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Fundamentally, ferroelectrics must belong to a noncentrosymmetric space

group, limiting the exploration of more new ferroelectric materials. We cir-
cumvent this limitation by triggering structure distortion and inducing fer-
roelectricity in centrosymmetric van der Waals group-IV monochalcogenide
GeSe semiconductor that features unexpected intrinsic out-of-plane anti-
ferroelectricity. Double-type and single-type hysteresis loops from electric
measurements, bonding distortion observed in in-situ atomic imaging, and
perpendicular polarization uncovered by first-principles calculations, confirm
the intrinsic out-of-plane antiferroelectricity and the antiferroelectric-
ferroelectric transition induced by the vertical external electric-field. The

hidden out-of-plane antiferroelectricity and field induced ferroelectric polar-
ization in spatial-inversion symmetric GeSe makes it a new member of van der
Waals layered semiconductors with both in-plane and out-of-plane ferroelec-
tricity, and possibly, can be extended to all group-IV monochalcogenides and

other centrosymmetric van der Waals layered materials.

Van der Waals (vdW)-layered ferroelectric (FE) semiconductors, espe-
cially possessing the out-of-plane (OOP) FE property, hold great promise
for fabricating next-generation nanodevices including compact non-
volatile memory, nonlinear optical and optoelectronic devices, and in-
memory computing with low-consumption. However, limited by the
scarcity of candidates with broken spatial-inversion symmetry', only a
limited number of vdW OOP FE semiconductors have been confirmed?,
such as In,Ses*, CulnP,S¢’ and InSe®, e.g., due to the ion displacement
in the vertical direction®> or the interlayer directional sliding
(charge-redistribution)®*™, as well as those unique asymmetric artificial
structures by interlayer twisting (with moiré patterns)>”. As a newly-
attractive vdW-layered family, anisotropic group-IV monochalcogenide
MX (e.g., M=Ge, Sn; X=S, Se) semiconductors possess intriguing
electric/optical properties, including in-plane AFE/FE and even
multiferroicity"*, since monolayer MX with a puckered structure along
the armchair direction possesses in-plane spontaneous polarization and

FE property” . However, all reports involving AFE/FE in MX were in-
plane, regardless of theoretical”*>* and experimental’®**? results in
either monolayer or multilayer systems, except for the extrinsic OOP FE
in SnSe that was induced by charge doping™ and the mechanical force
induced OOP FE in GeSe attributed to the Janus state®. In contrast, no
intrinsic OOP FE can be accessible and even expectable in MX because of
the facts that vdW-layered MX are interlayer inversion-symmetric and
the vertical dipoles between anions and cations are antiparallelly
arranged both in intralayer and interlayer, which structurally gives a zero
OOP electric polarization both in each-layer and vdW-interlayer, corre-
spondingly resulting in a non-polar feature in the vertical direction.
Here, we uncover the unconventional intrinsic OOP AFE property
in GeSe as an example of centrosymmetric vdW-layered semi-
conductors, a representative member of the MX family. AFE-FE
transformation and simultaneous polarization reversal are theoreti-
cally predicted and experimentally realized on GeSe flakes with the
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vertical external electric field, which can be attributed to the switch-
able structure distortion with asymmetric ion displacements of both
cations (Ge) and anions (Se). Our investigation not only proposes a
vdW-interlayer interaction induced unique origination of OOP AFE and
the AFE-FE transition induced by external electric fields, but will also
promote the follow-ups for practical application of them in low-
consumption in-memory sensing and computing chips.

Results

Structure and optical characterizations

VdW-layered GeSe belongs to orthorhombic space group Pnma (Sup-
plementary Fig. 1). The two principal axes along [010] and [100] named
as the armchair and zigzag directions (Fig. 1a, d), respectively, can be
confirmed by HAADF-STEM images (Fig. 1b, e) and the corresponding
atomic-level energy dispersion spectroscopy (EDS) maps (Fig. 1c, f).
Structurally, it exhibits an in-plane electric polarization along the
armchair direction in each single layer with antiparallel arrangements
between adjacent layers, showing interlayer AB-type stacking
mode?***°, but no OOP electric polarization can be expected because
the dipoles of anions and cations are antiparallelly arranged in the
vertical direction, both in each single layer (red arrows) and vdW-gap
layer (purple arrows), by referring to the atomic models projecting
along the zigzag direction (Fig. 1le, f). The lattice parameters deter-
mined are a=0.438 nm, b = 0.382 nm, and ¢ =1.079 nm with an almost
equal spacing/thickness (-2.4% difference) between interlayer
(-0.273 nm) and intralayer (~0.266 nm). This rather narrow vdW-gap
may suggest a relatively strong interlayer vdW-force interaction
accompanying with interlayer charge-redistribution, as predicted
theoretically® that accounts for the difficulty to mechanically exfoliate
GeSe into ultrathin- or mono-layer in experiments. X-ray diffraction
(XRD) pattern demonstrates preferred reflections along (00 /) planes
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of the layered single-crystalline GeSe (Fig. 1g), indexing to the a-GeSe
(JCPDS No. 48-1226, Pnma 62), consistent with the results of
HAADEF-STEM.

We confirm the in-plane polarization vectors in anisotropic GeSe
by angle (0)-resolved polarization Raman spectroscopy (Fig. 1h,
Methods and Supplementary Fig. 2), where 8 = 0 means the linearly
polarized light parallels to the armchair direction (same in the fol-
lowing) and is verified by HAADF-STEM. Three strong Raman modes
(A% at -81cm™, By, at -150 cm™ and A; at -189 cm™) and a weak one
(A7 at -175 cm™) with specified symmetry under different configura-
tlons characterize the optical anisotropy of GeSe, where A3 is the in-
plane vibration along armchair direction???* (Supplementary Fig. 2
and Supplementary Note 1) and B,, predominant only in cross con-
figuration points to the in-plane vibration along zigzag direction®.
Based on this, polarization transmission spectra are obtained by
fixing the polarization of incident photons parallel to either armchair
or zigzag directions at different temperatures (Fig. 1i and Supple-
mentary Fig. 3). We observe a giant energy difference of ~120 meV
between the two transmission edges corresponding to the optical
bandgaps along armchair and zigzag directions, as shown by Tauc-
plots (Fig. 1i, inset)*®. This also reflects the strong in-plane optical
anisotropy in orthorhombic GeSe. Notice that temperature-
dependent Raman results disclose the ultrastability of a-GeSe up to
700 K (Supplementary Fig. 4), and the in-plane optical anisotropy is
repeatable in GeSe flakes with different thicknesses, similar to
that in ReSe,”.

First-principles calculations

To explore the possible OOP AFE or FE in GeSe, we calculate the
electrostatic potential energy distribution in a freestanding GeSe
monolayer and a freestanding AB-stacking bilayer GeSe. For the
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Fig. 1| Structural and optical characterizations of GeSe. a, d The side-views of
the atomic structures along armchair (a) and zigzag (d) directions. b, e HAADF-
STEM images and corresponding atomic-level EDS maps (c, f) of GeSe along [010]
(armchair direction, b) and [100] zone axis (zigzag direction, e) (where the arm-
chair/zigzag direction is along the b/a lattice vector, respectively), where the insets
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in b, e are the simulated HAADF-STEM images. The scale bars are 1 nm. g The XRD
pattern from the (00 /) surface. h Linearly polarized Raman spectra along armchair
(6 =0) and zigzag (6 = 90) directions in either parallel (//) or cross (L) geometries at
300K. i Linearly polarized transmission spectra along armchair and zigzag direc-
tions at 300 K, together with Tauc-plot as the inset.
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Fig. 2 | Intrinsic OOP AFE in bilayer GeSe by first-principles calculations.

a Freestanding monolayer (ML). b freestanding AB-stacking bilayer. c Fixed A layer
in bilayer GeSe in (b). d Fixed B layer in bilayer in (b). The ¢; (i=1,2, A-1, A-2,B-1,B-2,
AB-1, AB-2) in a-d indicates the vacuum energy level. e-h Electrostatic potential
energy of the freestanding monolayer (e), AB-stacking bilayer (f), the fixed A layer
(g), and the fixed B layer (h), where z, is the thickness of the unit cell, z is a
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coordinate variable, and z/z, refers to the relative position in the unit cell. i Total
energy of bilayer GeSe with external electric fields. j Total energy of bilayer GeSe
with removal of the external electric fields yet preserving the electric field-tuned
structures of the bilayer. The curves around the critical electric fields are high-
lighted by red squares and magnified panels. k Electric field dependence of the
potential energy difference and the polarization for the A and B layers.

freestanding monolayer (Fig. 2a), the vacuum energy levels of its two
surfaces are equal, i.e., ¢; = ¢, (Fig. 2e), indicating that there is no OOP
polarization. Freestanding bilayer GeSe (Fig. 2b) with ¢pap.1 = ®ag-2 also
does not show net OOP polarization (Fig. 2f). However, the unequal
potential wells of bilayer GeSe indicated by green and blue dotted lines
imply that the net OOP polarization exists in the individual A and B
layers, and the opposite polarization directions in A and B layers
manifest the AFE feature (Fig. 2f). To confirm this AFE feature in bilayer
GeSe, we remove B layer and fix A layer (Fig. 2c), or remove A layer and
fix B layer (Fig. 2d). In the potential energy profiles of the fixed A
(Fig. 2g) and B layer (Fig. 2h), we can see that Pa.; > a2 and ¢p.; < Pp.2,
which means that there is net polarization in A(B) layer pointing from
A; (By) to A, (By) surface.

We then explore the OOP polarization evolution in bilayer GeSe
in response to the vertical external electric field (Eoop) (Fig. 2i-k).
Within the whole work, the direction pointing from B to A is defined
as the positive electric field. The external electric field will redis-
tribute the electrostatic potential and slightly change the atomic
positions. For each electric field, we can obtain a new structure for
bilayer GeSe according to the structure relaxation (Methods). The
relation between the total energy of bilayer GeSe and external elec-
tric fields can be well described by a parabolic curve (Fig. 2i). We then
remove the external electric fields, fix each bilayer structure tuned by

the external electric field, and calculate the total energy (Fig. 2j).
Through this approach, we can confirm the AFE state corresponding
to the lowest energy and find the two metastable FE states, which are
induced by the external electric field, yet can be preserved when the
external electric field is removed (Fig. 2j together with amplified
panels at both sides). We also explore dependence of the potential
energy difference A on the external electric fields for the individual
A and B layers, with AP(A)=dPa1 - Paz and AG(B) =dp1 - Pp2
(Fig. 2k). In 2D materials, the OOP polarization (P,) can be easily
evaluated by the simple equation, P, = egAd, where & is the vacuum
dielectric constant and A¢ is the potential energy difference®. When
the external electric field Egop =0, AP(A) =-Ad(B) =0.057 eV, indi-
cating the opposite OOP polarization in A and B layers with
P,=10.505 pC/m. It is desirable that an external electric field can
reverse the OOP polarization in one layer, inducing the AFE/FE
transition. According to the calculations, we find that the left critical
point corresponds to Egop=-0.65V/A and Ad(A) =0 (the right cri-
tical point corresponds to Eqop = 0.65 V/A and A¢(B) = 0). When the
external electric field is larger than the critical value, the OOP
polarizations in the A and B layers turn from antiparallel to parallel,
i.e., AFE becomes FE. The saturated value of A¢(A) and A(B) is
about 0.12 eV, corresponding to 1.06 pC/m in the individual A and B
layer, and 2.12 pC/m in bilayer GeSe.
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Fig. 3 | Intrinsic OOP AFE and AFE-FE transition in GeSe. a Schemes of the setup
for PFM/CAFM measurements of GeSe flake together with the OM image. b AFM
image of GeSe flake with a thickness of ~51nm. ¢ The I-V loop from CAFM mea-
surements. Inset for the corresponding R-V curve derived from the I-V loop. The
pink arrows show the current jumps as the voltage increases (pink curve), corre-
sponding to the abrupt resistance changes in the R-V curve. d, e A series of local
PFM amplitude (d) and phase (e) loops during the switching process of the GeSe
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flake in a at different V.. f The FE polarization switching for GeSe flake by using
PFM domain writing technique. Domains are written on GeSe flake with reverse dc
biases of -7 and 7 V. The PFM amplitude (left) and phase (right) maps show the
corresponding poled areas, in which a clear domain wall can be seen in the phase
map. g SHG spectra. Blue/red curves for pristine/poled GeSe flakes, respectively,
with the same experimental conditions.

PFM results

Next, we perform PFM and conductive atomic force microscopy
(CAFM) measurements (Fig. 3a and Methods) to explore the OOP AFE/
FE property in GeSe. The I-V curves by CAFM with voltages sweeping
on a-~51-nm-thick GeSe flake (Fig. 3b) demonstrate distinctive hysteresis
features, as representatively shown in Fig. 3c together with the

corresponding resistance changes during forward/reverse voltage
sweeping (as inset), exhibiting the FE behavior. Additional CAFM curves
can also be detected on GeSe flakes with different thicknesses (Sup-
plementary Fig. 5). Intriguingly, the corresponding PFM results for the
same flake in Fig. 3b demonstrate a rather complicated vertical voltage-
dependent hysteresis loop with the direct voltage (Vg4 cyclically
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sweeping from -9V to +9 V and varying ac voltages (V,.=1-3 V) under
the tip-sample contact resonant frequency (~240 kHz) (Fig. 3d, e). The
AFE-like double hysteresis loops with four characteristic amplitude
peaks can be clearly observed at low alternating voltages (e.g., Voc=1V;
Fig. 3d, top panels). However, at high alternating voltages, the double
butterfly-type amplitude loops evolve into the single butterfly-type
amplitude loops that typically manifest the conventional FE behavior
(e.g., Vac =3 V; Fig. 3d, bottom panels). Simultaneously, the phase loops
switch 180° almost twice at first but then only one time during cyclically
sweeping Vy4. (Fig. 3e). These behaviors, including the voltage-
dependent amplitude and phase evolutions, evidently suggest the
OOP AFE-FE transition, providing solid experimental evidences on
intrinsic OOP AFE and field-induced AFE-FE transition in vdW GeSe, as
exactly predicted by our foregoing first-principles calculations. Addi-
tional PFM measurements (Supplementary Figs. 6, 7) and domain
writing results (Fig. 3f) further confirm the electric field induced OOP FE
in GeSe is room temperature robust with good retention. The second
harmonic generation (SHG; Fig. 3g and Supplementary Note 3) spectra
obtained on GeSe flake before and after poling indicate the vertical
external electric field induced spatial symmetry breaking.

Mechanism analysis
Based on the above first-principles calculations, we conclude that the
AFE-FE transition of GeSe under the external electric field is strongly
related to the microstructural distortion induced by the external
electric field. We perform comprehensive HAADF-STEM analyses to
directly observe the atomic configuration evolution (Methods and
Supplementary Note 4). We first perform atomic-level in situ biasing
STEM analyses to catch the dynamic microstructure changes in GeSe in
response to the external electric field. As shown in Supplementary
Fig. 8, atomic-level HAADF images obtained at the /-t mode clearly
show distorted atomic arrangement evolutions in GeSe. To get higher
quality and stable atomic images, quasi in situ HAADF analyses are
further executed. Taking advantage of the polarization (structure)
nonvolatility feature of FE materials, we first pole different areas on the
GeSe flake with opposite biases on the PFM system and then prepare
TEM samples at the specific poled areas by using focused ion beam
(FIB) technique (Supplementary Fig. 9), so that the corresponding
atomic configuration with different polarization states can be traced.
As shown in Fig. 4a-c, we find the bias can shift Ge and Se atoms, and
the opposite bias induces reverse changes. This can result in a dis-
torted atomic arrangement in GeSe, pointing to two vertical opposite
FE states (Fig. 4a, c). To clearly view the atomic displacements (atomic
positions and changes in Ge-Se bonding angles in each single layer)
and the accompanying polarization evolution driven by the external
electric field, we perform detailed atomic arrangement analyses for
HAADF-STEM images (Fig. 4d-f) combining with atomic quantification
via Calatom software based on custom MATLAB scripts (Supplemen-
tary Figs. 10, 11 and Supplementary Note 4)*. We then schematically
draw the four Ge-Se bonding models (Supplementary Fig. 12a) and
mark the polarization using white arrows over the HAADF images
taken at the pristine and poled states. At the pristine state, adjacent
GeSe layers present the same in-plane and OOP polarization intensity
while with different directions, demonstrating in-plane and OOP AFE
features. When a bias is applied, Ge-Se bonding of I and Ill becomes
steeper, while Ge-Se bonding of Il and IV gets flatter (Fig. 4a, inset),
leading to obvious Ge-Se-Ge-Se bonding angles change (left panels in
Fig. 4d-f and Supplementary Fig. 12). This enhances the OOP polar-
ization of each single layer, and finally adjacent layers will present same
polarization directions, resulting in FE states. The opposite phenom-
enon is obtained when a reverse bias is applied (Fig. 4c, inset). The FE
states present alternating vdW-gaps (Supplementary Fig. 13).

The calculated atomic structures under different external electric
fields (Fig. 4g-i and Supplementary Fig. 14) show similar micro-
structural changes. Without the external electric field (Fig. 4h), in layer

A (B), the center charge of Ge is below (above) that of Se, indicating
opposite polarizations in A and B layers. Under the external electric
fields, the steeper I/1ll Ge-Se bonding in Fig. 4g (or steeper II/IV Ge-Se
bonding in Fig. 4i) results in the center charge of Ge above (or below)
that of Se, which indicates that the polarization is upward (or down-
ward) in both A and B layers, presenting distinct FE states. In addition,
we find the electric fields enhance the charge center difference to be
around +0.028 A, which is only about +0.014 A at the pristine state,
indicating that the external electric field not only reverses the polar-
ization direction but also enhances its magnitude. Atomic structures in
Fig. 4g, i agree well with the observation of STEM images in Fig. 4a, c,
and the polarization evolution derived from the microstructures is
consistent with that from the potential energy analysis (Fig. 2k).

Discussion

In summary, we theoretically predict the OOP AFE in orthorhombic
vdW GeSe semiconductor, which structurally possesses a zero OOP
electric dipole both in intralayer and interlayer, and experimentally
confirm the hidden OOP AFE and its evolution into FE states sub-
jected to the external electric field. The origination of this uncon-
ventional OOP AFE is due to the interlayer vdW interaction induced
different potential distributions between the upper and lower sur-
faces of each layer, leading to a net OOP electric polarization of
single-layer but with opposite polarization vectors between adjacent
layers, i.e., the intrinsic OOP AFE. A vertical electric field can result in
asymmetric ion displacements, including both cations and anions
along the electric field direction, pointing to two opposite polariza-
tion states. The atomic-level microstructure changes in the in situ
biasing STEM system directly reveal the fine microstructure distor-
tions during the AFE-FE transition, of which the unimaginable
asymmetric displacements of the anions and cations due to the
vertical electric field are rather consistent with the prediction of our
first-principles calculations. These self-consistent results from
experiment and theory not only confirm the intriguing intrinsic OOP
AFE in GeSe and the potential application in in-memory computing
based on MX compounds like GeSe, but also provide a novel strategy
toward polarization modulation in structurally symmetric vdW-
layered materials*’.

Online content

Any methods, additional references, Nature Research reporting sum-
maries, source data, extended data, supplementary information,
acknowledgements, peer review information; details of author con-
tributions and competing interests; and statements of data and code
availability are available at xxx.

Methods

Sample preparation and transfer

For optical (including Raman, transmission, and SHG) and electric
(PFM) characterizations, GeSe flakes with different thicknesses are
prepared from bulk GeSe single crystal via mechanical exfoliation.

FE characterizations
PFM measurements procedures were reported in our previous work®
using an adjusted ac voltage (V,c=1-3V) to detect the evolution of
AFE-FE in GeSe, and using reverse dc biases (V4. =17 V) for domain
writing. The conductive tips (AC240TM, Olympus) are utilized during
the measurements. The tip cantilever length and width are 240 and
40" um, respectively. The tip radius and height are 28 nm and 14 pm,
respectively.

The room temperature I-V curves are recorded in a CAFM mode.
Bias sweeps are applied to the sample from the internal source, and
the current is measured through commercial conductive Pt-coated
silicon cantilevers by the internal lock-in units of the AFM. The bias
sweeps are set as a positive to negative voltage circle, like O to +1.5V
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a-i are indicated by green and blue bold arrows.

to -1.5to 0V, with a time period of 15, and the currents are measured
with a limit of 10.4 nA.

Poling areas for SHG analyses and TEM sample preparation are
performed with the PFM tip carries reverse dc biases (V4c). The normal
contact force is around 40 nN.

Structural and chemical composition analyses
XRD patterns are obtained on the Bruker D8 Discover (Germany).

TEM lamellae are prepared by the FIB technique on a Helios G4 UX
(FEI, USA). HAADF imaging is performed on a spherical aberration TEM
(JEOL Grand ARM300, Japan) with a JEOL dual 158 mm? SDD detector
for atomic-level EDS mapping.

In situ biasing observations are performed using a PicoFemto
holder from ZepTools Technology Company. The STEM image
simulation and analyses processes were reported in our pre-
vious work®.

Optical characterizations

Raman spectra are obtained by a p-Raman system with a back-
scattering configuration (Renishaw inVia Reflex, UK) using a 532 nm
linearly polarized laser as the excitation source. To avoid possible
damage to the samples, the laser power is set below 1mW. Both
excitation and scattered optical paths are equipped with polarizers.
Controlling both polarizers can provide specified configurations:
parallel (//) and cross (). The sample holder is rotatable in the plane
perpendicular to the incident laser.

Angle-resolved polarization optical transmission spectra are
recorded on a Fourier transform infrared (FTIR) spectrometer (Bru-
ker Vertex 80v, Germany), which covers the wavelength range of
~0.4-15 um by combining with different light sources, beam splitters,
and detectors. The incident light path is equipped with a linear
polarizer (Thorlabs LPNIR100-MP2, USA) with a wavelength response
range from 750 to 1800 nm. The sample holder can be rotated to
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control the angle between the sample crystal axis and the polariza-
tion direction of the incident light.

SHG measurements are performed on the pristine and poled
(domain written) areas with a confocal microscope setup in reflection
geometry. A 1030 nm pulsed laser (pulse width 100 fs, repetition fre-
quency 80 MHz) is used as the excitation source.

DFT calculations

The calculations are performed within density-functional theory
(DFT) by the projector-augmented wave (PAW) method imple-
mented in the Vienna ab initio simulation package (VASP), and the
generalized gradient approximation (GGA) is used. The energy cutoff
of 500 eV is used for the plane-wave basis expansion with the total
energy convergence criterion of 107° eV per unit cell. A I'-centered k-
grid 20 x 20 x 1is used to sample the 2D Brillouin zone. For geometry
optimization, all the internal coordinates are relaxed until the
Hellmann-Feynman forces are less than 1meV/A. The dispersion-
corrected DFT-D2 method is introduced in first-principles calcula-
tions to relax the structure of the bilayer system. A large enough
vacuum thickness (20 A) along the z-axis is adopted to avoid the
interaction between adjacent unit cells.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

All data were available in the main text or the Supplementary Material.
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