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On-demand quantum spin Hall insulators controlled by
two-dimensional ferroelectricity

We propose a new class of quantum materials, type-II
two-dimensional ferroelectric topological insulators
(2DFETIs), that has the band topology directly coupled to
the ferroelectricity, thus allowing non-volatile and on-off
switching of quantum spin Hall states. The 2DFETI-based
topological memristor, combining the advantages of
topological insulators, ferroelectrics, and two-dimensional
materials, may hold the promise for energy-efficient,
high-density synaptic electronics and neuromorphic
systems.
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We propose a new class of quantum materials, type-Il two-
dimensional ferroelectric topological insulators (2DFETIs), which
allow non-volatility and an on-off switch of quantum spin Hall
states. A general strategy is developed to realize type-I1l 2DFETIs
using only topologically trivial 2D ferroelectrics. The built-in elec-
tric field arising from the out-of-plane polarization across the
bilayer heterostrucuture of 2D ferroelectrics enables robust control
of the band gap size and band inversion strength, which can be
utilized to manipulate the topological phase transitions on-
demand. Using first-principles calculations with hybrid density
functionals, we demonstrate that a series of bilayer heterostruc-
tures are type-ll 2DFETIs characterized with a direct coupling
between the band topology and polarization state. We propose a
few 2DFETI-based quantum electronics, including domain-wall
quantum circuits and topological memristors.

Band topology and ferrroelectricity, two extensively studied
properties of bulk insulators representing two distinct “ordered
states”, can manifest themselves in two dimensions. Graphene
as the first discovered two-dimensional (2D) material® is also
the first predicted 2D topological insulator (TI) characterized by
counter-propagating edge currents with opposite spin polariza-
tion and an insulating interior.> A 2D TI is also called a
quantum spin Hall (QSH) insulator due to its quantized edge
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controlled by two-dimensional ferroelectricityy
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New concepts

By analogy with type-I multiferroics in which different origins of
magnetism and ferroelectricity lead to weak magnetoelectric coupling,
most reported two-dimensional ferroelectric topological insulators
(2DFETIs) are type-I by nature: the switching of ferroelectric
polarization has no control over the nature of band topology. Here, we
propose a new class of quantum materials, type-II 2DFETIs, which have
the band topology directly coupled to the ferroelectricity, thus allowing
non-volatility and an on-off switch of quantum spin Hall states. The
design principle for type-II 2DFETIs is demonstrated using van der Waals
bilayer heterostructures comprising only trivial 2D FEs: the built-in
electric field associated with the out-of-plane polarization is utilized to
drive the band inversion needed for topological phase transition. Several
type-Il 2DFETI-based quantum electronics are proposed, including
domain-wall quantum electrical circuits and non-volatile topological
memristors for synaptic electronics and neuromorphic systems.

conductance (2e*/h where e is the elementary charge and 4 is
Planck’s constant). Finding 2D TIs with large band gaps for
room-temperature applications remains an actively pursued
goal.>®

Ferroelectrics (FEs) with inversion symmetry breaking often
exhibit a strong size effect that the spontaneous polarization is
diminished with reduced dimensionality due to the depolariza-
tion field from the incomplete screening of surface charges.”
More recently, facilitated by first-principles calculations based
on density functional theory (DFT), a range of 2D FEs were
discovered followed by confirming experiments.®*'* Specifi-
cally, o-In,Se; exhibits out-of-plane electric polarization,”™* a
feature beneficial for practical device applications and high-
density integrations. As the surfaces of 2D materials do not
suffer from dangling bonds, it is feasible to stack different 2D
sheets to construct van der Waals (vdW) heterostructures in a
precisely controlled layering sequence less impacted by the
lattice mismatch.'**®

A 2D material system with both ferroelectric and topological
orders, referred to as a 2D ferroelectric topological insulator
(2DFETI), remains rarely reported other than some chance

This journal is © The Royal Society of Chemistry 2022
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discovery.'””>' The common strategy is to induce the breaking
of the inversion symmetry in a known 2D TI either by functio-
nalizing it covalently'” or placing it next to a known 2D FE."*?°
The requirement of a 2D TI limits the applicability of such a
strategy. Moreover, a mere coexisting of ferroic and topological
orders does not guarantee a strong coupling between topologi-
cal and polarization states. For example, ligand-CH,OH-
functionalized bismuth monolayer (BiCH,OH)"” and
fluorinated methyl-functionalized bismuthine (Bi,C,He_,F,),"®
though possessing both ferroelectricity and nontrivial band
topology, are unlikely to realize an on-off switch of QSH states
through polarization reversal. By analogy with type-I multi-
ferroics in which different origins of magnetism and ferroelec-
tricity lead to weak magnetoelectric coupling,*** most
reported 2DFETIs can also be called type-I by nature: the
switching of ferroelectric polarization has no control over the
nature of the band topology."”***' The challenge to couple
ferroelectric and topological orders strongly is partly due to the
“band gap dilemma”:** TIs are often narrow-gap semiconduc-
tors with a band gap determined by the strength of spin-orbit
coupling (SOC) whereas archetypal FEs such as transition metal
perovskites are mostly wide-band-gap insulators with the gap
size dictated by the electronegativity difference between oxygen
and transition metals. Unlike bulk FEs in 3D, many 2D FEs are
semiconductors with moderate band gaps,'® thus being better
suited for the coexistence of the topological order.

Here we propose a design principle for the realization of
2DFETIs in bilayer heterostructures comprising only trivial 2D
FEs. The ability to create nontrivial quantum materials using
trivial building blocks broadens the material design space.
Moreover, the band topology is directly coupled to the polariza-
tion state: the nonvolatile QSH states can be fully switched on
and off via voltage, giving rise to what we call type-II 2DFETIs.
The key requirement for the constituent 2D FEs is the presence
of out-of-plane polarization (Pgp). For a free-standing mono-
layer, the polarization-bound charges on the two surfaces create
a depolarization field (E4) that runs against the polarization. As
a result, the valence band maximum (VBM) is located on the
negatively-charged (Q~) surface, while the conduction band
minimum (CBM) is on the positively-charged (Q') surface
(Fig. 1a). A heuristic way to understand such “band bending”
is that electrons close to the Q~ surface are at a high energy
level (thus being at VBM) because of the Coulomb repulsion.
The band diagram of a 2D FE with Pop resembles that of an
unbiased p-n junction, and E4 across the monolayer is similar
to the electric field confined to the depletion region around the
junction interface (see Fig. S1 in ESIt). Since the potential step
(A®) scales with Pgp, one might expect the crossover of VBM
and CBM given a sufficiently large Pop. However, such band
inversion is less likely to happen in a monolayer as the system
would become metallic at the crossover, providing more free
carriers for surface charge compensation, thus reducing E4 and
band bending. Therefore, a 2D FE by itself has a tendency to
avoid the band inversion by maintaining an optimal trade-off
between imperfect screening and a minimal necessary band
bending.”> We note that homogenous bilayer or trilayer 2D FEs

This journal is © The Royal Society of Chemistry 2022
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Fig. 1 Design principle for type-Il two-dimensional ferroelectric topolo-
gical insulators. Band bending in (a) monolayer 2D ferroelectrics and
(b) bilayer heterostructures consisting of two different 2D ferroelectrics
with out-of-plane polarization (Pop). The potential step (A®) across the
monolayer is due to the depolarization field (Eqy) arising from the incom-
plete screening of surface charges associated with Pop. The band bending
is similar to what occurred at the depletion region of a p—n junction. When
ignoring the interlayer charge transfer, the bilayer heterostructure can be
approximated as parallel plate capacitor (yellow solid lines), and the total
potential step (A® = A®; + AdP,) does not depend on the interlayer
distance because of the zero field in the interlayer region according to
Gauss's law. The band inversion can be controlled by the switching of Pop.
(c) Potential topological insulator phase due to band inversion. (d) Trivial
insulator phase with uninverted bands.

could exhibit band inversion; but the reversal of the polariza-
tion cannot change the band topology thus rendering them
type-I 2DFETISs.

In contrast, a bilayer heterostructure made of two different
2D FEs (Fig. 1b) allows for a band inversion process when the
following condition is satisfied:

AP[Pop] + X% > WO (1)

where X°" is the electron affinity of the Q" surface and W°™ is
the work function of the Q™ surface of the heterosrtructure,
respectively. The superscripts Q" and Q™ label the two outmost
surfaces, belonging to two different monolayers, respectively. It
is evident from Fig. 1b that Eypy = —W°™ and Ecpy = —(A® +
X" relative to the vacuum level and eqn (1) naturally leads to
Ecgm < Evgm and thus a band inversion. According to the
celebrated Neumann-Wigner theorem,”® the presence of cross-
ing between two bands often demands a symmetry-related
protection (e.g., mirror symmetry). For a generic system without
special crystalline symmetries, the SOC will then lead to a
double group system where a gap generically opens between
the valence and conduction bands, likely resulting in a QSH
state. Because X°' and WX~ are coming from two different
materials, a 2DFETI can be realized by selecting one monolayer
with large X and another monolayer with small W.

Mater. Horiz., 2022, 9, 1440-1447 | 1441
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Furthermore, by choosing a pair of 2D FEs (labeled as A and
B, respectively), satisfying

AD[Pop] + Xa%" > W55 AD[Pop] + X5%" < W97,

(2)

we can ensure that the configuration with P pointing from B to
A has band inversion (Fig. 1c) while the other configuration
with P pointing from A to B is a normal insulator (Fig. 1d),
creating a pair of topologically different, non-volatile states in
the absence of external electric fields. This can be accom-
plished by choosing A with large X and W whereas B with small
W and X. This design principle can lead to a type-II 2DFETI that
has the nature of band topology directly coupled to the direc-
tion of ferroelectric polarization.

An advantage of the proposed type-II 2DFETI is the “on-
demand” topological quantum phase transition. For a band
inversion process driven by SOC, the inversion strength A =
Evem — Ecpwm is intrinsically limited by the atomic numbers of
heavy elements contributing to the states near Er. In compar-
ison, the inversion strength of the proposed bilayer system is
directly coupled to the potential step AP across the hetero-
structure, . = A® + X°" — W™, In general, X and W are less
sensitive to the change of polarization for a given material.
When ignoring the interlayer charge transfer, the bilayer can be
approximated as parallel plate capacitors (illustrated as yellow
solid lines in Fig. 1b), and A® does not depend on the interlayer
distance because the electric field in the interlayer region is
zero according to Gauss’s law. Therefore, A® almost singularly
depends on Pop (and thus Eg4) of constituent 2D FEs. By
applying external electric/stress fields to vary Pop, the magni-
tude of A can thus be tuned nearly continuously. This implies
access to multiple electronic band configurations that are
effectively characterized by the magnitude of 4 and can belong
to distinct topological phases. Using a generic model (see
details in Section III, ESIf), we explore the evolution of the

View Article Online
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band topology with increasing value of / and identify successive
phase transitions associated with two band inversion events,
occurring at the I'-point and then non-high-symmetry points in
the Brillouin zone. The two quantum phase transition points
(band gap E, = 0, see Fig. 2a) separate trivial, nontrivial, and
trivial phases, respectively, as verified by Wilson loop calcula-
tions (Fig. 2b).

The single-equation design principle that depends on only
three basic material parameters serves as useful guidance for
the search of realistic material systems. Below, using bilayer
heterostructures made of o-III,-VI;-type 2D FEs as model
systems, we demonstrate the feasibility of the design principle
based on DFT calculations. A typical a-III,-VI;-type 2D FE in the
space group of P3m1 comprises five atomic planes in the order
of VI-III-VI-III-VI, in which the central layer is displaced
relative to the top and bottom III-VI layers, resulting in out-
of-plane polarization (Pop, Fig. 3a). Phonon spectrum calcula-
tions in previous studies confirmed that o-I1I,-VI;-type 2D FEs
such as o-In,S;, o-In,Ses;, o-In,Tes, and o-Ga,S; are all dynami-
cally stable without an imaginary frequency in the phonon
spectra (Fig. S18, ESI)." It is a common practice for computa-
tional materials by design to gauge the stability of a new
material based on the phonon spectrum that captures the
intrinsic stability.>>”° We note that the 2D ferroelectricity in
monolayer o-In,Se; was first predicted based on DFT
calculations'® and later confirmed experimentally.®*°~*> More
recently, nanoflakes of a-Ga,S;, a homologous compound of
a-In,Se;, have been synthesized.>® These results support that
the absence of an imaginary frequency in the phonon spectrum
is a meaningful indicator of material synthesizability. It is thus
plausible that other o-III,-VI;-type 2D FEs such as o-In,S; and
a-In,Te; could be synthesized as well, and designed bilayer
systems in this work are equally plausible. It was proposed that
ab initio molecular dynamics (AIMD) can be used to further
confirm structural stability.>* We performed additional AIMD
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Fig. 2 Successive trivial-nontrivial-trivial phase transitions driven by the strength (1) of band inversion. The generic phase diagram is obtained using an
extended BHZ model on a two-dimensional square lattice. (a) Numerically obtained band gap as a function of 1. (b) Wilson loop calculations for three

different phases.
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Fig. 3 Electronic structures of In,Ses/In,S3 bilayer heterostructures. (a) Atomic structures of the In,Ses/In,Ss bilayer heterostructure of the UU
configuration. (b) Electronic electrostatic potential of the UU configuration and (c) layer-resolved local density of states (LDOS) for Q* and Q™ surfaces
computed with HSEO6. The dipole correction method*® is employed to compute A®, while the supercell remains periodic in all three directions. The
potential step across the bilayer and the locations of the VBM and CBM are consistent with Fig. 1d. (d) HSEO06 band structures of UU and DD
configurations. (e) Spectral functions at the edges of the DD configuration. Because of in-plane asymmetry; the left (L) and right (R) edges have relatively

shifted Dirac cones.

calculations for o-In,S;, a-In,Tez, and some bilayer systems and
confirmed their stability at finite temperatures (Fig. S19, ESIT).
Moreover, recent experimental realizations of sliding
ferroelectricity®® in 2D vdW materials using nonferroelectric
2D materials such as A-BN have substantially broadened the

This journal is © The Royal Society of Chemistry 2022

candidates of 2D FEs with out-of-plane polarization,***” indi-

cating a wide applicability of the proposed design principle for
type-1I 2DFETIs.

The vdW heterostructures are fully optimized using a gen-
eralized gradient approximation of the Perdew-Burke-
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Ernzerhof (PBE) type with Grimme dispersion corrections as
implemented in QUANTUM ESPRESSO***° (see more details in
ESIt). To address the well-known issue of band gap under-
estimation of (semi-)local DFT such as PBE, we compute the
electronic properties (e.g., X and W) with the Heyd-Scuseria-
Ernzerhof (HSE) hybrid density functional®® for some represen-
tative systems. The HSE06 band structure with SOC is obtained
via Wannier interpolation®! using Wannier90** interfaced with
QUANTUM ESPRESSO. To recognize the topological state of
this system, we obtain the Z, topological index by calculating
the Wilson loop spectrum using the maximum localized Wan-
nier function tight-binding Hamiltonians constructed with
Wannier90. The boundary spectral function of a 2D TI is
computed using the boundary Green function technique in a
semi-infinite geometric setting such that boundary states can
be easily identified even for systems with a small gap as the
local (boundary) spectral weight is dominated by the contribu-
tion from boundary states. In our calculations, the edge is
created by imposing an open boundary condition for certain
unit cells, and the width is infinite because of the semi-infinite
geometry.
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We focus on the bilayer heterostructure made of monolayer
In,Se; and In,S;. The monolayer properties calculated with
HSE06 are as follows: Wi, s, = 7.08 €V, Xpse, = 4.50 €V,
Ay, se, = 1.31 eV and Wy, 5, = 7.70 eV, Xi, 5, = 4.28 eV, and
Ady, s, = 1.58 eV. The configuration with out-of-plane polariza-
tion pointing from In,S; (Q~ surface) to In,Se; (Q" surface) is
denoted as UU (up-up, Fig. 3b). The computed electronic
electrostatic potential across the UU bilayer (Fig. 3b) is consis-
tent with the design principle illustrated in Fig. 1d. The layer-
resolved local density of states (Fig. 3¢) confirm that the VBM
and CBM are located at Q- and Q' surfaces, respectively.
According to eqn (2), the UU configuration is a normal insu-
lator as Ay, 5, + Ady, se, + XmZSesQ+ < WstSQ*- In comparison,
the configuration with a reversed polarization, denoted as DD
(down-down), has In,S; being the Q' surface and In,Se; being
the Q- surface. Then the band inversion can occur because
Adry s + APy se, + Xins,? > Winse,’ . The HSE06 band
structures as shown in Fig. 3d for the UU and DD configura-
tions further corroborate the above analysis. The UU configu-
ration is a trivial insulator with an indirect band gap of 0.68 eV.
As for the DD configuration, the inverted gap at I’ is evident in

s
o
w \ .
-0.5 40 meV Al 3P
Te 5P
Se 4P
-1.0 —
M r K

k, (27la)

Fig. 4 : Electronic structures of In,Tes/In,Ses vdW heterostructures. Atomic orbital-resolved band structures of (a) In,Tes/In,Ses bilayer and (b) Al/

In,Tes/InySes trilayer of the DD configuration. The insets show the structures of heterostructures. (c) Spectral functions at the edges of Al/In;Tez/In,Ses
trilayer. Because of the break of inversion symmetry in plane, the left (L) and right (R) edges may acquire positive and negative bound charges, leading to
shifted Dirac cones.
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the band structure, and small anticrossing gaps (~2 meV) open
at generic k points away from I". We note here that the band gap
size can be further enhanced (see discussions below). Calcula-
tions of the Z, invariant using the Wilson loop approach
confirm that the DD configuration is indeed in the QSH
insulator phase. As a consequence, topological edge states
occur at the boundaries of these samples, which can be clearly
seen from the boundary spectral functions shown in Fig. 3e.
These results from HSE06 calculations support the proposed
design principle for the realization of type-II 2DFETIs that have
the topological quantum state originating from the ferroelec-
tricity. Similarly, we find that a number of bilayer heterostruc-
tures are type-II 2DFETIs based on PBE calculations, i.e., the DD
configurations of Al,Tes/Al,Se; and Al,Te;/In,S;. The non-
trivial band topologies of these systems are confirmed by Z,
calculations (see ESIT).

The central quantity of the design principle proposed in this
work is Pop and associated Eg4, which in principle can be
continuously tuned. In experimental realizations, we suggest
that various factors such as the dielectric constants of sub-
strates, unintentional doping due to chemicals used in the
device fabrication process, and in-plane strains induced by the
lattice mismatch can serve as knobs to obtain precise control of
E4 and A. For example, one can use another layer of semicon-
ducting 2D material or a substrate to partially screen the
surface charges of the bilayer, thus setting the magnitude of
E4 and 4 to the desired value. We now offer an example to
demonstrate the highly configurable band topology by tuning
the strength of /. The generic phase diagram shown in Fig. 2b
suggests that a too large value of 1 results in a trivial state. We
find that the In,Se;/In,Te; bilayer of the DD configuration is
such a case: the Wilson loop calculation confirms that the band
topology (see the band structure in Fig. 4a) is trivial. Interest-
ingly, by placing a monolayer Al right next to the Q~ surface
(Fig. 4b), we recover a topologically nontrivial state with a
decent band gap of ~40 meV around I', and the corresponding
topological edge states are shown in Fig. 4c. We attribute the
enhancement of the band gap to the stronger hybridization
between the Te-5p and Se-4p bands. The Se bands split by Al
atoms have a large overlap with the Te 5p bands in energy,
consequently leading to a stronger hybridization. Layer-
resolved density of states further corroborates the reduction
of built-in field within the In,Se;/In,Te; bilayer because of the
proximity effect of monolayer Al (see more details in Section VI,
ESIt). The induced Z, nontrivial topological edge states by Al
coating pose a plausible scenario at low temperatures when Al
turns superconducting.*® The superconductivity proximitized
edge states effectively realize a topological superconductor**
that may host Majorana zero modes if terminated by a mag-
netic gap introduced either by an external in-plane magnetic
field or by contact to certain magnetic materials. It is noted that
the switchability of bilayer heterostructures such as In,Se,/
In,Te; is confirmed by computing the minimum energy path-
ways (see Section IX, ESIt).

The 2DFETIs exhibit a few features distinct from their 3D
counterparts. First, a 2DFETI is expected to possess more

This journal is © The Royal Society of Chemistry 2022
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robust switchability than a 3DFETI. The conducting surface
states of a 3DFETI, though in principle can serve as innate
metallic electrodes to stabilize ferroelectricity at the
nanoscale,** may also screen strongly the external electric field,
hindering the polarization reversal process. In contrast, a
2DFETI behaves like a normal insulator along the out-of-
plane direction, making it easier to switch Pop. Because the
band topology is strongly coupled with the direction and
magnitude of Pop, it is feasible to use an external electric field
to drive a trivial-nontrivial topological phase transition, corres-
ponding to an OFF-ON switch of the quantized edge conduc-
tance. According to our design principle (eqn (2)), the UU and
DD configurations of a bilayer heterostructure can have differ-
ent band topologies. Unlike 1T’-MoS, that requires a sustained
electric field to maintain the trivial state,® the UU and DD
configurations are intrinsically stable in the absence of an
electric field, allowing non-volatile topological field-effect tran-
sistors. Additionally, the 180° domain wall (DW) separating UU
and DD domains will support helical metallic states protected
from back-scattering. These DWs in 2DFETI can serve as field-
configurable and moveable quasi-1D dissipationless charge/
spin transport channels (Fig. 5a), offering new opportunities
of domain-wall-based quantum electrical circuits.*’

Finally, we propose a topological memristor (illustrated in
Fig. 5b) for non-volatile multi-state applications based on vdW
heterostructures of 2DFETIs separated by 2D wide-band-gap
insulators such as hexagonal boron nitride (hBN). The device
setup is similar to a topological transistor’ but with the
advantages of being nonvolatile and multistate. Note that a

Domain Wall

ON Top dielectric
| Skt “2DFETL - ON
OFF i
Source Drain
ON ?ﬂ:}—;i ON
ON =———"—="—pN

Bottom dislectric

Fig. 5 Schematic diagram of 2DFETI-based devices. A hetero-bilayer is
topologically trivial in the UU configuration and non-trivial in the DD
configuration. (a) Ferroelectric domain walls as field-configurable and
moveable quasi-1D channels carrying dissipationless spin current. (b) A
non-volatile topological memristor made up of heterobilayers. The UU
configuration is trivial and the DD configuration is nontrivial. The edge
conductance can be written to any value between 0 and 2Ne?/h for a
stacked structure containing N layers of type-Il 2DFETIs. The edge states
remain nonvolatile in the absence of vertical electric fields between top
and bottom gates.
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field-effect transistor made completely from 2D materials has
already been demonstrated,*® indicating the possibility of
constructing a similar unit using only 2D materials. The
hetero-bilayer-based 2DFETI is topologically trivial in the UU
configuration while non-trivial in the DD configuration. It has
been demonstrated in ferroelectric thin films that the polariza-
tion state can be deterministically set to a desired value in an
on-demand fashion by controlling the voltage and width of
pulsed electric fields.””*® Following a similar spirit, the edge
conductance of the vdW heterostructure containing N sheets of
2DFETIs can be written electrically to any value between 0 and
2Ne’/h by varying the number of bilayers of DD configurations,
and retain the value without bias. The proposed 2DFETI-based
topological memristor, combining the advantages of topologi-
cal insulators, ferroelectrics, and two-dimensional materials,
may hold promise for energy-efficient, high-density synaptic
electronics and neuromorphic systems.

In summary, we develop a strategy to realize a novel class of
quantum materials, type-II two-dimensional ferroelectric topo-
logical insulators, characterized with a direct coupling between
band topology and polarization state. The design principle,
supported by first-principles calculations with hybrid func-
tionals, can be succinctly summarized as one equation that
depends only on three material parameters: the out-of-plane
polarization, work function, and electron affinity. The ability to
construct topological quantum materials using only trivial
building blocks, combined with the voltage-switchable quan-
tized edge conductance, offers exciting opportunities for
2DFETI-based quantum electronics. A plausible combination
of superconducting 2D materials and 2DFETI not only intro-
duces nontrivial topological properties in the normal state but
also likely provides a controllable topological superconductivity
platform.
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