
inspection to its crystal structure shows that it can be interpreted
as a spontaneously occurring van-der-Waals (vdW) heterostructure
made of In2S3 and ZrS layers. Taken separately, the two
monolayers are semiconducting and topologically trivial, but
In2S3 is polar and the band offset associated with the vertical
electric dipole drives an inversion between the valence band,
associated with one layer, and the conduction band, arising from
the other layer, that hybridize with the appearance of a
topological gap in the presence of spin-orbit coupling (SOC).
In this work, we propose that if the polar material is ferroelectric,

such vdW heterostructures made of two topologically-trivial 2D
materials–namely a trivial insulator and a ferroelectric
insulator–behave as a ferroelectric QSHI where the polarization
direction and the Z2 topological invariant are coupled. This
happens when valence and conduction bands are associated with
different layers and the two polarization states, with opposite
offsets stemming from the vertical dipole, give rise to different
alignments between them (see Fig. 1). More speci!cally, we can
have a ferroelectric QSHI if in one polarization state conduction
and valence bands are inverted and SOC can open a topological
gap, while in the opposite state the band inversion is suppressed
leading to a topologically trivial phase. Here we show that, not
only this is a general strategy to engineer non-volatile ferroelectric
control of topological order in 2D heterostructures28–32, but also
that the effect is robust and can survive up to room temperature,
irrespective of the weak vdW coupling between the layers. Indeed,
we !nd that, remarkably, when the band inversion occurs at the
Brillouin zone (BZ) center, its existence and the associated
topological phase are purely driven by band alignment, and thus
independent of the relative orientation of the two layers and do
not require lattice matching (either in terms of lattice parameters
or symmetry). This suggests that, although stringent conditions on
band alignment and suf!ciently strong SOC in at least one of the
two materials are needed, the range of possible materials
combinations is rather large. Moreover, we show that, while
vdW interactions are notoriously weak and the interlayer distances
are typically rather large, the weak interlayer hybridization is

fundamental to support robust topological phases driven by band
alignment and atomic SOC.

RESULTS
Reference system
Although In2ZnS4 could provide a tantalizing starting point, it
actually displays rather poor performance in terms of band gap10,
for reasons that will be clari!ed later. To maximize the effect and
illustrate the idea, we search for an optimal combination of
monolayers. Ideally, the vdW heterostructure should be made of
two easily exfoliable materials with low binding energies27 to
facilitate fabrication, and display a QSHI phase with a strong band
inversion and a relatively large gap to maximize performance. The
energy barrier between the two polarization states should also be
suf!ciently low to be overcome with relatively weak electric !elds
(of the order of a few tenths of V/nm) and suf!ciently large to
sustain room-temperature ferroelectricity.
In this work, we thus consider In2Se3, a well-known 2D

ferroelectric semiconductor33–36 with the bottom of the conduc-
tion band at the BZ center (! point), and combine it with an
optimal semiconducting monolayer from large databases of 2D
materials27,37,38, with a focus on easily exfoliable compounds27. To
facilitate simulations, we look for a 2D material that is lattice
matched with In2Se3, although this is not crucial for experiments
as we shall discuss. More compelling, we require that the top of
the valence band is at ! and lies suf!ciently close in energy (with
respect to vacuum) to the conduction band bottom of In2Se3 (also
at !) and that it contains suf!ciently heavy elements to be
expected to display signi!cant SOC. While these conditions might
seem very strict, in reality there are many candidates that can
satisfy them according to density-functional theory (DFT) simula-
tions within the PBE approximation39 (see Supplementary Note 1
and Supplementary Fig. 1). Among them, we !nd CuI, an insulator
with a 1.8 eV band gap at the DFT-PBE level and the PtTe-
prototype structure27, to be optimal for assembling with In2Se3 a
vdW ferroelectric QSHI. We note that monolayers of CuI have

Fig. 1 Operating principles of ferroelectric control of topology in a van-der-Waals heterostructure. A two-dimensional (2D) ferroelectric
insulator with !nite out-of-plane polarization and a trivial 2D insulator are put together forming a van-der-Waals heterostructure. As a
consequence of the !nite vertical dipole, an electrostatic potential drop !! exists across the ferroelectric layer, which shifts the vacuum level.
Remarkably, it is possible to !nd combinations of materials for which, upon the formation of the heterostructure, this difference in vacuum
energy can give rise to distinct band alignments between the two layers depending on the polarization direction. In one polarization state the
dipole-induced offset is such that a !nite energy gap is present between the valence bands associated with the normal layer and the
conduction bands arising from the ferroelectric material, so that the system is a trivial semiconductor. For the opposite polarization, a band
inversion occurs and spin orbit interactions can open a !nite gap between inverted bands, promoting the heterostructure to a quantum spin
Hall insulator with a non-trivial Z2 topological invariant. The difference between the two polarization states is re"ected in an asymmetry of
the hysteresis cycle, with a smaller magnitude of polarization in the topologically non-trivial state as a consequence of the charge transfer
between the layers arising from the band inversion.
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