spin—orbit coupling takes the role of lifting the degeneracy at the band crossings, opening an ‘inverted’ band
gap in the bulk of the crystal. As the order of the bands needs to be restored at the boundary to a surrounding
(‘trivial’) vacuum, the bandgap needs to close leading to the formation of metallic boundary modes. To allow
for a wider range of operating parameters in prospective QSH based electronic devices—including high- or
even room temperature—a search is ongoing for alternative material system in which the QSH arises as an
intrinsic property of the atomic lattice, allowing for larger topological band gaps. Given the prohibitively
weak spin—orbit coupling in graphene [11], several materials with hexagonal lattices but heavier constituent
atoms and strong spin—orbit coupling have been considered such as the 2D Xenes [12] (see section 6). By far
the largest topological gaps have so far been achieved in bismuthene [13] (see section 7) and Na;Bi [14],
ranging into the hundreds of meV. High operating temperatures of up to 100 K have been reported in WTe,
devices [15] (see section 5). Beyond QSH materials, 2D topological insulators whose edge states are not
susceptible to time-reversal symmetry breaking, are governed by the quantum anomalous Hall (QAH) effect
(see section 8). A summary of 2D TI materials and their properties is given in table 1.

Current and future challenges

While several promising 2D TT hosts have been identified [9, 12—14, 21], the search for alternative material
platforms continues. Requirements include to achieve large enough topological band gaps to allow 2D TI
physics to be demonstrated at room temperature (see sections 11 and 12), but also versatility to combine 2D
TI materials in heterostructures with other functional materials towards spintronics or quantum-electronic
applications. A persistent challenge—across all material systems—remains the optimization of material
synthesis protocols to control disorder, crystal size/uniformity, and doping. While the mature molecular
beam epitaxy (MBE) techniques applied to semiconductor heterostructure based 2D TIs easily achieve
macroscopic uniformity on the wafer scale [9], the introduction of edge roughness disorder especially during
device nanofabrication, remains a challenge (see section 4). Atomically-thin 2D TIs [13, 14, 21] with their
larger topological gaps are intrinsically less prone to disorder. Yet synthesis techniques are not as optimized
by far, often giving rise to much higher disorder levels with small grain/domain or island sizes and disordered
boundaries of high defect/doping levels. While demonstrations of 2D TI physics are manifold, the persistent
materials challenges will need to be overcome towards meaningful electronic device applications that go
beyond the demonstration of individual prototypes.

Topological insulators present unique opportunities for device applications, but realizing useful
topological devices remains challenging. Efforts are ongoing to engineer the 2D TI edge channels (see
section 11), and seek novel avenues to apply topological materials to realize topological transistors (see
section 12) and topological electronics (see section 13). Approaches towards this goal seek to control the
topologically protected bulk or boundary states electrically, or even induce a topological phase transition as a
mode to engender switching functionality in prospective devices (see section 13). A recent innovative
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Table 1. 2D TI materials and their properties.
Topological/
Method/ Electron Edge mean quantum
Topo. band crystallinity/  transport/ free path phase Super-
Material gap (meV)  Stability domain size device (nm) transition  conductivity
HgTe/CdTe 10-50 Stable in MBE [9, 16] ~10000 [17] — Induced [18]
ambient Single-
crystalline/
hetero-
structure
Germanene 0-70[12]  Stable in MBE — — [12] —
UHV Polycrystalline
(~100 nm
domain size)
WTe; 0-100 Stable in CVD [15,21] ~100 [22] Intrinsic
[19,20]  ambient [15,21] [15,21] (23, 24]
when Polycrystalline Induced
encapsulated (~10s pum (25, 26]
crystal size,
~2 pm
domain size)
MBE
Polycrystalline
(~100 nm
crystal/do-
main
size
Na3Bi 0-300 [14]  Stable in Polycrystal [27] ~100 [27] [14] —
UHV (~100 nm)
Bismuthene ~800 [13]  Stable in MBE — — — —
UHV and Single-
under inert  crystalline
gas (~100 nm
atmosphere  domain size)
Cr-(Bi,Sb)Te 100-250 Stable in Polycrystal [28] ~200 — —
ambient 5QL
when
encapsulated

approach is to utilize 2D topological insulators to enhance the functionality of classical field-effect
transistors. The proposal aims to overcome ‘Boltzmann’s tyranny’ (see section 12)—a fundamental
limitation in the rate at which classical transistors can switch (the subthreshold swing)—by exploiting the
built-in electric-field sensitivity given by strong Rashba spin—orbit coupling native to many 2D TIs. The
field-effect can be further enhanced by integrating negative capacitance materials such as ferroelectrics,
promising to overcome Boltzmann’s tyranny and paving the way towards low-power classical electronics.
Finally, 2D TIs may be combined in heterostructures with conventional superconductors such that
superconducting pairing may be induced by proximity [29] to realize much-coveted Majorana and other
non-Abelian parafermion quasiparticles (see sections 10 and 11). The versatility of 2D TI materials catalogue
for heterostructure engineering, combined with avenues for the tunability of their topological states may
ultimately find applications towards error resilient topological quantum information processing [30-32].

Concluding remarks

We note that this roadmap is not meant as a comprehensive review article, but rather as a status update,
surveying material systems, materials challenges, and possible device realizations. For excellent reviews and
perspectives on 2D TT materials and theory, we refer the reader to the following (non-exhaustive) list of
reviews [1, 33—38]. We are aware that several promising materials candidates, characterization techniques, or
application aspects may have not been covered, or not been covered to sufficient detail, yet we hope that this
roadmap gives an illustrative overview of current progress and challenges in the field.
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2. Numerical methods
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Status

Numerical methods for studying 2D TIs have been well developed. First-principles calculations based on
density functional theory (DFT) were widely applied to search for and to expose properties of real T1
materials. Via such an approach, starting from a material’s crystal structure, one can obtain its band
structure and band wave functions for a chosen set of valence electrons. The topological character can be
determined by a postprocessing using the DFT band structure information. This can be done via several
approaches, e.g. by band symmetry analysis [39, 40], by numerical integral of Berry’s connection and
curvature, by adiabatic deformation, or by Wilson loop method [41, 42]. The result is usually reliable, since
as a topological invariant, it is intrinsically robust against numerical errors. The topological edge modes for
2D TIs can be studied by calculation on a ribbon-like sample geometry. For small sample size, this is feasible
by direct DFT calculation. A widely used approach to speed up this task is to first construct an ab initio
tight-binding model based on localized Wannier functions [43]. Then, using this model, one can either
simulate a finite sample or calculate the edge projected spectrum by an iterative Green’s function method.
Such ab initio tight-binding models can also be used for simulating quantum transport in some device setup.
In studying generic physical properties of 2D TIs, one often makes use of low-energy effective models. Such
models can be constructed from symmetry constraints with the band symmetry information extracted from
DFT calculations. If the low-energy states (e.g. bulk band edges) are confined in a small region of Brillouin
zone, one can construct a k-p type model for the description, such as the case for the HgTe quantum wells
[8]. If the low-energy states are extended or there are multiple low-energy regions (valleys) that need to be
treated simultaneously, then a tight-binding model could be a better choice, such as Kane-Mele model [7].
The above-mentioned numerical methods have been very successful in predicting 2D TI materials and in
explaining experimental results. They are now the standard tools for research in this field (see figure 2).
Finally, in the search of new 2D TI materials, methods such as high-throughput computations [44, 45] and
machine learning [46, 47] have found promising applications.

Current and future challenges

Regarding numerical methods for 2D TIs, the challenges come from the following aspects. The first is on
accurately determining the bulk band gap values of TIs. Certainly, this band gap problem is a long standing
issue intrinsic to density functional theory, not just for TIs. However, the accuracy of gap value is quite
important in the current context. For example, the gap of 2D TI material 1T’-WTe, would be found
vanishing if using the generalized gradient approximation (GGA) for exchange—correlation functional (or
plus GyW approximation) [48], where the inaccuracy impacts the phase determination. In addition, since
most 2D TIs are narrow gap semiconductors, although the accurate gap size does not change the topological
character, it does strongly affect the localization of edge modes and the response to external fields. This issue
could be especially important for determining the critical point of topological phase transition in 2D TIs
where the energy gap closes. Second, since most proposed applications of 2D TIs are based on topological
edge modes, we need more accurate approaches to study them in realistic systems. Although the edge modes
were expected to be robust transport channels, experiments showed that the robustness can only be
maintained at limited channel length or temperature [15]. To fully understand and utilize their physical
(especially transport) property, we have to go beyond the current idealized modeling for edge modes and
find ways to capture their interaction with defects, impurities, edge re-constructions, inelastic/magnetic
scatterings, sample geometry, etc. Third, devices based on 2D TIs typically require supporting substrate and
protecting layers, so we need efficient ways to capture the interaction between 2D TI and these nearby layers.
Such interaction is important when the system gap is small, and the conventional computational approach
becomes highly expensive when the lattice mismatch results in a large supercell, e.g. in the case of Moire
layered structures. Finally, we need efficient approaches to handle many-body correlation effects in real
materials, since they could be important in the 1D edge channels and affect transport. This is discussed in
section 11 below.

Advances in science and technology to meet challenges
To meet the above challenges, it requires advances in at least three directions. The first is to deepen our
understanding of the fundamental physics of 2D TI systems. For example, to efficiently predict the transport

8
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Figure 2. Typical workflow of numerical study of topological materials.

properties of 2D TIs, we need to better understand how the edge channels are affected by various
mechanisms and to identify the dominant factors in different regimes. The second is the development of new
algorithms that can improve accuracy and meanwhile reduce computational cost. For example, the band gap
values can be improved by using meta-GGA or hybrid functional methods, but the computational cost is still
quite high, making it difficult to apply such methods to study systems with large cells. Especially, it is
challenging when studying large-size heterostructures or Moire layered structures. Given that typical device
size is on the micron scale, which is 10* above the atomic scale, new multiscale modeling approaches might
be promising for investigating certain physical properties, e.g. the edge channel transport. There, the effects
of defects, impurities, atomic vibrations may be modeled at a lower (microscopic) level and captured by
some parameters/terms in an upper level model for studying the transport property. The third is the advance
in computational infrastructure. Of course, regarding numerical studies, powerful computers will enable us
to improve calculation accuracy, to adopt more sophisticated approach, and to study larger systems, which
are beneficial for addressing all challenges we discussed above.

Concluding remarks

In conclusion, numerical methods for studying 2D TIs have been well developed at current stage. For very
small (such as small clusters) or very large (such as ideal bulk periodic systems), current methods can
typically result in good accuracy. However, for devices of 2D TIs with sizes (on the order of microns) sitting
in between, there are still gaps to be filled in order to efficiently produce reliable results, especially regarding
energy gap values, edge transport properties, substrate and correlation effects. In the future, the development
of deeper understanding of fundamental physics, new algorithms and approaches, and computation
infrastructures will be promising directions to help us address these challenges.
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3. Optimization principles for quantum spin Hall materials

Ronny Thomale'?

! Institut fiir Theoretische Physik und Astrophysik, Julius-Maximilians-Universitit Wiirzburg, 97074
Wiirzburg, Germany

2 Wiirzburg-Dresden Cluster of Excellence ct.qmat, Universitit Wiirzburg & Technische Universitit Dresden,
Dresden, Germany

Status

From its theoretical conception and first experimental discovery, the quantum spin Hall effect (QSHE) took
the condensed matter community by storm. After predecessors such as superfluid Helium-3 and the
quantum Hall effect, the QSHE truly put the field of topological quantum phases on the map, and has ever
since been the center of innovation and progression within topological matter.

As much as the principal phenomenology of QSHE by now is well understood, the microscopic
mechanisms leading up to it continue to diversify (figure 3). The original Kane—Mele mechanism [7]
proposes a Dirac cone gap opening due to atomic spin—orbit coupling while the Bernevig—Hughes—Zhang
mechanism [8] starts from a point group symmetry reduction imposed by a semiconductor quantum well
combined with band inversion. While the latter was immediately realized in HgTe/CdTe quantum wells [9], it
took a systematic material analysis to eventually identify the candidate material jacutingaite with a large
Kane—Mele gap [49]. Spectroscopically, the record high-temperature QSHE to date has been set by
bismuthene, a heterostructure of a bismuth monolayer and on a SiC substrate [13]. The key insight behind
this advancement is an improvement of the original Kane—Mele proposal: instead of only allowing the
spin—orbit-mediated gap opening to enter as a higher order process, the Bi/SiC low energy structure features
a px/py two-orbital manifold, where the px and py orbital are coupled to each other via spin—orbit coupling
in first order [50]. This leads to a Dirac gap roughly twice of the atomic spin orbit coupling scale of Bi within
density functional theory calculations, and is even exceeded by the measured gap to be as high as 800 meV.
Shortly thereafter, a record temperature of QSH transport was found for a WTe, monolayer [15]. Despite a
moderate bulk spectral gap, the transport gap appears to be of a size enabling the observation of quantized
QSH edge channels up to 100 kelvin. This can be reconciled from a particular feature of electronic bulk Dirac
cones in WTe; named custodial glide symmetry [51], where the gap opening of the Dirac cones located away
from high symmetry momenta is moderate yet the direct gap within the momentum regime supported by
the QSHE edge modes is large.

Current and future challenges
From an experimental perspective, one of the biggest challenges lies in the preparation of gated QSH
candidate samples for transport measurements and applications.

Transport experiments proved somewhat feasible in HgTe/CdTe and related quantum wells [9, 10] due to
their outstandingly pure synthesis through advanced growth techniques. In bismuthene [13], however,
domain structure, gating, and stability are the central current bottlenecks. It is even still challenging to
compose a suitable capping layer, in order to facilitate sample proliferation to ex situ environments. For
jacutingaite, its multi-atomic composition poses a challenge for sample preparation. While oligolayers have
successfully been synthesized, the monolayer limit is still out of reach. As much as the edge modes in ideal
WTe, samples appear highly suited to high-temperature QSH transport [15], the sample growth is nearly as
challenging as in bismuthene. Given its potentially custodial glide symmetry character, this might be related
to a high sensitivity towards the specific armchair-zigzag termination of the respective WTe, sample.

From a theoretical perspective, the band structure search for quantum spin Hall candidate materials
could rather directly be executed for Kane—Mele type materials, but not for other QSHE classes. This
particularly applies to non-universal impact such as point group symmetry breaking imposed by quantum
wells or orbital filtering imposed by heterostructures, which are quintessential to the QSHE formation in
HgTe/CdTe and bismuthene. In addition to finding the appropriate kinematic modeling, QSHE candidates
such as WTe, pose even more intricate questions about interacting topological insulators. The d orbitals of
W are responsible for sizable electronic correlations, giving rise to multifold many-body physics such as
excitonic insulator behavior. To which extent electronic correlations influence the bulk QSH character of
WTe; is subject of ongoing research. In general, interactions could help in reducing the low-energy density of
states to an advantageous setting for QSHE behavior, potentially complementing the orbital filtering
mechanism of the substrate component of several QSHE heterostructures. It is likely that interactions will
become a tuning knob of the future in order to single out the ideal QSHE candidate material.
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Figure 3. Synopsis of paradigmatic quantum spin Hall (QSH) material candidates: Bismuthene Bi/SiC, a heterostructure of SiC
and a Bi monolayer so far sets the record QSH spectral gap [5, 6]. Indenene In/SiC features a triangular monolayer on top of SiC
and still forms an effective honeycomb lattice for its Wannier centers [11]. Jacutingaite is the most promising candidate for the
QSH formation mechanism traced back to the original proposal for graphene [1, 4]. Tungsten ditelluride WTe, exhibits additional
QSH stability features due to a custodial glide symmetry [8, 9]. For the first realization of QSHE in HgTe/CdTe [2, 3], the quantum
well geometry enforces a point group symmetry reduction to transform a semiconductor into a topological insulator [3, 10].

Advances in science and technology to meet challenges

QSHE samples could serve as an efficient spin splitter for spintronics applications. In particular, QSHE edge
modes could yield nearly dissipationless quantum channels for low-power electronics without an external
magnetic field. Even though quantum Hall effect had long been realized at high temperature in
technologically convenient compounds such as graphene, the need for an external magnetic field is the key
property which has prevented the use of quantum Hall edge modes for next-generation low power
electronics. Ideally, the QSHE could combine the advantages of quantum Hall edge modes with the absence
of an external field. QSHE edge modes can in principle exhibit similar, but not identical dissipationless
conduction properties as quantum Hall edge modes. This is because even though elastic backscattering is
forbidden by time reversal symmetry, inelastic backscattering of counterpropagating QSHE edge modes is
unavoidable. Furthermore, given the plethora of potential QSHE candidates at elevated temperatures,
phonons might be sufficiently activated to generate additional dissipation channels. Improved crystal growth
of existing QSHE candidates along with the theoretical and experimental search for better candidate
materials are expected to improve the status of QSHE applicability to technological design. In case better
sample growth can be accomplished, bismuthene promises to be most suited for applications not only due to
its record high operational temperature, but also due to the mass availability of its constituents Bi and SiC.
Further advances to improve the status quo of QSHE are likely to derive from identifying additional QSHE
formation mechanisms. For instance, a triangular lattice of indium, labeled indenene, has recently been
suggested as a versatile mono-atomic compound realization of QSHE [52]. There, the Wannier centers of the
effective hybrid orbits are not located on the atomic sites, but at the midpoint between them. Departing from
a triangular lattice, this yields an effective honeycomb lattice model located in the topologically non-trivial
QSHE regime. The growth properties of indenene appear advantageous as compared to competing material
candidates. Even though the compound itself in the end might not turn out to be the ideal QSHE setting
[52], it underlines the continued revelation of novel QSHE formation principles, and broadens the scope in
which the ideal QSHE material can be explored.

Concluding remarks

As much as the field of topological matter, and topological insulators in particular, has triggered excitement
and activity in fundamental sciences over the past decades, a pathway towards enabling a unique technical
advancement or functionality is still rather unclear. Quantum spin Hall effect (QSHE) appears as the most
concise motif of a topological quantum phase which may unfold in a technological context. The variety of
QSHE materials allow for a large landscape to be explored and optimized in the future, and promise a gold
standard for topological functionality in correlated electron systems.
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Semiconductor heterostructures have proven to be an invaluable platform to probe many fundamental
concepts in physics, such as metal-insulator transition, spin-transport phenomena, and the quantum Hall
effect—the first topological state of matter discovered. Two-dimensional topological insulator though first
predicted in graphene but was experimentally realized in thin HgTe quantum wells, a narrow gap
semiconductor.

Two-dimensional topological insulators show the quantum spin Hall effect, which is characterized by an
insulating bulk but with helical edge channels protected under time-reversal symmetry. Motivated by
extensive research on the intrinsic spin Hall effect in semiconductors and insulators, two papers predicted the
quantum spin Hall effect: for graphene [7] and HgTe/CdTe heterostructures [8], with mutually inverted
band structures. The experimental observation in graphene proved difficult due to a small spin—orbit gap
[7]. It was more feasible to realize the effect in HgTe quantum wells sandwiched between (Hg,Cd)Te barriers
[8, 9]. Konig et al, used molecular beam epitaxy to grow the HgTe/(Hg,Cd)Te layers where the thickness of
the HgTe layer was tuned to ensure that the band structure remains inverted but with a bulk band gap of
around 10-20 meV, which can be easily resolved in transport experiments. The conductance of devices
fabricated from such material was quantized to 2e?/h in the absence of any external magnetic field, a
hallmark of the quantum spin Hall effect [9]. Further experimental evidence, such as nonlocal transport,
scanning squid spectroscopy, and induced superconductivity, have unambiguously demonstrated the
existence of the quantum spin Hall effect.

The main advantage of using semiconductor heterostructures, particularly HgTe/(Hg,Cd)Te for quantum
spin Hall studies lies in the high crystal quality of the material grown by molecular beam epitaxy, which
results in mobilities of more than a million cm? V="' s™! (for HgTe quantum wells). The excellent control of
thickness allows for studying the phase transition from topological to a trivial insulator. The band structure
can be engineered by varying the strain to realize a large band gap of up to 55 meV [53]. These
heterostructures can be alloyed with other magnetic atoms and superconductors to explore various aspects of
topological superconductivity. Thus, this research field is significant for aspects of fundamental physics as
well as applications. However, certain challenges need to be addressed for timely and efficient progress in this
direction, as discussed below.

Current and future challenges

One of the major issues which plague experimental research on narrow-gap semiconductors, including
HgTe-based two-dimensional topological insulators, is the occurrence of charge puddles in these systems.
These charge puddles are due to an inhomogeneous potential landscape formed because of growth defects,
vacancies, fabrication processes, etc. When the electrochemical potential is tuned into the bulk band gap to
access the quantum spin Hall states, small charged regions are formed (shown by circles in figure 4(a)), that
contain bulk carriers. These charged regions have a profound effect on the measured properties of the
quantum spin Hall states even in the bulk band gap as elaborated below.

Though the quantum spin Hall effect has been successfully and unambiguously demonstrated in various
material systems, the conductance quantization observed experimentally in the quantum spin Hall effect is
nowhere close to that observed in the quantum Hall effect, where the conductance is perfectly quantized to
multiples of e?/h. In contrast, all demonstrations of the quantum spin Hall effect such as in HgTe and WTe;
show reproducible fluctuations in conductance [9, 15]. The magnitude of these fluctuations varies for
different systems and even among various devices fabricated from the same material system and can be as
large as a few k(2. Theoretically, these fluctuations have been ascribed to inelastic scattering due to charge
puddles [54, 55]. It is an experimental challenge to realize devices where the conductance is quantized to
2¢2/h without any fluctuations.

The conductance quantization due to the quantum spin Hall effect is restricted to microscopic devices of
dimensions ranging from 100s of nm to a few microns depending on the material system [15, 17]. It has been
repeatedly shown that for devices of larger dimensions, the measured conductance in the quantum spin Hall
regime is always less than 2e?/h [9, 17]. The larger the devices, the more the suppression of the conductance
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Figure 4. (a) A schematic of the potential landscape showing the formation of charge puddles at the edge of the device. E is the
energy and y is along the width of the device. Adapted from [56]. CC BY 4.0. (b) Schematic showing a quantum Hall edge channel
(blue line) along a network of charge puddles created by the potential landscape. x is along the length of the device. Adapted from
[56]. CC BY 4.0. (c) A bar graph showing a comparison of the mobility of devices of various dimensions fabricated using the
dry-etch process (red bars) and the wet-etch process (blue bars). Reprinted with permission from [57]. Copyright (2018)
American Chemical Society. (d) The measured conductance within the bulk band gap (Gmin) as a function of channel length for
as-fabricated devices (red dots) and after gate-training (blue dots). The black dashed line shows the expected conductance of
2¢?/h. The solid lines indicated fits from which average scattering length \ is extracted. The dashed lines correspond to ohmic
behavior where Gmin o¢ 1/legge. Reprinted (figure) with permission from [17], Copyright (2019) by the American Physical Society.

from the expected value [17]. Apart from being a fundamental problem in the investigation of various aspects
of the quantum spin Hall effect, this also poses limitations for applications of quantum spin Hall devices.
Such suppression of conductance from the expected quantized value has been attributed to scattering from
charge puddles [17]. Microwave spectroscopy measurements in the bulk band gap show that the measured
density of states is more than 20 times larger than that expected from a helical edge state [58]. The additional
contribution is due to charge puddles which couple with the edge channels leading to scattering.

Another serious consequence of charge puddles is that they lead to the observation of conductance in the
regime where one expects a trivial insulating state [56, 59]. When a 2D TI is subjected to an external
magnetic field, the inversion of Landau levels is lifted and the system transitions to a trivial insulating state
where the expected conductance is zero [56]. However, electrical conductance and microwave impedance
spectroscopy measurements revealed an expected edge conductance in the insulating regime [59]. This has
now been identified as due to fabrication-induced damage to the material, due to which a quantum Hall edge
channel propagates along a network of charge puddles as demonstrated in [56] (figure 4(b)). Finally, one of
the challenges for the research on the quantum spin Hall effect is the scarcity of the number of model systems
where the conductance quantization has been experimentally demonstrated.

Advances in science and technology to meet challenges

This section discusses recent advances in science and technology that have partially addressed some of the
challenges mentioned above. One of the prerequisites to experimentally investigate electron transport in
quantum spin Hall effect is to realize pristine edges with fully transmitting edge channels. Conventional
dry-etching, particularly for meso- and nanoscale devices, leads to damaged edges. To realize clean edges, the
first advancement is in the fabrication process of meso-and nanoscale devices using chemical wet-etching as
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opposed to conventional dry-etching [57]. The wet-etching process results in microstructures with mobility
comparable to macroscopic devices (figure 4(c)) and quantized spin Hall conductance in devices as long as
10 pum [57]. Using wet-etching, clean one-dimensional quantum point contacts were fabricated in HgTe
based 2D topological insulator and the interaction between the quantum spin Hall edge channels has been
investigated [60]. Further, side-contacted Josephson junctions in 2D topological insulators have been realized
with this technique to explore concepts of topological superconductivity [57]. Further, wet-etched devices
show the theoretically expected trivial insulating state when the inversion of Landau levels is lifted under an
external magnetic field, clearly establishing that previous observation of edge conduction in this regime is
due to disorder [56].

The next advancement has been to electrostatically modify the potential landscape of the charge puddles
to mitigate its effects on the transport properties of the quantum spin Hall edge channels [17]. This is
achieved via continuous charging and discharging of puddles by using an electric field, which smoothens the
potential landscape and results in an increase in the conductance of the macroscopic devices to approach
closer to the expected value of 2e*/h (figure 4(d)).

In spite of the above advancements, further refinement in both growth and device fabrication is essential
such that the quantum spin Hall devices with clean and fully transmitting edge channels can be realized. In
terms of growth, for existing materials, it is essential to have excellent crystal quality with as few defects as
possible. Additionally, the growth of different model systems, where the quantum spin Hall effect has been
predicted, will further boost experimental research in this field. An exciting way to probe the pristine
quantum spin Hall edge channels is to grow the materials and in-situ perform the cross-sectional scanning
tunneling microscopy (STM) on the as-grown materials, as has already been done for (Pb,Sn)Se [61] and Bi
[62]. However, for device applications, various fabrication processes are unavoidable. Novel lithographic and
etching techniques are required to eliminate the effects of charge puddles, which would be quite challenging.

Concluding remarks

To conclude, we wish to emphasize that quantum wells in HgTe/(Cd,Hg) Te have provided an excellent
platform to investigate the quantum spin Hall effect. Novel etching techniques and lithographic control have
reduced the influence of charge puddles on transport in the quantum spin Hall regime. Further lithographic
techniques, like STM lithography, may be pursued to explore if charge puddle-free quantum spin Hall
structures can be realized. For electrical transport experiments, samples without bulk doping are absolutely
necessary, whilst for STM and ARPES measurements, doping can be beneficial. Finally, the limited number
of model systems where the quantum spin Hall effect has been experimentally demonstrated limits the
experimental research on this topic. In the last few years, more systems have been predicted to host quantum
spin Hall states and it would be remarkable if experimental demonstrations for the same are reported such
that there is a worldwide concentrated effort to address the challenges in the field.
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The layered transition metal dichalcogenides (TMDs) can have topologically interesting bands and can be
either metallic, semiconducting, or semimetallic, depending on the choice of metal and chalcogen, on the
particular structure of each layer, and on how the layers are stacked. Those where the layers have the
low-symmetry 1T’ structure (figure 5(a)) exhibit band inversion and overlapping momentum-separated
conduction and valence bands figures 5(b) and (c). An isolated 1T’ monolayer is predicted to become a 2DTI
if, for whatever reason, the band overlap is absent [63]. Two TMDs are known to be stable in the 1T’ state:
MoTe,, which is metallic down to the monolayer (1L) limit; and WTe,, which is normally semimetallic and
becomes insulating in the monolayer limit with an effective gap of about 50 meV at low temperatures [19]
(figure 5(c)).

Scanning tunneling spectroscopy (STS) on 1L WTe, shows signs of suppression of the gap at the edges
[19, 25] (figure 5(d)), and microwave impedance microscopy (MIM) reveals robust conductivity localized to
the edges at helium temperatures [64] (figure 5(e)). Multiterminal resistance measurements demonstrate the
presence of an edge contribution as high as room temperature [15, 21], with the edges dominating
conduction below ~100 K (figures 6(a) and (b)). The two-terminal conductance can approach the
single-channel limit of e?/h for very short edges but it decreases with increasing length, implying that
backscattering occurs even at zero magnetic field. The conductance is suppressed by a magnetic field
oriented perpendicular to a certain axis in the crystal [65] (figure 5(f)) which can be identified with the
momentum-independent spin axis inherited from the bulk bands near E in a k.p analysis [66].

Monolayer WTe, thus has all the expected characteristics of a 2DTL. It can be prepared by exfoliation of
crystals that are readily grown having high quality, although it must be protected by encapsulation (typically
using hBN) to prevent rapid oxidation. It can serve as a model system for studying helical edge modes in
their own right and in concert with other electronic phenomena, both because the material itself combines
topology with superconductivity and correlation effects (see below) and because it can be placed in intimate
contact with other layered materials having different properties.

Current and future challenges

The most obvious open question, applicable to all 2DTIs and key to potential applications, is what limits the
edge conductance at zero magnetic field where single-particle backscattering is prohibited. Most known
scattering mechanisms are suppressed as a power of T, leading to higher conduction as T — 0. However, in
practice the edge conduction freezes out below a few kelvin. The linear-response conductance shows large
mesoscopic fluctuations with gate voltage V,, and once it is frozen out, there is an apparent threshold bias for
current flow on the order of a hundred yeV that fluctuates with V, and that increases monotonically with
magnetic field (figure 6(c)). Although understanding of the origin of this freeze-out in zero magnetic field is
presently lacking, a simple mechanism of magnetoresistance in which electrons flip their spin via Larmor
precession on localized states can account for the observed linear and nonlinear magnetotransport at higher
temperatures. This observation hints that the zero-field problem may not be intractable.

There are many indications that 1L WTe, obtains its insulating behavior from correlation effects [67]. It
becomes a superconductor [23, 24] (with T, ~ 800 mK) at a modest electron doping of ~5 x 10'? cm™2
(figure 6(d)), representing too small a Fermi surface to support superconductivity in an uncorrelated
conduction band. Its gating characteristics are starkly incompatible with those of a small-gap semiconductor
(figure 6(e)). The exciton binding energy is calculated to be several hundred meV, raising the possibility that
the neutral state is an excitonic topological insulator. The transition from topological insulator to
superconductor may therefore involve a competition between electron-hole pairing and electron—electron
pairing, but theoretical understanding of bulk correlation physics in 1L WTe, is limited at present. However,
a number of arguments have been made that edge states connected to single-particle band topology are likely
quite robust against bulk interactions.

Another open question is whether the spin polarization can be transferred in or out of the edge modes,
for spintronics applications. Addressing it will require developing weak tunnel contacts to the edges (the
present metal contacts are too intrusive) and interfacing with magnetic materials. A related question is
whether the edge modes can be made superconducting by proximitization, thus providing a route to
Majorana zero modes. This calls for developing reliable contacts with superconducting materials such as
NbSe; flakes or sputtered NbN.
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Figure 5. (a) Structure of monolayer (1L) WTe,. (b) Brillouin zone indicating electron (green, at +I") and hole (gray, at A)
pockets. (c) ARPES spectrum of K-doped 1L WTe; on graphite [19]. Reproduced from [19], with permission from Springer
Nature. (d) Tunneling spectra of 1L WTe, on graphene near the edge and in the bulk [25]. (e) MIM image of local conductivity in
a 1L WTe; device [64]. (f) Polar plot of conductance vs angle ¢ in the mirror plane of the WTe; structure for different pairs of
contacts on the device in (e). Reproduced with permission from [64]. Copyright © 2019 The Authors, some rights reserved;
exclusive licensee American Association for the Advancement of Science. CC BY-NC 4.0.

Advances in science and technology to meet challenges

The biggest obstacles to understanding and exploiting the 2DTI properties of 1L WTe;, lie in device
fabrication. For most purposes, a large enough monolayer flake needs to be identified and characterized and
then incorporated into a van der Waals stack using polymer stamps, during which process it can easily oxidize
and crack. Air sensitivity makes it hard to pattern the flakes into useful shapes such as Hall bars or to control
the geometry and termination of edges, and degrades the quality of electrical contacts. These problems can
probably be overcome with concerted effort, for instance by establishing etching and patterning techniques
compatible with glove boxes, using different substrates, stamps and metals, adjusting crystal growth
parameters, doping contacts, and so on. With samples of optimal geometry that are free of damage, and good
contacts that can be chosen to be of various kinds, many more experimental techniques can be methodically
brought to bear. Consequences of imperfections, edge geometry and termination, etc, can then be established
and new directions explored, for example employing both low-ohmic and weak-tunneling contacts with
superconducting and ferromagnetic materials. Techniques are being introduced to measure thermal and
thermoelectric coefficients of 2D materials which can probe electron-hole correlations in the bulk, and
apparatus is being developed to allow applying uniaxial strain which could induce a topological transition.
There are many possibilities on the crystal growth side too, such as incorporating magnetic dopants with the
possibility of suppressing the edge states or of developing a quantum anomalous Hall state, and exploring
other related layered tellurides with similar topological band structure, such as TalrTe,.

Concluding remarks

Monolayer WTe, can be prepared by exfoliation and stacking or by molecular beam epitaxy and may be the
most convenient 2DTT currently available, despite the facts that it degrades in air and there is as yet no
method for obtaining single-crystal sheets on the mm scale. Thanks to a large bulk gap it exhibits helical edge
transport even at liquid nitrogen temperature, and, surprisingly, regardless of the low structural symmetry at
the edges, the spin polarization is along a unique, well defined axis. These factors are highly advantageous for
electronic control and manipulation. On the other hand, the edge channels have substantial resistivity of
uncertain origin and the bulk gap appears to be of a many-body nature, presenting open challenges to theory
and modeling. In any case, monolayer WTe, provides a promising system for exploring the physics of 2DTIs,
and there are clear paths ahead for improving device properties.
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Figure 6. (a) Gate and temperature dependence of the conductance between adjacent contacts on a 1L WTe, flake encapsulated in
hBN. (b) Exclusion of edge conduction by partial current measurement, as shown in the insets. (c) Differential conductance vs
bias and gate voltage at zero magnetic field and at 15 T. (d) Schematic phase diagram of 1L WTe,. (e) Anomalous behavior of bulk
conductance and chemical potential near zero doping suggests the presence of excitons in the equilibrium state and possible
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Xenes are two-dimensional (2D) monoelemental materials with a honeycomb graphene-like structure. 2D
Xenes based on the group IVA elements Si (silicene), Ge (germanene), Sn (stanene), and Pb (plumbene) are
isoelectric to C (graphene), but their honeycomb structure is buckled rather than flat, see figure 7(a).
Spin—orbit coupling (SOC) opens an energy gap at the Dirac (K, K’) points. This band-inverted gap
constitutes Xenes as 2D topological insulators (2DTI) and a platform to realize the quantum spin Hall effect
(QSHE) [68]. The QSHE is characterized by an energy gap in the interior of the material and two
counter-propagating, topologically protected helical edge states, figure 7(a). Time-reversal symmetry and
spin—-momentum locking protects the edge states from backscattering, allowing for dissipationless electronic
transport along the edges of the material. The realization of the QSHE at room temperature has significant
practical implications since it can provide ideal conduction paths that are impervious to disorder.

Graphene has a very small SOC, necessitating extremely low temperatures to investigate the QSHE. In
contrast, 2D Xenes formed with heavier elements have considerably wider topological gaps due to greater
SOC (the SOC scales with the atomic number as Z*). 2D Xenes have been epitaxially grown on a variety of
substrates (see review [35] and references therein). Buckled and flat 2D Xene phases have been confirmed by
scanning tunneling microscopy studies in conjunction with ab initio calculations [35, 69, 70]. Their
electronic band structure has been also studied with angle-resolved photoemission spectroscopy and
scanning tunneling spectroscopy. It is debated whether interactions with the substrate affect Xenes’
topological nature. Strong interactions with metallic substrates are in general detrimental, but for silicene
and stanene, they were found to be beneficial as they lead to unusual Dirac cones in silicene [71], and a large
topological gap in stanene (three times larger than in free-standing stanene) [70]. Despite progress, major
challenges remain in the development and characterization of 2D Xenes, which will be discussed in this
roadmap.

Current and future challenges

Research in 2D Xenes is a rapidly evolving field. Because of their large gap and robust QSH states, they are
not only a platform for fundamental research but are also promising for a wide range of applications. The
buckling in 2D Xenes allows tuning of their quantum state of matter, e.g. by strain, functionalization, or an
electric field [35]. An electric field-induced topological phase transition is of particular interest for the
realization of a topological field effect transistor (TFET) [72, 73]. In the ‘ON’ state of a TFET, current flows
without energy losses along the protected edge channels. When a critical electric field is applied, the
conducting channels vanish and the transistor is switched ‘OFF’. Despite the frequent emergence of new
paradigms, such as the TFET, since its very inception, the field has faced significant challenges:

(a) The growth of 2D Xenes is mainly based on ultrahigh vacuum (UHV) molecular beam epitaxy (MBE)
processes on (mainly) metal substrates. This is far from ideal, the 2D layers are often small in size and
interact strongly with the substrate. To make further scientific and technological advances, large-scale,
high-quality single-crystal production methods are needed. For device development, techniques to
isolate and protect the air-sensitive 2D Xenes are necessary.

(b) While robust edge states have been identified in germanene and stanene, the expected dissipationless
charge transport at these edge states has not yet been experimentally verified.

(c) Just recently the possibility to change the topological phase using an external electric field was
confirmed for germanene, see figures 7(b)—(d) [12]. The application of an electric field allows to the
change the quantum state of matter of germanene from a 2D topological insulator to a trivial band
insulator. Scanning tunneling spectroscopy as a function of an external electric field reveal that the band
gap in the interior of germanene first closes and then reopens again. The reopening of the band gap in
the interior of germanene goes hand in hand with the disappearance of the edge states, which provides
compelling evidence for the topological nature of the edge states. These results [12] bring the realization
of a TFET operating at room temperature within reach. Despite this advancement, the topological phase
transition in germanene was very local. For device concepts, non-local approaches need to be taken,

e.g. by using a gate voltage as in conventional transistors. Moreover, further research is required to
reduce the required critical fields for the topological transitions.

19



10P Publishing J. Phys. Mater. 7 (2024) 022501 B Weber et al

dl/dV (arb.u.)

dl/dV (arb.u.)

dI/dV (arb.u.)

R . 0
0 =200 0 200 =200 0 200 0 200 0 200
sample bias (mV) sample bias (mV) sample bias (mV)

Figure 7. (a) Top view of the buckled honeycomb lattice of a 2D Xene. The different shades of blue indicate the two vertically
displaced sublattices. The counter-propagating and spin-polarized edge states are depicted. (b) The QSH insulator’s band
structure under a perpendicular electric field, for the sub-critical field (E, < E, left), the critical field ((E, = E, middle) and the
supercritical field ((E, > E, right), for which the material becomes a trivial insulator. Red/blue bands correspond to
spin-up/down electrons. (c) STM image of few-layer germanene on Ge,Pt(101), the number of layers is indicated. Inset: high
resolution STM image of the honeycomb lattice of the first decoupled germanene layer. (d) dI(V)/dV spectra recorded at the bulk
(black) and edge (red) of germanene for electric a subcritical field (left), the critical field (middle) and a supercritical field (right),
showing the transition from a QSH insulator to a topological semimetal and to a trivial insulator. Reprinted (figure) with
permission from [12], Copyright (2023) by the American Physical Society.

(d) Identification of emerging application domains where 2D Xenes can play a crucial role and expanding
the (topological) properties of 2D Xenes and their derivatives. Perhaps the most promising application
of 2D Xenes is in TFETs. Helical edge states may be also useful for 1D ballistic interconnects and
spintronics, but these ideas require further experimental investigation and effective control of

topological edge states and spin.

Advances in science and technology to meet challenges
The scientific and technological underpinnings of 2D Xenes have not yet advanced to the point where they

might be used in topological electronics. From a scientific standpoint, further research is required to
optimize their growth. Growth optimization would improve their crystal quality, which could increase the
prominence of QSHE at elevated temperatures and prevent doping. One could envision a menagerie of
electronic properties by further engineering the quantum state of 2D Xenes. This could be done through
surface functionalization, heterostructure combinations, proximity effects (by appropriate material
combinations), and dimensionality reduction (e.g. nanoribbons) (see [35, 74] and references therein). Most
current studies are limited to STM and ARPES but transport information is a necessity to first and foremost
prove the dissipationless charge transport along the 2D Xenes’ edge states. A four-point probe STM could be
used to investigate charge transport at the edges of 2D Xenes, with two STM tips (electrodes) positioned
along the 2D Xene edge and the other STM tip(s) used as probe(s) to intercept the conductive channels.
These findings will offer insights into topological transport in 2D materials, with enormous scientific and
technological ramifications.

New theoretical models must be developed to account for the complexity of 2D Xenes. This would
provide relevant information to experimentalists, and predict the emergence of even more exotic states of
matter. [t will also provide a deeper understanding of topological phase transitions, the field-effect, the
influence of SOC to the edge states as well as interactions between trivial and topological carriers. The latter
is important, especially considering that perturbations of 2D Xenes by metals or semiconductors are
unavoidable in view of transport experiments and device fabrication.

From a technological standpoint, the development of large band gap, decoupled 2D Xenes with high
mobilities and low defect densities fabricated on a wafer scale will significantly advance the field. It will
enable the development of proof-of-concept devices exploiting topological charge and spin transport.
Another challenge for this emerging field is the development of device manufacturing techniques. Novel
UHV-based processes utilizing prefabricated nanomasks, nanopatterning, and capping are as of now the sole
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viable option to combat the 2D Xene instability in ambient conditions. The initial steps in this direction have
already been reported [75]. In the future, in order to integrate 2D Xenes into CMOS technologies, these
approaches must ultimately become compatible with existing industry standards.

Concluding remarks

The discoveries of the quantum spin Hall effect in germanene, large topological gaps in stanene, and Dirac
cones in silicene have led to intense theoretical and experimental research on Xenes. With the possibility to
tune the topological phase of 2D Xenes with external electric or magnetic fields, Xenes are great candidates
for topological electronics. These fascinating features highlight the potential of 2D Xenes for enabling
innovative applications in the field of materials science and technology. To fully realize their potential and
enable novel and exciting applications, it is crucial to overcome upcoming challenges in growth, stability,
scalability, and theoretical modeling. Despite these challenges, the future of 2D Xenes is promising, and we
can expect significant advancements and innovations in the coming years.
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Status

As Kane and Mele have shown in their seminal work on graphene [7], atomic honeycomb lattices tend to
form quantum spin Hall insulators (QSHI). However, with spin—orbit coupling (SOC) in graphene being too
weak to open an appreciable band gap, honeycomb lattices composed of heavier group IV elements have
come into focus as possible QSHI realizations (e.g. silicene or germanene—see previous chapter). A viable
alternative are group V monolayers on wide-gap semiconductors. A case in point is Bi/SiC(0001), i.e.
bismuthene, a honeycomb monolayer of Bi atoms covalently bonded to the SiC substrate [13]. It forms an
atomic V3 x V3 reconstruction with respect to the substrate lattice and exhibits a remarkably large band gap
of 0.8 eV, the largest to date in any QSHI (see figure 8). The latter is attributed to ‘orbital filtering’ in which
the Bi 6p, orbital is consumed by covalent bonding to the SiC substrate, leaving the in-plane Bi 6p,, orbitals
to form the Dirac bands. Their double degeneracy allows for intra-atomic SOC (unlike graphene, whose
Dirac band is derived from the single C 2p, orbital), which explains the enormous gap size in addition to the
high atomic number of Bi [50].

The key signature of a QSHI is the existence of one-dimensional (1D) metallic edge states in the bulk
band gap. For bismuthene these have been confirmed by scanning tunneling microscopy (STM) at
monolayer terminations, e.g. near terrace steps of the substrate (figure 8(c)). They display an extreme spatial
1D confinement on atomic length scales, consistent with the large band gap [13]. Due to spin—-momentum
locking the topological edge states are protected against back-scattering off non-magnetic impurities,
resulting in the absence of quasiparticle interference (QPI) in the STM data. Topological protection is lifted,
however, at domain boundaries induced by the V3 x V3 reconstruction (figures 8(b) and (e)), which can be
viewed as edge pairs coupled by electron tunneling [77]. Because the relationship between spin orientation
and momentum direction is reversed on opposite edges, back-scattering at defects and hence QPI get
restored, leading to Fabry—Pérot like electron resonances between neighboring scatterers (figure 8(e)).

The 1D character of the topological edge states is also reflected in a prominent zero bias anomaly of their
tunneling spectra (figure 8(c)). Its specific energy and temperature dependence is characteristic of
interacting 1D electrons, including universal scaling expected for a (helical) Tomonaga—Luttinger liquid
(figure 8(d)). This demonstrates that the edge electrons—while topologically protected against
single-particle backscattering—are still subject to two-particle scattering. The interaction strength extracted
from these spectra (quantified by the Luttinger parameter K = 0.42) places the bismuthene edge states in the
intermediate to strong coupling regime, being a direct consequence of their narrow (atom-scale)
confinement [76].

Current and future challenges

The enormous band gap of bismuthene opens up new experimental opportunities that were not previously
possible with 2D topological insulators. For example, it allows, in principle, edge transport experiments at
room temperature without the interference of thermally activated bulk carriers, while transport studies of
other 2D topological insulators with their much smaller gaps (a few 10 meV-100 meV at most) have so far
been limited to cryogenic temperatures. It would indeed represent a milestone to confirm the non-trivial
topological character of bismuthene by a direct demonstration of the quantum spin Hall effect under
ambient conditions. However, meaningful transport experiments are strongly hampered by bismuthene’s
domain structure (figure 8(b)). Typical domain sizes are limited to well below 100 nm, implying that even
micron-sized transport device structures are interspersed with a large number of domain boundaries,
turning clean access to ballistic and non-local edge transport into a major challenge.

Another consequence of the large band gap is bismuthene’s accessibility to optical experiments. In an
initial application, a near-infrared pump pulse was used to excite electrons from the valence band into the
conduction band, from which the electrons were photoemitted by a subsequent vacuum ultraviolet probe
pulse [78]. This allowed complete band mapping, providing experimental proof of the indirect nature of the
fundamental band gap. Moreover, the application of a time delay between the pump and probe pulses
provides access to photocarrier lifetimes which are found to be an order of magnitude smaller than in trivial
2D semiconductors, attributed to enhanced deexcitation via the topological in-gap states at edges and
domain boundaries [78]. Bismuthene’s band structure also features a direct optical gap of approx. 1.4 eV at
the K/K’-points of its hexagonal Brillouin zone, similar to that found in other 2D semiconductors and thus
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Figure 8. (a) Schematic structure of bismuthene on SiC(0001) [13]. From [13]. Reprinted with permission from AAAS. (b) Large
scale STM topography of bismuthene. The yellow lines are domain boundaries and free edges next to uncovered substrate surface
(black). Inset: blow-up showing the atomic honeycomb arrangement. (c) Local tunneling spectra of the bulk band gap (black
curve) and its gradual filling by metallic edge states when moving the tunneling tip closer to a film edge at a substrate terrace step
(see inset) [13]. From [13]. Reprinted with permission from AAAS. (d) Scaling of the zero bias anomaly seen in (c) indicative of
Tomonaga—Luttinger liquid behavior [76]. (e) Atomically resolved STM topography of a domain boundary section between two
kinks (top panel) and spatial LDOS maps showing the formation of electronic Fabry—Pérot resonances at discrete energies
(bottom panels). Reproduced from [76], with permission from Springer Nature.
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providing a platform for exciton formation. Indeed, the room-temperature optical response measured by
laser-modulated photo-reflectivity reveals two prominent resonances that could be unambiguously identified
as excitation into bound electron-hole pairs with an excitonic binding energy of about 0.15 eV [79] (see
figure 9). This first observation of excitons in a QSHI raises the question to what extent their properties are
affected by the topological nature of the underlying band structure, potentially laying the foundation for
novel ‘topological valleytronics’ A recent theoretical study suggests that exciton formation in bismuthene

may open new routes to create and manipulate qubit systems in 2D semiconductors [80].

Advances in science and technology to meet challenges
Now that our fundamental understanding of bismuthene has reached a mature stage, the focus is shifting to
exploring its application potential in electronic and optoelectronic device structures. There are two main
challenges here: Domain structure and chemical stability under ex situ conditions. Regarding the first
challenge, previous attempts to optimize domain growth seem to have reached a limit, which still prevents
mono-domain devices and thus uninterrupted ballistic edge transport. Alternative strategies for domain
maximization rely on intentionally miscut SiC substrates for controlled terracing or the application of
external strain but have yet to be implemented and evaluated. In fact, due to the V3 x V3 symmetry of
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bismuthene’s honeycomb lattice domain formation is in principle unavoidable. On the other hand, a denser
Bi monolayer with a 1:1 atomic bonding to the topmost Si layer of the substrate (and hence single-domain
layer) would result in a triangular lattice and thus an apparent loss of the Dirac semimetal character intrinsic
to the honeycomb arrangement. Recently, however, it has been discovered that a triangular lattice can
accommodate emergent honeycomb physics through appropriate orbital engineering, as recently
demonstrated for indenene, a triangular In atom monolayer on SiC(0001). Here, the in-plane 5p orbitals of
the In atoms form orbital angular momentum eigenstates leading to a topologically nontrivial band structure
[52].

The second challenge concerns the chemical fragility of the atomic monolayers. Both bismuthene and
indenene have van der Waals-like surfaces, but are still sensitive to rapid oxidation when exposed to ambient
conditions. They hence require suitable protection when taken out of their ultra-high vacuum (UHV)
birthplace, e.g. for ex-situ nanofabrication or actual device applications. At the same time any protective cap
must leave the intrinsic electronic properties, especially the QSHI character, unaffected. This can be achieved
by coating with van der Waals materials. For example, recent experiments have shown that a monolayer of
graphene is a highly effective protection of the QSHI indenene against oxidation and even exposure to liquid
water [81]. For transport device applications and optical experiments one would, however, prefer a large gap
insulator as protective layer, such as hexagonal boron nitride (hBN). The technology for controlled hBN
capping is well developed and in standard use for other 2D semiconductors. Its extension to UHV-born
atomic monolayer systems like bismuthene is, in principle, straightforward and currently under
development.

Concluding remarks

Bismuthene has been the first atomic monolayer system experimentally demonstrated to be a QSHI. Its
record band gap sets it apart from all other known QSHI materials and offers unprecedented experimental
opportunities and ideas for new applications, especially with respect to its optical response. In contrast,
bismuthene’s inherent propensity to form structural domains appears to be a major obstacle to exploiting its
topological edge transport. On the other hand, the discovery of indenene, a triangular atomic layer with
emergent honeycomb physics, opens the QSHI realm to a much wider class of atomic monolayer systems yet
to be explored. Together with the technological developments for protective device integration of otherwise
fragile atomic layers, bismuthene and indenene can be considered as representatives of a third generation of
2D quantum materials with promising application potential—after graphene and single-layer transition
metal dichalcogenides.
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Status

The quantum Hall effect (QHE) has revolutionized our understanding of electronic states in condensed
matter physics. But how can quantum Hall states with their characteristic dissipationless chiral transport
nature be realized in the absence of high magnetic fields and at ambient temperatures? This is a key question
in today’s topological materials science, and outlines fascinating directions for future research on quantum
anomalous Hall insulators.

First observed in a two-dimensional (2D) electron gas subjected to strong magnetic fields and
temperatures close to absolute zero, the QHE exhibits a quantized Hall conductance on the order of e?/h,
accompanied by vanishing longitudinal resistance [3]. The topological nature of the effect was elucidated by
Laughlin through the concept of Chern numbers (C), establishing a link between the exact quantization and
the topological invariance of the energy bands. Subsequently, quasi-quantized Hall conductance has been
observed beyond the original 2D electron gas, including the 3D Dirac semimetal Cds;As; [82] and the
quasi-3D semimetal ZrTes [83], using different underlying principles such as the Fermi arcs and Fermi
vectors. In graphene, the QHE has been observed up to room-temperature in high-magnetic fields >20 T
[84].

The first theoretical concepts to realize QH states without the need for high magnetic fields date back to
the late 1980s. Haldane proposed the prediction of the quantum anomalous Hall effect (QAHE) [5]. While it
was not immediately clear how a QAHE could be realized in practice, its classical counterpart, the anomalous
Hall effect (AHE) was well known to be a characteristic feature of many ferromagnetic materials, where the
moving electrons gain additional velocity due to spontaneous magnetization, which acts as a fictitious field.
However, it was not until the discovery of the QHE, before these anomalous velocities were incorporated into
the concept of Berry curvature [85].

Progress in this field advanced with the discovery of topological insulators (TIs). TIs can host QAH states
when doped with magnetic elements such as Cr or V in (Bi, Sb, Te) [28, 86]. However, the QAH states in
these systems are typically observable only at mK temperatures. Recently, the observation of QAHE up to 2 K
has been reported in films of magnetic modulation-doped (Bi,Sb),Tes with Cr-rich surface layers [87]. To
maintain the stability of QAH states at even higher temperatures, additional material design strategies are
required to further mitigate the impact of dopant-induced disorder.

Current and future challenges

To date, QAH states have been observed in three distinct categories of two-dimensional materials: thin films
of magnetically-doped TIs, thin-films of intrinsic magnetic TIs, and Moire “superlattices derived from
graphene and transition-dichalcogenides. For the prototype examples of 2D QAH insulators, such as
Cro.15(Big.1Sbg)1.85Tes and Vi 11(Big29Sbo.71)1.80Tes, the underlying mechanism of perfect quantization can
be understood by considering a single chiral conducting channel with a Chern number C equal to 1 [28, 86].
High Chern number QHAE has been predicted for magnetically-doped TI films with multiple surface states
[88], and later been observed in multilayers consisting of Cr-doped (Bi,Sb),Tes as the Hall conducting layer
and (Bi,Sb),Tes as the insulating spacer layer. The Chern number C in such multilayer configurations can be
tuned by adjusting the thickness or the magnetic Cr doping concentration [89], While these studies provided
proof-of-concept for the realization of QHA insulators with tunable C numbers, stabilization of QHA states
to higher-temperatures in magnetically-doped films remains challenging in practice, considering the
required complex dopant-engineering.

Addressing this challenge, QAHE has been further explored in the intrinsic magnetic TI MnBi, Te,, and
observed to higher temperatures reaching up to 1.5 K. Inspired by the stacking of magnetic multilayers of TIs
and the tunability of C in MnBi, Tey, an efficient approach has been developed to realize high-C states in
MnBi, Te4,/hBN multilayer heterostructures. Stacking of n layers of MnBi, Te, films with C = 1, interspersed
with hBN monolayers, results in a high-C multilayer structure characterized by n chiral edge modes (see
figure 10) [90]. In this configuration, the total conductivity can be defined as o = C % %, where d is the
distance between two stacked layers. The individual layers of MnBi, Te, are effectively separated and behave
as Hall insulators with only weak interfere with neighboring layers. A key future challenge is to explore how
these concepts can be extended further, potentially leading to the realization a 3D quasi-quantized AHE with
chiral surface states. 3D compounds where the ferromagnetic layers are well defined and separated by
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Figure 11. A typical example of compounds to realize 3D quantum anomalous Hall effect. (b), (c) Adapted from [92], with
permission from Springer Nature. (d), (e) Adapted from [93]. CC BY 4.0.

nonmagnetic spacer-layers have already been reported [91]. Two such prototype ferromagnetic compounds,
where it remains to be shown if the concept of high-C number quasi-quantized AHE states is applicable, are
Co3Sn,S; and MnAlGe (see figure 11). Here, the spins of the Co and Mn atoms are ferromagnetically aligned
out of plane within each layer, and these layers are separated by a nonmagnetic spacer layer [92, 93].

Advances in science and technology to meet challenges
A promising path forward seems to be the study of topological magnetic compounds that exhibit a large
AHE up to the magnetic transition. For example, Co3Sn, S, and MnAlGe exhibit anomalous Hall
conductivity (AHC) values of 1100 27! cm™! and 670 Q™! cm™!, respectively, with corresponding
transition temperatures (T¢) of 180 K and 500 K [92, 93]. The AHC of Co3Sn;,S, exhibits perfect square loop
behavior when a magnetic field is applied perpendicular to the magnetic layers. The distance between the
two magnetic layers d, is 4.392 A (d = }c, where c is the lattice parameter of the hexagonal unit cell) in
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Co35n,S,, while it is 5.93 A (d = ¢) in MnAlGe. To determine the conductance per layer, the AHC is
multiplied by d in the units of e?/h. The scaled AHC values closely approach the quantum conductance value
of e?/h (=3.874 x 107> Q27 !). Such a quantization method is further validated by the discovery of the chiral
edge states in Co3Sn,S, [94]. Remarkably, all the magnetic compounds that follow this 1/d scaling exhibit
topologically non-trivial properties. This phenomenon can be understood by the stacking of 2D QAHE along
the layer direction, considering that the overall topological phase is determined by the tunneling effect
between neighboring 2D QAH states. In materials such as Cos;Sn,S, and MnAlGe, the origin of the
topological state is in the magnetic layers, where band inversion arises from intrinsic magnetization and
spin—orbital coupling. In certain cases, additional crystal symmetry, such as mirror reflection, can also lead
to the formation of nodal line band structures, which exist in Fe;GeTe,. Interestingly, the individual
magnetic layers within the bulk form of these compounds appears to fulfill the requirement for achieving the
QAHE. It can be expected that thin films or monolayers of these compounds hold great promise for
achieving QAHE at much higher temperatures than previously observed. However, it should be noted that
the preparation of such films and monolayers is not only a complex process, but can also introduce changes
in the physical properties of the compounds, including defects and alterations in the magnetic transition
temperatures. These factors need to be carefully considered and further investigated to ensure the
effectiveness of the proposed approach.

Concluding remarks

By manipulating the Chern number in QAH insulators, the channel degree of freedom of the chiral edge
states can be controlled, thereby creating opportunities to leverage topologically protected and
dissipationless chiral edge states for quantum information storage and transfer. To date, the QAH insulator
has only been observed either in thin films or in stacked multilayers at very low temperatures. One possibility
is the high temperature topological layered magnets since their thickness scaling with 1/d coincides with the
quantum conductance e?/h. However, more in-depth experimental and theoretical research is needed to
search for new materials and high-temperature magnetic topological insulators are one of the most
promising families of materials.
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Status

Angle-resolved photoemission spectroscopy (ARPES) is one of the premier probes of electronic structure. By
simultaneously measuring the photoelectron’s kinetic energy and emission angle relative to crystallographic
axes, it allows direct measurement of a material’s electronic bandstructure—the binding energy as a function
of the two-dimensional surface wavevector. Importantly, because ARPES measures the single particle,
charged excitation spectrum, this allows the energy and momentum-resolved complex self-energy to be
extracted. This spectrum encodes not only the bandstructure, but also the renormalization of states
represented by the complex self-energy function, arising from spin, charge, and vibrational fluctuations. This
has enabled ARPES to be central to the discovery of new topological systems such as directly observing the
helical surface states of a 3D topological insulator [95], as well as observing 3D Dirac and Weyl cones, and
the Fermi arc surface states of Weyl semimetals [96]. Furthermore, as most ARPES measurements typically
only probe the first few atomic layers of a solid (due to the small inelastic mean free path of photoelectrons)
it makes the technique ideally suited to the characterization of 2D materials including two-dimensional
topological insulators (2D TI).

In the field of 2D TI materials, ARPES has been instrumental in revealing details of the band structure of
numerous systems including members of the honeycomb lattice family (e.g. bismuthene [13]), the 1T’
structural phases of transition metal dichalcogenides such as WTe, [19] and ultra-thin layers of Na;Bi [14].
The direct measurement of the momentum resolved electronic bandstructure below the Fermi level (Er)
allows fundamental material properties such as electron/hole doping, bandgap magnitude, carrier velocity
and effective mass to be determined. Furthermore, ARPES allows observation of quantum phase transitions
between trivial and non-trivial topological states (figure 12) [14], as well as band renormalization and
hybridization effects and finally measurement of the orbital character of the 2D TI bulk band states. The latter
property is a particularly powerful capability, allowing one to directly confirm topological band inversion.

Despite the detailed insights into electronic structure that ARPES can provide there are still several
technical challenges that arise when applied to 2D TI systems. These challenges and the recent technological
advancements in ARPES techniques that seek to overcome these challenges are outlined in the remaining
sections.

Current and future challenges

There are currently three key challenges when using ARPES to characterize 2D TIs. The first is the
preparation of atomically thin, clean and ordered crystals. Whilst molecular beam epitaxy (MBE) can grow
highly ordered films with well-defined thickness, lattice mismatch with the substrate can lead to tensile or
compressive strain resulting in detrimental changes to the bandstructure [13]. An alternative method is
exfoliation of ultra-thin flakes from suitable bulk crystals [97]. However, the small size of these flakes and
non-uniformity in their thickness present challenges when coupled with the relatively large spot size of
conventional ARPES sources. Finally, without in-situ ARPES capability following sample preparation, it can
be difficult to maintain the pristine sample quality needed for ARPES measurements when transporting to a
synchrotron or laboratory facility.

The second challenge is observation of the 1D helical edge state itself. Compared to the topological
surface states of 3D TIs which are present over the entire surface, for a 2D TI the topologically non-trivial 1D
edge state is highly localized (within 1-2 nm) to the sample perimeter [13, 14, 19]. Whilst, the 1D edge state
has yet to be observed with ARPES when employing nano/micro-ARPES on small exfoliated flakes or MBE
films with a large number of small islands [19, 97] the technique has previously been used to probe 1D
metallic chains [98, 99]. Therefore, development of a growth technique where an ordered TI is grown
epitaxially on a vicinal substrate may enable ARPES to resolve the 1D edge state.

The final challenge is that ARPES is only able to measure occupied electronic states. For many 2D TI
systems such as bismuthene [13] and Na3Bi [14], Eg is found within the bulk band gap. To measure the size
of the gap, electronic doping is required to observe the conduction band edge. In an ARPES experiment this
is typically achieved via surface transfer doping using alkali metal adatoms. Aside from possible unwanted
chemical reactions with the 2D TI, the process is fairly uncontrolled; the dopant atoms can cause surface
disorder through clustering, compromising the ARPES data quality. Of more concern is that along with the
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visualization of the topological phase transition.
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rigid shift of the bands, changes to the dielectric screening environment can occur, leading to changes in the
bandgap and the topological features Despite this, phase transitions have been directly measured with
ARPES using alkali doping, one such example is 2D black phosphorus which exhibits a transition initially
from a conventional semiconductor, into a Dirac Semi metal and finally to an inverted semimetal as
alkali-metal doping is performed [100].

Advances in science and technology to meet challenges

In recent years, major advances in ARPES instrumentation and sample environments are helping to address
these challenges. Firstly, advanced sample encapsulation strategies (e.g. graphene overlayers) allow for
transport of pristine exfoliated flakes [97], whilst compact UHV vacuum ‘suitcases’ enable transport of MBE
grown samples from home laboratories to ARPES facilities without exposure to air.

Technological progress in ARPES detectors and excitation sources (both synchrotron and laboratory)
now allow experiments to be conducted with extremely high energy (few-meV) and momentum space
(=0.01 A~1) resolution. Spectrometers featuring high-efficiency spin-detection facilitate measurement of the
complete 3D spin vector with high energy and angular resolution. The increasing brilliance of 3rd generation
synchrotron sources in conjunction with advanced zone plate and capillary optics have resulted in powerful
micro and nano-ARPES instruments capable of sub-micron spot sizes allowing spatially-resolved ARPES of
micron-scale flakes. Importantly, laboratory ARPES systems employing intense, high harmonic generation
pulsed laser sources have emerged allowing fs-scale time-resolved ARPES (tr-ARPES) measurements on 2D
TIs such as 1T"-WTe, and MoTe, [101, 102], allowing access to the unoccupied band states without the need
for chemical doping. Furthermore, these sources also offer the opportunity to manipulate topological phases
using photoinduced microscopic effects [103]. Overall, these advancements make it possible (at least in
principle) to probe energy, momentum, spin, time and spatial resolution in a single photoemission
spectroscopy setup as depicted schematically in figure 13.

Developments in micro/nano ARPES technology, as well as improvements in 2D heterostructure device
fabrication, have also allowed in recent years electrostatic gating effects to be visualized with ARPES [104].
By employing a backgate and ultra-thin dielectrics in close proximity to the sample, large electric fields can
be established at moderate gate voltages, rigidly shifting the bandstructure in a much more controllable and,
importantly, reversible manner compared to alkali metal doping. This important scientific advancement
means that electronic structure measurements can be carried out on actual current carrying electronic
devices comprised of 2D TIs. Thus, providing an opportunity to measure spectroscopically controlled
topological phase transitions via electrostatic gating.

Finally, as a solution to control and investigate the role of residual strain in ARPES measurements on
epitaxially-grown 2D TIs, a number of setups have been developed which allow a reversible uniaxial strain to
be applied to the sample [105, 106]. This offers the ability to control the topological phase through a tailored
strain-ARPES experiment. Whilst efforts until now have mostly focused on phase transition behaviors in
oxide materials, it should be straightforward to apply to the 2D TI family.

Concluding remarks

The continued rapid advancement in ARPES detectors and light sources, as well new methods in sample
preparation means many of the challenges highlighted above for 2D TI research using ARPES are now within
reach. Yet, observation of the 1D edge state using ARPES remains a major and enduring challenge. Yet, there
is hope this challenge can be overcome, as ARPES photoemission data has been successfully obtained from a
genuine 1D metal grown on an insulating substrate [98, 99]. If the challenge of measuring the 1D edge state
with ARPES is overcome, it would represent a game-changing development for the field as it would enable a
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Figure 13. Schematic representation of the ability of ARPES measurements to probe not only energy and momentum resolved
electronic states but also (1) spin-resolved ARPES through the addition of a spin-detector, (2) time-resolved ARPES with pulsed
light sources by combing the pump-probe technique and (3) spatially-resolved ARPES using micron-sized spot sizes.

smoking-gun experiment to show spin—-momentum coupling on the edge state. Further, it could also be used
to study helical Luttinger liquid behavior. However, even if the 1D edge state remains elusive in an ARPES
measurement, the expanding capabilities of modern ARPES instruments as well as techniques to tune electric
field, strain and doping, still make ARPES a critical tool in discovering and understanding the electronic
properties of new 2D TI candidates.
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10. Scanning tunneling microscopy and spectroscopy (STM/S)
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Status

Scanning tunneling microscopy and spectroscopy (STM/STS) with its unrivalled spatial and spectral
resolution can provide unprecedented insight into the local electronic structure of 2D topological insulators
(TI) [38]. Demonstrations including precise measurements and even the tunability of bulk energy gaps [12,
14, 20], and visualizations of the definition, extent, and continuity of atomically confined topological edge
states [19, 20, 76, 107]. Moreso, STM/STS has been shown to provide information beyond the single-particle
picture, including the characterization of electronic correlations [76, 107] and superconductivity [25, 26].

Following the first scanning probe based confirmation of a QSH insulating 2D bulk and metallic
boundary states in the low-energy electronic structure of WTe, by Tang et al [19] (figures 14(A) and (B)),
similar signatures of bulk-boundary correspondence have been reported also for other QSH material
candidates, such as the Xenes (germanene [12], buckled antimonene [108, 109], plumbene [110],
bismuthene [13]), as well as atomically-thin layers of the 3D Dirac/Weyl semimetals NasBi [14] and the
transition metal dichalcogenides (TMDCs) [19]. A detailed summary of material systems and their 2D bulk
gaps can be found in [38] and in other sections of this roadmap.

Measurement of the local density of states (LDOS) by STM/STS has made it possible not only to visualize
topological edge state signatures (figures 14(C) and (D)) [20, 76], but to infer detailed information on the
presence and strength of electronic correlations. Within the strictly 1D helical edge states of quantum spin
Hall (QSH) insulators, a breakdown of screening [7] leads to the formation of a helical Tomonaga—Luttinger
liquid (TLL). Its signature is a characteristic pseudogap-like suppression of the low-energy tunneling DOS at
the Fermi energy. Recently confirmed by temperature-dependent STM/STS for the first time in the
atomically-thin 2D TI bismuthene [76] (figure 14(E)), this pseudogap scales ‘universally’ as a power-law in
both temperature and bias voltage, allowing to extract the Luttinger parameter K which quantifies the
correlation strength. In WTe, [107], it was subsequently shown that the strength of the many-body Coulomb
interactions within the TLL can further be controlled via the edge’s dielectric environment and the Fermi
velocity [111] (figure 14(F)), providing additional evidence of the Luttinger picture.

Particular to atomically-thin 2D TIs, their highly confined edge states can harbor exceptionally strong
electronic correlations, reported as K ~ 0.42 in bismuthene [76] and K ~ 0.2—0.4 in WTe, [107] (K =1
indicates a non-interacting electronic liquid, and K < 0.5 denotes the limit of strong (repulsive)
interactions). The signature (and tunability) of strong electronic correlations in Luttinger liquids, across 2D
TI material systems, not only confirms the strictly 1D nature of the helical state, but further characterize it as
a potential host platform for non-Abelian parafermions [112, 113] (see section 11).

Current and future challenges

Despite the various experimental reports of insulating bulk and metallic edge states, a persistent challenge
remains to provide more direct evidence for bulk-boundary correspondence and the helical character of the
edge. Moreso, the edge states in QSH insulators are expected to be topologically protected from scattering off
non-magnetic disorder. Given that transport experiments have shown strong scattering at mean free paths of
~100 nm (e.g. in WTe, [27]), advanced scanning probe investigations will be needed to unravel the
microscopic origin of scattering processes and to verify the much-coveted topological protection.

As an indirect proof of helicity may serve the behavior of the edge in its superconducting state, either
intrinsic, or induced by proximity to an s-wave superconductor. Here, an interplay of topology and strong
correlations is predicted to give rise to non-trivial superconducting pairing. Similar to the physics of 1D
helical electrons in proximitized Rashba nanowires [31, 114, 115], theoretical studies [31, 113] have
suggested that the 1D helical edge, when proximity-coupled, may host Majorana bound states at the edge’s
endpoints. Different from Rashba nanowires, the helical state in QSH insulators does not have to be induced
by an external magnetic field. However, creating endpoints in a helical edge poses a major challenge as the
edges of an ideal QSH system should be described by periodic boundary conditions. Several theoretical
proposals have suggested to create finite length systems by locally opening topologically trivial energy gaps at
the Fermi energy [31] at whose boundaries Majorana bound states 7y; , can emerge (figures 15(A) and (B)).
Proposals include gapping a proximitized edge by either a ferromagnetic insulator or a local gate electrode.

If strong enough electronic interactions are present in a helical Luttinger liquid (K < 1/4), the presence of
Umklapp scattering may behave as an impurity-induced two-particle correlated backscattering and open a
gap near the Fermi energy. In this case, fractionalized Majorana fermions (parafermions) are expected [113,
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Figure 14. STM/STS demonstration of the QSH insulators. (A) Comparison of STS spectra of the QSH edge and bulk in
monolayer 1T’-WTe,. (B) STS line spectra across monolayer edge into the 2D bulk, showing a clear transition from conductive
edge states into insulating bulk [19]. Reproduced from [19], with permission from Springer Nature. (C) Conductance mapping,
visualizing the edge state in bismuthene [76]. Reproduced from [76], with permission from Springer Nature. (D) Spatial extent of
the WTe, edge state as a function of sample bias [20]. Reproduced from [20]. CC BY 4.0. (E) Pseudogap signature, demonstrating
the presence of a helical Tomonaga—Luttinger liquid (TLL) formed at the QSH edge in bismuthene, showing universal scaling of
the LDOS to extract the Luttinger parameter [76]. Reproduced from [76], with permission from Springer Nature. (F)
Demonstration of the effective tuning of many-body interactions in the helical Luttinger liquid in WTe, [107]. Reproduced from
[107]. CC BY 4.0.

116] at their boundaries (figure 15(C)). Exceptionally strong interactions in this limit have been observed,
for instance, in WTe, [107].

STM/STS, owing to its extremely high spatial and spectral resolution, may prove invaluable to probing
the spectroscopic signatures of Majorana or parafermion bound states in real-space in which they appear as
zero-energy modes similar to what has recently been shown for the helical edges of the higher-order TI
bismuth [117] (figures 15(D) and (E)).

Advances in science and technology to meet challenges

To confirm helicity (i.e. spin—-momentum locking), several theoretical studies [118—120] have proposed to
employ spin-polarized STM (SP-STM) to inject spin-polarized electrons from a magnetic tunneling tip
locally into a QSH edge (figure 16(A)). This way, a fractionalized spin current may be generated along the
edge due to the difference in the tip’s and edge’s spin polarization (6). This spin current can in principle be
detected by electrical contacts along the edge, provided that spin—-momentum locking directs the current
towards one of the two contacts (Cj or C,). Figure 16(B) plots the expected time-resolved current response
for two different values of 6 based on current pulses from the STM tip.

The robustness of the edge state against scattering can be investigated by Fourier transform scanning
tunneling spectroscopy (FT-STS) [121], which analyzes local density modulations in real space arising from
quasiparticle scattering and interference (QPI). Analyzing these QPI patterns in Fourier space, equienergy
surfaces (or points in 1D) can be resolved. Similar techniques have been demonstrated for spinful Luttinger
liquids in 1D systems [122, 123] but not so far for helical 2D TI edge states [123] in which QPI would only be
expected in the presence of back-scattering. Alternatively, charge transport may be resolved at the nanoscale
using four-probe STM as recently shown [124]. As shown in figures 16(C), a four-probe resistance can be
measured using four STM tips in point contacts to the QSH edge, allowing to infer the length scale over
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Figure 15. Emergence of Majorana fermions/parafermions. (A), (B) Proposed device configuration for trapping Majorana bound
states along the helical edge state of QSH insulators [31]. The MZMs can be trapped by using (A) a ferromagnetic insulator or (B)
gating. Reproduced from [31]. © IOP Publishing Ltd. All rights reserved. (C) Emergence of non-Abelian parafermions hosted at
the boundaries of sections along the helical edge that are either gapped by superconductivity or by strong interactions leading to
Umbklapp scattering [113]. Reprinted figure with permission from [113], Copyright 2015 by the American Physical Society. (D),
(E) Detecting Majorana zero modes (MZM) at a superconducting helical edge by STS/STS [117]. Reproduced with permission
from [117]. Copyright © 2019 The Authors, some rights reserved; exclusive licensee American Association for the Advancement
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Figure 16. Tests of helicity and topological protection. (A), (B) Proposed spin-polarized STM-based detection of helicity in a TLL
[119]. It shows time-resolved current response for two different fractionalized spin current pulses from the STM. Reprinted from
[119], Copyright (2016), with permission from Elsevier. (C) Schematic of a four-probe STM contacting the edge of a 2D TI to
confirm conductance quantization [124]. Reproduced from [124]. CC BY 4.0.

which the QSH conductance remains quantized to its ballistic limit of 2¢?/h. Finally, investigating current
noise and statistics at the STM’s junction could provide a unique and highly local probe of quasiparticles
within the 2D TI edge. Local shot noise spectroscopy [125], in particular, is sensitive to quasiparticle charge
and hence allows to distinguish the (quantized) charge of an electron from that of e.g. a Cooper pair [125] or
the fractional charge of a composite fermion [126], including Majorana [127, 31 of section 1] and Z,4
parafermions [112].

Towards the creation and trapping of Majorana fermions or parafermions, material and device
developments are much needed in order to engineer the required superconducting and magnetic 2D TI
heterostructures. Success in inducing superconductivity has recently been reported for 2D TI edge states [25,
26], and efforts are ongoing to generate suitable topological defects as to gap out sections of the edge and
trap Majorana or parafermions.

Concluding remarks

Scanning tunneling microscopy has proven an invaluable tool for the investigation of 2D TIs with atomic
resolution in real-space. In particular, it has shown to provide supporting evidence of bulk-boundary
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correspondence, being able to detect the concurrence of bulk gaps and metallic edge states. Moreso,
STM/STS have also revealed the signature of electronic correlations characterizing the edge state as a strongly
interacting helical Luttinger liquid. At even lower (millikelvin) temperatures, STM/STS with its extremely
high spatial and spectral resolution promises detection of Majorana and parafermion bound states—the next
frontier in 2D TI research—provided suitable material heterostructures and topological defects can be
engineered.
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Status

Strongly interacting electrons confined to one dimension (1D) form a Tomonaga—Luttinger liquid (TLL),
whose properties are distinct from higher-dimensional Fermi liquids. A long-standing problem is how to
achieve such truly 1D carrier confinement. One avenue is to fabricate nanowires, nanotubes, or atomic wires
in which energy levels are quantized in two out of three dimensions. Another method is to use a strong
magnetic field to push electrons to the edge of two dimensional (2D) system, creating chiral TLL in samples
in integer or fractional quantum Hall regimes. An even simpler method is to utilize natural 2D materials
with edge states forming without magnetic field. Ultimately, one can leverage the non-trivial topology which
allows edge states to be protected by invariants, as in Chern or quantum spin Hall insulators [60]. Nowadays,
thanks to many advances in 2D atomically thin topological materials, the atlas of systems exhibiting
interesting edge phenomena has grown immensely, with notable examples of bismuthene [76] and WTe,
[107, 111, 128]. These systems allow for the study of the 1D Fermi sea via scanning tunneling microscopy
(STM) techniques, greatly enhancing possibility of experimental probing of TLL properties beyond transport
and angle- resolved photoemission spectroscopy (ARPES).

One of the most promising aspects of the interplay of topology and strong correlations is the exotic
physics that arises when these materials are taken to the superconducting state, either by proximity effect or
by intrinsic pairing. The strongly correlated counterpart of the topological insulator (TI) edge is an
engineered helical fractional quantum Hall edge. Proximitizing such an edge with an s-wave superconductor
should allow one to capture a ‘fractionalized Majorana’ known as parafermion [129]. This non-Abelian
anyon can be used to perform topologically protected Clifford gates. A network of parafermions can also be
used to construct emergent Fibonacci anyons which enable a topologically protected universal quantum
computation.

Current and future challenges

We begin with a discussion of experimental challenges. The first one is the identification of suitable material
platforms that will allow the study of 1D channels using different experimental techniques such as STM or
transport measurements. STM techniques are well suited to study atomically thin materials (such as
monolayer WTe,) where the TLL of interest is accessible with a surface probe. An important challenge is the
experimental identification of the role of dielectric environment on screening of electron—electron
interactions in various TLL systems. Focusing on challenges in STM studies, it is necessary to obtain
position-independent tunneling spectra, which are now usually obtained from highly disordered edges.
There, it would be interesting to clarify relation between finite-size quantization and TLL physics [123].

Molecular beam epitaxy grown monolayers allow STM studies in sufficiently clean regions of the sample.
However, the small size of clean areas makes transport experiments challenging. For this reason, much bigger
flakes have to be used, which are highly inhomogeneous at the scale of the system due to the exfoliation
process. In exfoliated samples disorder in the bulk is currently a challenge, as seen in the case of WTe,. The
approximate conductance quantization was only observed there in short edges of order 100 nm [15, 21]. This
can be contrasted with HgTe semiconductor quantum well where gate-training can increase the average
conductance near ideal value even in samples longer than 10 um [17]. We note that disorder may mask
correlations in transport, but perhaps less so in STM studies. Different crystallographic orientations or
atomic edge terminations can also affect TLL properties, as described in our recent work [111].

Moving to theoretical challenges, it remains formidable to simulate large, strongly interacting systems.
Starting from ab initio simulations, it is already difficult to build reliable mean-field level models of realistic
samples, which may have complicated electronic structure, especially at material boundaries. An additional
complication is the description of mean-field ground states that are not simple band insulators, but rather
charge density wave or excitonic insulators. These theoretical models need to be then sufficiently simplified
to serve as a basis for interacting theories, such as extended Hubbard model-type models. Solving such
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many-body problems for realistic systems, such as quantum spin Hall channels, is another challenge. Exact
diagonalization, quantum Monte Carlo, and renormalization group methods are usually limited to a few
particles and a restricted number of possible excitations. It is also challenging to construct quasi-1D systems,
in which quantum spin Hall edge states with realistic wave functions can be simulated. Those can serve
further as a building blocks for higher dimensional integer and fractional topological quantum states [130].

Advances in science and technology to meet challenges

From an experimental perspective, one of the important advances necessary for the field to progress is the
identification and growth of systems that achieve 1D confinement with reduced disorder both in the bulk
and on the edge where the TLL lives. In the case of monolayer topological systems, it is critical to obtain
atomically well-defined edges, similar to the progress already achieved in the synthesis of graphene with
well-defined boundaries and extremely low disorder. It is also an outstanding challenge to obtain clean
enough samples to have ballistic helical edge conduction over long distances (of the order of 1 yim). The next
necessary step is to identify proper substrates that allow for the study of the role of the dielectric environment
on the strength of electron—electron interactions. To address Majorana/ parafermion physics it is pivotal to
find appropriate superconducting substrates [26]. On another front, the synthesis of larger samples would
allow performing combined transport, STM, and ARPES studies, providing access to a variety of TLL
properties. Additionally, the gate tunability of the Fermi level of such systems would allow for the probing of
potential nonlinearities.

From a theoretical perspective, there are several necessary advances required to build material-realistic
theories of Luttinger liquids. The first is the identification of minimal models that accurately describe the
dispersion of 1D bands, along with proper scales where ‘high energy’ begins to set in. In realistic 2D
platforms this means an appropriate description of band edges. An even more challenging forefront is the
development of theoretical and numerical methods that would enable the study of strongly correlated
quasi-2D systems. Some potential avenues for progress involve machine learning to accelerate convergence of
standard techniques, such as exact diagonalization, quantum Monte Carlo, density matrix renormalization
group or functional renormalization group. Combining these with the development of algorithms that could
use ‘classical’ exa-scale supercomputers may offer a window into the realistic modeling of TLL properties.
Another exciting front is the development of algorithms that would utilize the already available noisy
intermediate-scale quantum computers.

Concluding remarks

To conclude, the study of the 1D electronic phenomena remains a fascinating field of research, both for
fundamental understanding and for potential applications such as highly anticipated Majorana-based fault
tolerant quantum computing. With the number of 2D topological materials slowly but steadily increasing,
the combination of low dimensionality, topology, and strong interactions, without the necessity of high
magnetic fields and ultra-low temperatures, is expected to usher a new era in the study of 1D quantum
liquids.
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Growth in demand for computation is significantly outpacing the efficiency gains provided by Moore’s Law.
As a result, the energy used in computation is doubling approximately every 3 years, and will be strongly
limited by global energy production in the next two decades unless new solutions are found to compute at
lower energy [131]. The operating voltage, and hence switching energy, of a conventional MOSFET is limited
by thermal activation of charge carriers over the barrier in the channel <eAV, created by a gate voltage
AV, resulting in a subthreshold swing S > (kT/e)In10 ~ 60 mV/decade at room temperature, a limit termed
‘Boltzmann’s tyranny’. Strategies to beat Boltzmann’s tyranny to switch at lower voltage are an active area of
research.

Figure 17 shows the topological quantum field-effect transistor (TQFET) schematically. The TQFET uses
an electric field to alter the bandgap of a 2D topological insulator (quantum spin Hall) material near the
quantum critical point between topological and trivial insulator. An ‘off” state is generated by the opening of
the trivial bandgap. Strong spin—orbit coupling due to the Rashba interaction Ar (inherent to topological
insulators) enhances the change in bandgap with electric field (see figure 17(d)), such that a barrier >eAV,
can be created by application of a potential difference AV across the channel, resulting in a subthreshold
S < (kT/e)In10 [132].

When a negative capacitor (a ferroelectric operated in a non-hysteretic regime) is placed in series with a
positive capacitance (dielectric, in this case the channel material of the TQFET), the electric field is amplified
in the dielectric. This effect has been proposed to improve the performance of conventional MOSFETSs [133],
however in an ideal MOSFET the change in electric field in the subthreshold regime is zero (the channel
potential follows the gate potential) hence the negative capacitance does not lower the subthreshold swing
[134]. Because the TQFET is inherently driven by an electric field across the bulk which is always insulating,
it can take full advantage of negative capacitance in the gate stack [135]. The operation of the
negative-capacitance TQFET (NC-TQFET) is shown schematically in figure 18.

Current and future challenges

Significant challenges remain in understanding the electronic structure and band translation physics of
topological insulators in electric fields. Near the zero of energy, the edge state conductance is quantized, and
this quantization is protected by the topology of the bulk band structure. The top gate electric field induces a
topological phase transition in which the conductance drops from 2¢?/h (where e is the elemental charge, h is
Planck’s constant) to zero as the system passes from the quantum spin Hall (QSH; ‘on’) into the trivial
regime (‘off”). The topological phase transition is captured by a simple next-nearest-neighbor tight-binding
model, in which the non-trivial band gap is opened by the intrinsic spin—orbit coupling, and the top gate
induces an energy difference between sub-lattices. These simple considerations yield S = (kT/e)In10 since the
nontrivial (trivial) band gap decreases (increases) linearly with the electric field.

To capture the full slope as a function of the top gate field one must incorporate the Rashba spin—orbit
interaction that results from mirror symmetry breaking, represented by nearest neighbor hopping. At the
microscopic level the Rashba interaction arises from the mixing of ¢ and 7 bands brought about by the
intrinsic atomic spin—orbit coupling and the Stark effect. The Rashba interaction reduces the nontrivial band
gap opened by the intrinsic spin—orbit coupling and enhances the trivial band gap opened by the top gate. In
the process of electric field switching, the strength of the Rashba interaction also varies linearly with the top
gate field, resulting in an overall nonlinear dependence of the gap on the top gate field, and yielding
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Figure 17. Topological quantum field effect transistor. (a) Structure of the device: a 2D topological insulator is sandwiched
between top and bottom dielectrics and gate electrodes, and contacted by source (S) and drain (D) electrodes. (b) Schematic of a
topological insulator channel with edge state conduction in the ‘on’ state. (c), (d) Band diagrams in ‘on’ (topological insulator,
(c)) and ‘off’ (conventional insulator, (d)) states. When the gate electric field is less than a critical value, 0 < E < E,, topological
insulator hosts gapless helical conducting edge channels with a minimum value of the quantized conductance 2¢2/h. When the
gate electric field exceed a critical value, E > E,, a topological insulator enters into a normal insulating regime in which the
conductance is exponentially suppressed by the energy barrier Eg. Such electric field switching is accompanied by the topological
quantum field effect via the Rashba effect, which enhances the topological phase transition driven by a gate electric field,
increasing the barrier to Eg + E and reducing the subthreshold swing. Here solid and dashed ‘spin-up’ (red) and ‘spin-down’
(blue) states represent band dispersions without and with Rashba spin—orbit interaction respectively, while Eq represents a shift in
nontrivial (c) and trivial (d) band gap Eg due to the topological quantum field effect.
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Figure 18. Schematic of negative capacitance topological quantum field-effect transistor. (a) Structure of the device: a 2D
topological insulator is sandwiched between two ferroelectrics and top and bottom gate electrodes with voltages V¢ and V,
respectively, and contacted by source (S) and drain (D) electrodes. (b) Electrostatic potential energy as a function of distance
across the device in ‘on’ (red) and ‘off” (blue) states. (¢) Band diagrams in ‘on’ (topological insulator, red) and ‘off’ (conventional
insulator, blue) states. © [2021] IEEE. Reprinted, with permission, from [135].

S < (kT/e)In10. It is this change in the switching properties that we denote by the topological quantum field
effect. The effect provides tunable parameters for controlling the sub-threshold swing in a TQFET rather
than relying purely on the gate capacitance mechanism.

The precise value of S will be strongly material-dependent. A small sub-threshold swing requires
materials whose gap increases at a fast rate as a function of the top gate voltage, ruling out bilayer graphene,
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whose gap increases more slowly than initial theoretical predictions. For eligible materials a challenge will be
to determine the exact value of S using a model that includes screening, strain and the detailed gate
architecture.

While band translation physics indicates the possibility a steep sub-threshold operation near the
quantum critical point, a detailed device simulation sheds more light on the intricacies of the actual device
operation. Quantum transport may be analyzed for a three terminal device structure comprising the
source-drain electrodes and the inclusion of the gate electrostatics. The terminal currents Ip, are evaluated at
an applied bias, Vpg, across the source and drain, at a given gate voltage, V. From this, one can ultimately
calculate the sub-threshold swing via the log(Ip) — Vi characteristics at the operating bias. Sufficient
advances in device modeling have certainly permitted an accurate and predictive device simulation platform
for Si-based nano-transistor structures [136].

In this context, quantum transport modeling using the non-equilibrium Green’s function (NEGF)
platform, has in the past two decades provided a strong underpinning for nanoscale device modeling,
especially in the context of Si-based nanoscale transistors. Details of computational modeling aspects of
2D-topological electronics are spelt out in section 13.

A recent detailed quantum transport simulation has adapted the NEGF formalism using a parametrized
tight binding framework [137] on a 2D-Xene nanoribbon as a model channel with Rashba interactions,
coupled with dual gate electrostatics. It has indeed computationally demonstrated a viable TFET device
operation around the quantum critical point, with the application of gate fields. The nano-ribbon geometry
along with its edge-termination appropriately accounts for the topological edge states in the topological
phases. The sub-threshold characteristics modeled in detail the topological phase transition that can be
induced via gating.

Further advancements in computational modeling must encompass various developments along the
following lines: (a) detailed electronic structure via the Wannierized tight binding formalism adapted to the
nanoribbon structure [138] that takes care of the electronic structure in detail, which should be coupled with
the NEGF formalism in this basis, (b) Detailed electrostatics along the lines of a detailed self-consistent
simulation platform [136], (c) inclusion of defects and dephasing. Once such a platform is advanced, one can
then add the negative capacitance effect via the inclusion of the ferroelectric oxide physics, as explored in
related works in the case of a Si-channel NC-MOSEFET [133]. We envisage that aforementioned device
modeling advancements in parallel will truly complement and accelerate experimental developments.

Advances in science and technology to meet challenges

Significant experimental challenges still exist to realization of topological transistors. Experimental
realizations of electric field switching of the topological state have so far been limited to Na;Bi [139] and
germanene [12], in a geometry utilizing a scanning tunneling microscope probe to simultaneously apply a
gate electric field and measure the band gap via tunneling spectroscopy, and the surface of black phosphorus
[100], with electric field generated by potassium doping. Electric-field switching of a topological transport
current (i.e. a topological transistor) has not yet been demonstrated. Identifying suitable topological
materials which can be integrated with gate dielectrics and electrodes is necessary to advance the study of
topological transistors. The proximity to the topological phase transition (and hence threshold electric field)
will also need to be precisely controlled, via doping, work-function engineering of interfaces, strain
engineering [140], or other means.

Realization of the NC-TQFET concept will require integration of topological insulators with ferroelectric
layers (see figure 18). Top-down fabrication strategies would require identifying lattice-matched topological
and ferroelectric materials which could be grown sequentially, which will severely (and perhaps
prohibitively) limit materials choices. The recent advent of van der Waals heterostructures could offer a
solution, enabling integration of widely disparate materials. There are already experimentally realized
examples of van der Waals topological insulators (e.g. 1T'-WTe,) and ferroelectrics (e.g. a-In,Se;3), as well as
emergent ferroelectricity in vdW heterostructures of non-ferroelectric constituents. Another possibility is to
use free-standing oxide membranes prepared epitaxially on sacrificial substrates such as Sr3Al,Og.

Concluding remarks

The growing energy use in computing technologies has created an urgent need for transistor concepts
capable of switching at lower voltage than conventional silicon CMOS. Recently the prospect of low-voltage
switching based on topological insulators has emerged as a potentially transformative application of
topological materials. Increased theoretical understanding of electric field effects on the band structure of
topological materials, as well as more realistic device modeling are needed to refine the topological transistor
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concept and identify candidate materials. Integration of topological materials with dielectrics, ferroelectrics,
and electrodes is required to create and benchmark novel transistor structures; van de Waals heterostructures
offer a particularly promising route to the integration of these disparate materials.
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13. 2D-Topological electronics—a computational perspective

Bhaskaran Muralidharan
Department of Electrical Engineering, Indian Institute of Technology Bombay, Powai, Mumbai 400076, India

Status

Topological robustness can potentially be harnessed for modern device paradigms—a field that is termed as
topological electronics [141]. Two aspects that stem from quantum topology can be potentially tapped for
emerging device paradigms: (1) the on-demand manifestation of topologically robust states via electrical
means and (2) the harnessing of topological phase transitions. To understand inner device workings, provide
an underpinning to experimental efforts, and ultimately predict new paradigms of the like, one needs to
expand onto a predictive computational topological electronics device simulation platform.

In the minimal form, the topological device consists of the 2D-material nanoribbon subject to open
boundary conditions with the contacts, typically labeled as the source and the drain, and the electrostatic
environment provided by the gates. The nanoribbon geometry is crucial to visualize the bulk-boundary
correspondence in real space and the functional topography of the actual device.

In order to stress the importance of computational modeling of topological devices and the
conceptualization of device structures, we refer to a specific example provided in figure 19. The central panel
shows a typical 2D-Xene material lattice, a prominent feature being the buckling along the vertical axis,
which provides the opportunity to open the gap via the application of a gate voltage. We also show the
possible topological phases that this material can exhibit. It is now possible to harness these phases via
appropriately designed device structures. Here we depict two possibilities in the left and right panels. Gating
strategies (left panel) can give rise to producing symmetry states ‘on demand’ [142]. On the other hand, the
right panel shows how one can design a topological transistor, which relies on the topological phase
transition, to optimize a sub-threshold operation [132, 137].

In this context, quantum transport modeling using the non-equilibrium Green’s function (NEGF)
platform [143], has, in the past two decades provided a strong underpinning for nanoscale device modeling,
especially in the context of Si-based nanoscale transistors [136]. In the ballistic limit, the formalism gives an
atomistic prescription to evaluate the transmission, and connects the current operator with the
Landauer—Biittiker approach. Alternatively, in this limit, one can also evaluate the transmission using the
Green’s function via the S-matrix approach [144].

We briefly outline the pathways and challenges ahead in terms of developing a predictive and realistic
device simulation platform for 2D-topological electronics.

Current and future challenges

Much of the advances in quantum transport have been in the coherent ballistic limit [144], where detailed
electronic structure calculations could supplement model Hamiltonian calculations, within a reasonable
computational upgrade [138]. In the current context, specifically, the issue of edge disorder and termination
of 2D-nanoribbons becomes so specific that minute variations in the simulation setups [138] can give rise to
immense differences in the evaluated result, making device level predictions very difficult. Furthermore,
given the computational complexity of transport simulations, there are several levels of electronic structure
theory that must be considered.

To test basic device paradigms, for instance, one typically starts with simpler model Hamiltonians using
the single orbital tight binding frameworks, which provides an overall working principle [137, 142].

However, going beyond the 2D-Xene platform requires serious consideration of orbital chemistry and
typically one has to adapt the quantum transport formulation to the Wannierized tight binding framework,
where electronic structure calculations are quite well established [132, 138].

In order to further developments in quantum transport and move toward a useful platform, one needs to
move toward realistic and predictive models, which can capture detailed device intricacies including the
electrostatic environment, disorder and finite temperature scattering effects [145]. Disorder models, in
general, can get very computationally intense, but can be shown to be equivalent to momentum relaxing
dephasing processes [143]. In such cases, the NEGF formalism can be advanced to capture models of
dephasing using the self-consistent Born approach, which goes well beyond the ballistic limit, but can get
computationally intense. It is truly a challenge to advance quantum transport with the inclusion of the full
band-structure details coupled with disorder and dephasing models.

The above typically applies to dc-transport. However, given that device simulations for quantum
technologies will strongly rely on hybrid quantum systems, one has to move toward effective modeling of
incorporating superconductivity, the inclusion of an electromagnetic environment and circuit quantum
electrodynamics. This will open several possibilities in terms of advancing topological electronic device

41



10P Publishing

J. Phys. Mater. 7 (2024) 022501 B Weber et al

Figure 19. An example of a topological electronic device: (center top) typical lattice structure of 2D-Xenes. A crucial aspect here is
the buckled structure that can create a gapped spectrum under the application of a vertical electric field. (center bottom)
Topological phase space of such a structure. Reprinted (figure) with permission from [137], Copyright (2022) by the American
Physical Society. (Left) Device structure to create spin-valley locking, which effectively locks spins to valleys via an opposite
polarity dual gating. The spin-valley polarized states are created via a bulk-boundary correspondence of a quantum spin Hall
phase flanked between two quantum valley Hall phases. Reproduced from [142]. CC BY 4.0. (Right) Topological transistor
structure which uses a dual gate to create a substantially steep subthreshold swing. Reprinted with permission from [132].
Copyright (2021) American Chemical Society. Reprinted (figure) with permission from [137], Copyright (2022) by the American
Physical Society.

modeling for quantum technology applications, specifically opening the door toward the atom-to-circuit
device design.

Advances in science and technology to meet challenges

In order to sketch a roadmap for advancement, let us consider the example of a topological transistor
depicted in figure 19. This is a case of dc-quantum transport modeling, for which a holistic platform must
include the following developments. First, we currently have well developed electronic structure methods for
transport across various 2D-material systems, which is well integrable with NEGE, as a precursor for an
effective and predictive understanding of 2D topological insulator based devices.

Recognizing the importance of adding many functionalities, including high-bias transport, detailed
modeling of the contacts, scattering effects and coupling to the electrostatics, such methods must be able to
be encapsulated within the tight-binding real space framework.

Following this, detailed numerical techniques to improve the calculation speeds of NEGF with the
inclusion of scattering and dephasing effects must be developed. Having a strong platform for dc-NEGF
transport will then be completed with the inclusion of the electrostatic environment, for instance the gating
and complex oxide field effects that might be necessary in the case of the topological field effect transistor.

Furthermore, to model high speed operation and possibly switching transients, one has to develop the full
fledged ac-transport model. Given that the dc-NEGF formalism is only a special case of the most generalized
time-dependent transport equations [143], it is a huge computational exercise to develop. A first step would
be to develop ac- transport with the full force of quantum transport coupled with Maxwell’s equations [146],
With this, one can also analyze the high frequency operation of device structures like topological transistors.
Most importantly, given the current interest in hybrid quantum devices, the development of a realistic device
framework that captures the coupling to the electromagnetic environment seems to be one of a timely need.

Concluding remarks

In order to construct meaningful device concepts based on what topological insulators can potentially offer,
one needs to conceptualize device designs. Quantum transport based device modeling provides a strong
backbone to both provide theoretical underpinning to experiments as well as provide for new device designs.
However, lots of advancements on the computational framework need to be developed which include
computationally efficient electronic structure extraction, efficient matrix calculations, GPU based

42


https://creativecommons.org/licenses/by/4.0/

10P Publishing

J. Phys. Mater. 7 (2024) 022501 B Weber et al

computing and eventually development of composite solvers. All this will lead to a strong synergy between
computation, experiment and theory geared toward the advancement of topological electronics for both the
Beyond Moore era and the quantum technology era.
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