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Sliding ferroelectricity, an emerging ferroelectric mechanism in 2D systems whose polarization arises from interlayer
charge transfer, has attracted considerable attention due to its unique switching behavior, such as superior endurance and
high switching speed. However, its experimental characterization remains challenging due to the low polarizability and
technical difficulties. Using piezoelectric force microscopy (PFM), we investigate Tq-WTe; as a model sliding ferroelectric
system, aiming to fill the gap in the characterization of sliding ferroelectricity from a microscopic perspective. We observed
ferroelectric-like PFM phase contrast and amplitude hysteresis in few-layer (1-4 L) WTe; flakes under ambient conditions,
in contrast to the theoretical predictions for flakes thicker than 2 L. Surface oxidation of WTe, has been identified by
Raman and other characterization techniques. Therefore, similar PFM characterization has been carried out on the flakes
covered by h-BN, which prevented WTe; from oxidation, and no ferroelectric behavior could be found. Consequently, the
ferroelectric-like PFM phenomena are attributed to oxidation rather than intrinsic ferroelectricity in WTe;. Combined with
analyses of PFM testing principles and the mechanism of sliding ferroelectricity, we identify the limitations and challenges
of PFEM in characterizing sliding ferroelectricity. This work provides valuable insights for the subsequent characterization

and application of related sliding ferroelectrics.
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Two-dimensional (2D) ferroelectric materials break
through the limitations of traditional three-dimensional mate-
rial rules by possessing atomic-level thickness and layer stack-
ing properties.!!! The polarization switching of conventional
ferroelectrics is achieved by displacement of ions in the lat-
tice, whereas the ferroelectricity of sliding ferroelectrics arises
when two layers adopt a specific stacking configuration, which
breaks the central symmetry.[>#! At this point, the charge be-
tween the layers is redistributed, producing a spontaneous po-
larization perpendicular to the plane.>®! This polarization re-
lies on the relative sliding of two layers as a whole in a spe-
cific direction under the action of an external electric field.
The interlayer interface between the layered materials and the
weak interlayer van der Waals (vdW) forces provide the pos-
sibility of interlayer sliding.!”) Thus, sliding ferroelectricity,
This
unique polarization switching mechanism gives sliding ferro-

a completely new ferroelectric mechanism, emerges.

electrics a series of excellent properties such as high fatigue
resistance,!®! fast and low-power polarization switching, 19}
and so on. In recent years, there have been continuous re-

ports on the discovery and characterization of sliding ferro-

TCorresponding author. E-mail: nzhong @ee.ecnu.edu.cn

CSTR: 32038.14.CPB.ae56e6

electrics in artificially stacked twisted hexagonal boron nitride
(h-BN),[11=141 graphene, ['51 homo!'%!7 and hetero!'®! junc-
tions of transition metal dichalcogenides (TMDCs), which
could be classified as moiré ferroelectrics.!'”) They exhibit
sliding ferroelectricity when stacked in parallel (AB’ stack or
BA'’ stack), and complex edge polarization topology, [!420-22]
In addition to artificially stacked moiré ferroelectrics, there ex-
ist intrinsic sliding ferroelectrics that occur naturally in certain
crystal structures, including WTes,>3-231 3R-MoS,,[17:26:27]
1T -ReS,,28 Cd;Clg, 21 InSe, B etc.

WTe, with a distorted 1T’ phase (Ty4-WTe;,, orthorhom-
bic, space group Pnm21) has attracted extensive attention
for its remarkable properties, including nonlinear anoma-
lous Hall effect,3!] huge unsaturated magnetoresistance,[32]
quantum spin Hall state,[*3 topological features,**! and

[35] Interestingly, Tq-WTe, was recently re-

superconductivity.
ported as a switchable polar metal, a material that com-
bines switchable electric polarization (typically found in in-
sulators) with metallic conductivity, which was measured
through the change of conductivity induced by polarization

switching under a vertical electric field in a dual-gate de-
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vice configuration.>’! Density functional theory (DFT) cal-
culations have revealed that the ferroelectric polarization of
T4-WTe, arises from interlayer charge redistribution.! I situ
gate-dependent second-harmonic generation (SHG) and Ra-
man spectroscopy studies exhibited electrically driven stack-

[36] Capacitive behavior in a dual-

ing transitions in Tq-WTe;.
gate mesoscopic device was characterized to directly measure
the spontaneous polarization in the bilayer Tq-WTe,.B7! Tt
should be noted that all these studies have observed the po-
larization switching of WTe; at the macroscopic level, and mi-
croscopic evidence of the sliding ferroelectric switching mech-
anism in WTe; remains limited, particularly regarding real-
space observation of polarization switching via conventional
PFM. [24]

In the current work, we systematically investigate slid-
ing ferroelectricity in Tg-WTe, using a PFM technique under
atmospheric conditions. Through amplitude and phase hys-
teresis measurements, as well as tip-induced switching in few-
layer WTe;, we unexpectedly observe ferroelectric-like sig-
nals not only in multilayers but also in monolayer Tq-WTe;,
which challenges the bilayer thickness limitation of sliding
ferroelectrics. The stability of few-layer Tq-WTe; in atmo-
sphere is investigated, and oxidation is verified by Raman
spectroscopy. To explore the relationship between the oxida-
tion effect and the ferroelectric-like PFM results, we perform a
comparative measurement on the Ty-WTe, covered with a thin
h-BN layer, and the ferroelectric-like signals disappeared. The
complete suppression of ferroelectric-like PFM signals in h-
BN-protected T4-WTe, unambiguously links the ferroelectric-
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like phenomena to surface oxidation effects rather than intrin-
sic ferroelectricity. Our findings provide critical insights for
PFM characterization of sliding ferroelectrics, and highlight
the necessity of distinguishing intrinsic polarization from mea-
surement artifacts.

To prepare high-quality few-layer samples, we ex-
ploited the strong interfacial energy between transition metal
dichalcogenides and metals compared to van der Waals
interactions**% by sputtering 2 nm Ti/4 nm Au on a
300 nm SiO,/Si substrate to exfoliate WTe, with PDMS/tape
(Fig. 1(b), top). This gold-assisted method results in large-
area few-layer flakes with sizes as large as 150 x 800 um?,
as shown in Fig. 1(b) (bottom). The Raman spectra of me-
chanically exfoliated flakes are shown in Fig. 1(c) (top) with
seven characteristic peaks: 2A; (80 cm™!), 2A, (88 cm™ 1),
3A2 (109 em™Y), 3A; (119 cm™1), *A; (134 cm™)), 3A;
(163 cm™1), and '°A; (213 cm™!), matching theoretical pre-
dictions of T4-WTe, belonging to the space point group
Pmn21 with a total of 17 Raman-active modes*!! (11 A;
and 6 Aj). Second harmonic generation measurements
(Fig. 1(d)) on PMMA-encapsulated samples further verified
the non-centrosymmetric structure at room temperature. 4]
An atomic-scale high-angle annular dark field scanning trans-
mission electron microscopy (HAADF-STEM) investigation
was further conducted to confirm the atomic structure of Ty-
WTe,. A 4 LT4-WTe, exfoliated on gold is shown in Fig. 1
(top), as well as the locally enlarged atomic-scale image corre-
sponding to the schematic diagram of the c—b cross-sectional
structure (Fig. 1(e) bottom).
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Fig. 1. (a) Schematic diagram of interlayer sliding in bilayer T4-WTe,. (b) Schematic diagram of gold-assisted exfoliation (top). Optical image of
T4-WTe, exfoliated by gold-assisted method (bottom). Scale bar, 100 pm. (c) Raman spectra of Tq-WTe,: WTe, nanosheets at room temperature with
excitation light wavelength of 532 nm (upper part). Theoretical values of seven peaks of Tq-WTe, (lower part). (d) Angular polar diagram of SHG
signal (parallel) of WTe; nanosheets at room temperature, excitation light wavelength is 515 nm. (¢) HAADF-STEM image of T4-WTe; exfoliated on
gold along c—b plane (top). Scale bar, 2 nm. The locally enlarged atomic-scale image and atomic-structure schematic diagram of Tq-WTe, (bottom).

PFM is widely recognized as a powerful technique for
characterizing the ferroelectric properties of materials at the
nanoscale volume.*3#1 Its core principle is based on the in-
verse piezoelectric effect. When an alternating voltage is ap-

plied to the surface of a piezoelectric (ferroelectric) material
via a conductive probe, the material undergoes correspond-
ing periodic mechanical deformation (expansion or contrac-
tion). The displacement signal of the cantilever is amplified
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by a lock-in amplifier to obtain amplitude (reflecting the mag-
nitude of deformation) and phase (reflecting changes in polar-
ization direction) information. In the current work, we em-
ployed dual AC resonance tracking (DART) PFM to study
Tq-WTe,, utilizing two complementary modes: (1) hysteresis
mode, which combines a small AC probe signal with a slow
DC bias ramp (0.001-3 Hz) to generate characteristic butterfly
amplitude curves and 180° phase hysteresis loops (Fig. 2(a)),
and (2) write-read mode involving local poling via a biased tip
scanning (£V;.) followed by mapping of amplitude and phase
variations.

T4-WTe, was exfoliated onto conductive substrates via
the above-mentioned gold-assisted exfoliation, which pro-
vided samples with varying thicknesses for PFM measure-
ments. Atomic force microscopy (AFM) was first employed
to confirm the thickness of the flakes (Fig. 2(b)), revealing
the expected ~ 0.7 nm step height per van der Waals layer. 6!
Subsequently, PFM amplitude and phase hysteresis loops of
few-layer samples (2—4 layers) were acquired, as presented in
Figs. 2(c) and 2(d). Distinct butterfly-shaped amplitude curves
and 180° phase flips were observed in samples with 2—4 lay-
ers, consistent with the characteristics of ferroelectricity. In-
triguingly, similar ferroelectric-like signals were also detected
in a monolayer, raising fundamental questions about whether

(a)

Vi A v On-field

L_Off-field
3L

Phase (°)

3L

Amplitude (pm)

DC bias (V)

() (e) Morphology

these ferroelectric-like responses originate from intrinsic fer-

[43] To further investi-

roelectricity or alternative mechanisms.
gate this phenomenon, we performed localized poling using
+3 V biases on 3 nm WTe, through the conductive tip dur-
ing surface scanning, illustrated as a white square in Fig. 2(e).
Immediately after poling, a notable reduction in amplitude re-
sponse was observed in the —3 V poled region (Fig. 2(g)),
along with a phase difference of approximately 130° between
43 V and —3 V regions (Fig. 2(f)). Another key character-
istic of ferroelectrics is the formation of domain walls. Af-
ter applying voltages of opposite directions to adjacent re-
gions, distinct domain walls would form at the boundary be-
tween these regions in a real ferroelectric. Notably, ampli-
tude minima, which are characteristic of ferroelectric domain
walls, were absent between positive and negative poled re-
gions (Fig. 2(g)). Moreover, the modified phase contrast grad-
vally diminished (Fig. 2(h)) and nearly vanished within one
hour, indicating a volatile behavior*®! that is fundamentally
distinct from the non-volatile polarization switching of con-
ventional ferroelectrics.[*! It suggests that the ferroelectric-
like characteristics (Figs. 2(c), 2(d), 2(f), and 2(g)) probably
originated from charge injection effects/*’*®! rather than in-
trinsic ferroelectricity, which could be incompatible with the
metallic nature of T4-WTe;.

_______

After writing After 1 h

Fig. 2. Out-of-plane piezoelectric responses of Ty4-WTe; thin flakes. (a) Schematic diagram of PFM measuring experimental apparatus. The inset shows
the voltage waveforms used in the measurements. (b) Morphology of Tq-WTe, thin layers exfoliated on a gold substrate. The inset shows the height
of white dashed line. (c) PFM phase hysteresis and (d) butterfly-shaped PFM amplitude-voltage loops of T4-WTe;. (e) Morphology of WTe, after
bias voltage writing. The white square represents the regions where +3 V and —3 V voltages were applied. (g) PFM amplitude mapping and (f) phase
images after writing, and (h) phase image 1 h after writing. The inset shows the phase difference of cross-sectional profiles.

Previous reports have indicated that WTe, is sensitive to
oxygen exposure,*”) and an oxide layer forms on its surface
under ambient conditions. We further analyze the oxidation
of few-layer WTe, samples exposed to air by Raman spec-
troscopy, as shown in Fig. 3(a). It is noted that four distinct Ra-
man peaks can be observed in a fresh exfoliated sample, which

degrade rapidly upon air exposure and completely disappear

after 30 minutes, indicating full oxidation. Quantitative analy-
sis using the 8A| peak intensity as an oxidation marker shows
a significant decay of the monolayer sample (Fig. 3(b)). Com-
plementary Kelvin probe force microscopy (KPFM) (Fig. S1
in supplementary material) and electrostatic force microscopy
(EFM) (Fig. S2 in supplementary material) measurements also

confirm this thickness-dependent behavior. The rapid transi-
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tion of few-layer WTe; to an insulating state upon exposure
to air suggests that oxidation primarily occurs on the surface,
where both W and Te react with oxygen and eventually form
amorphous WTe,0,.?* Figure 3(e) shows the STEM image
of WTe, after exposure to air for a period of time. As shown
in the figure, the surface of WTe, is oxidized and becomes

amorphous, while the underlying WTe; still maintains a well-
defined crystal lattice structure. Once the surface oxide layer
is formed, it acts as a protective shield on the underlying layers
to prevent further degradation, as illustrated in Fig. 3(f). Cor-
respondingly, in Fig. 2(b), the height between layers remains
0.7 nm.

2 3000 — Fresh - e
g (a) 10 min g 6000 - (b) = 1L ( ) 1

— 20 min g A 2L nm
g *Ar—— 30 min bt
5 2000F A, A A, B :
~ 5 4000t Amorphous
> = m
3 > oxide layer
2 &
£ 1000 Z 2000
g PRSI SPUN o SgeY 4 WY g
= £ .
=] =
I} -
500 - ‘ ‘ £ oL T ;
~ 100 150 200 250 0 20 40 60

Raman shift (cm~!) Time (min)
= 400 [ Ea—— = 28 (d)
b= c — In ambient environmen E T ; .
g © — Clovered by PMMA 5 g4] Oxidizing  Saturation
g 300+ J\ z a0l
- £ 16f
2 200 2
4 < L2
2 S
E 100t g 08p
9] = 04
%

& 8

oL . . . . 0
400 500 600 700 800 0

Wavelength (nm) Time (h)

10 20 30 40 50 60 70

Fig. 3. (a) Degradation of Raman spectra of monolayer WTe, in ambient environment. (b) Decay of the 8A; peak signal intensity over time
for mono- and bi- layer WTe;. (c) SHG signals of WTe, exposed to the air (black line) and the one encapsulated by PMMA immediately after
exfoliation (red line). (d) Growth of WTe; oxide layer thickness in ambient environment over time. (¢) STEM images of WTe; after exposure
to air for a period of time. (f) Schematic diagram of surface oxidation of WTe,.

As a measurement technique, SHG is highly sensitive to
surface symmetry, so amorphous surface oxide layers can have
a serious impact on the results. Figure 3(c) compares samples
encapsulated with PMMA immediately after exfoliation (red
line) and unencapsulated ones (black line). The wavelength of
the second harmonic peak is 515 nm. Due to the influence of
the surface oxide layer, the signal of the unencapsulated sam-
ple exhibits severe noise interference in addition to the con-
ventional second harmonic signal. Defining the oxide layer
thickness as the actual thickness d(¢) — initial thickness d(0),
under the ambient environment in our laboratory, the oxide
layer thickness of WTe, approaches saturation after approxi-
mately 40 minutes, with the final thickness stabilizing around
2 nm (Fig. 3(d)). The surface roughness also increased sig-
nificantly (Fig. S3 in supplementary material). Therefore, the
ferroelectric-like phenomenon observed in previous PFM tests
is highly likely attributed to the influence of the surface oxide
layer. Numerous factors and measurement artifacts, such as
charge injection, 8] electrostatic effects,*”] mechanical vari-
ations, and electrochemical responses,[SO] may affect the re-
sults of PEM characterization. When the voltage-biased tip
comes into contact with the oxidized surface, large amounts of
charges are injected. Signals resembling ferroelectricity were
detected in the amplitude and phase mappings immediately af-
ter voltage writing. However, these signals gradually weaken
and eventually vanish over time. The most likely cause of this

result is charge injection in the oxide layer.’%! Further experi-
ments are required to clarify the origin of the ferroelectric-like
signal. Nevertheless, we can conclude that this ferroelectric-
like signal does not originate from the intrinsic ferroelectricity
of WTe,. Our findings demonstrate that surface oxidation of
few-layer Tq-WTe, occurs unavoidably during ambient char-
acterization following exfoliation. The oxidation effect intro-
duces significant artifacts that cannot be neglected in PFM
measurements.

To further eliminate the impact of such degradation, few-
layer WTe, was first exfoliated in a nitrogen-filled glovebox
(with H,O and O, levels below 0.5 ppm) and subsequently en-
capsulated with ultrathin insulating h-BN via dry transfer>!]
(details in supplementary material). The encapsulated sam-
ples were taken out of the glovebox for PFM measurements, as
shown in Fig. 4(a). The reason for choosing an extremely thin
thickness is to prevent the dielectric layer of a certain thickness
from hindering the detection of signals from WTe,.[523] The
thickness of BN is about 1.2 nm, as shown in Fig. S6. To verify
that BN encapsulation does not affect the measurement of fer-
roelectric signals by PFM, we performed PFM measurements
on CulnP,S¢ (CIPS) with and without BN coverage, as shown
in Fig. S7. The results indicate that BN does not influence the
characterization of the underlying ferroelectric domain struc-
ture by PFM, and the domains and domain walls of CIPS are
observed to be continuous across the BN step edge. Further-
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more, we performed polarization switching measurements on
BN-covered CIPS, as shown in Fig. S8. The results indicate
that even with a 6 nm-thick BN layer, the tip electric field can
still write domains into CIPS and realize PFM read and write
measurements.

Prior to measurement, contact mode was used to elim-
inate the bubbles at the BN-WTe, interface formed during
transfer, ensuring optimal contact and improving surface flat-
ness. This two-dimensional van der Waals contact with quite
low interface defect density and fewer dangling bonds helps
to achieve higher interface cleanliness, providing a clean in-
terface to minimize experimental artifacts. A comparison of
PFM amplitude and phase responses of unencapsulated (red
line) and h-BN-encapsulated (black) bilayer WTe, is shown
in Fig. 4(b).
shaped amplitude and phase hysteresis loops were not de-
tected in the h-BN-encapsulated WTe;. In contrast, the test
results of unencapsulated WTe, were consistent with those in

It can be clearly observed that the butterfly-

Figs. 2(c) and 2(d). Figure 4(c) summarizes the phase dif-
ference results of PEM tests from mono- to four-layer WTe;
under both encapsulated and unencapsulated conditions, with
error bars representing the variance across multiple measure-
ments. The absence of 180° phase difference in encapsu-
lated few-layer WTe; indicates that the ferroelectric-like phe-
nomenon observed in pristine WTe, most likely arises from
surface oxidation rather than intrinsic ferroelectricity. 4391
As mentioned in some previous reports, butterfly hysteresis
loops and 180° phase differences can also be measured in
non-ferroelectric materials using PFM; the presence of these
two phenomena is not sufficient evidence for the existence of
ferroelectricity. 53 To verify the sliding ferroelectricity of
T4q-WTe,, we fabricated a device similar to the one reported
in Fei’s work.[?3] The vertical electric field formed by two
gates was used to modulate the polarization of WTe;, and
bistable states characteristic of ferroelectricity were observed

in its transport curves, as shown in Fig. S9.
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Fig. 4. (a) Schematic diagram of PFM tests on WTe, encapsulated by h-BN. (b) PFM phase hysteresis and (c) butterfly-shaped PFM amplitude-
voltage loops of bilayer Tyq-WTe; (red) and the one covered by BN (grey). (c) PFM phase difference of 1-4-layer Tq-WTe, without and with BN
encapsulation. (d) Schematic diagram of polarization switching mechanisms in traditional 3D ferroelectrics (left), 2D ferroelectrics (center),

and sliding ferroelectrics (right).

From another perspective, PFM inherently faces certain
challenges and limitations in characterizing the sliding ferro-
electricity of WTe,. As shown in Fig. 4(d), the polarization
switching of traditional three-dimensional ferroelectrics (left),
such as PZT, undergoes three processes under the action of an
external electric field, including nucleation, growth, and com-
plete switching. [*®! Similarly, typical two-dimensional van der

Waals ferroelectrics like CulnP,Sg (CIPS) (middle) exhibit
similar behaviors: their ferroelectricity mainly stems from the
directional displacement of intra-layer ions. However, van der
Waals gaps in layered materials disrupt the continuity of do-
main growth, leading to independent nucleation and growth in
each layer; ") nonetheless, they ultimately achieve overall po-
larization switching. As a microscopic characterization tech-
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nique, PFM can probe the nucleation, growth, and local po-
larization switching in both traditional three-dimensional fer-
roelectrics and two-dimensional van der Waals ferroelectrics
through local voltage poling by a conductive tip, with domain
walls visible in amplitude mappings.'>°! However, the mech-
anism of sliding ferroelectricity (right) significantly differs
from the above. Unlike displacement-type ferroelectrics, slid-
ing ferroelectricity originates from interlayer translation rather
than ionic displacement, exhibiting distinct switching dynam-

11,16,19,58,69] and theoretical [60-65]

ics. Previous experimentall
works show that the transition region (domain wall) plays
an important role in polarization switching of sliding ferro-
electrics. Most reported observations of sliding ferroelec-
tricity occur in artificially stacked or twisted 2D vdW het-
erostructures, where the switching phenomenon of sliding fer-
roelectrics is more commonly observed in the form of domain
wall motion, 163966681 while it is difficult to achieve switch-
ing through nucleation and growth by applying an external
electric field.['"-60-62] Liu’s group has summarized recent re-
ports on sliding ferroelectricity. The evidence for sliding ferro-
electricity is mainly obtained from two approaches: electric-
field-modulated transport characteristics using dual-gate de-
vices, and domain wall motion under stress or an electric
field.[?! In the experiments of this work, domain wall informa-
tion was not observed in all the PFM measurements (Fig. S4 in
supplementary material). Additionally, no polarization accu-
mulation phenomenon or different polarization states similar
to those in 3R-MoS, 7] were detected in the results of KPFM
(Fig. S5 in supplementary material), which is in accordance
with theoretical expectations. ]

Unlike conventional ferroelectrics, which are usually
insulators, Ty-WTe, exhibits semimetal behavior. Charge
screening resulting from conductivity will interfere with PFM
results. Meanwhile, the polarization of WTe; is extremely
smalll® (~ 5.1 x 1072 pC-cm~2). Furthermore, as shown in
this article, WTe, is fragile and easily oxidized in air. Since
unavoidable exposure to air occurs during sample preparation
and measurement, it is highly challenging to preserve its sta-
bility and obtain its intrinsic properties. These factors further
increase the difficulty of PFM experiments, and they well ex-
plain our experimental observations where conventional PFM
failed to detect unambiguous evidence of ferroelectric switch-
ing in WTe,.

We performed piezoelectric force microscopy measure-
ments on monolayer to four-layer T4-WTe, at room tempera-
ture and observed ferroelectric-like phenomena in amplitude,
phase, and write-read tests. Subsequent measurements on un-
oxidized Tq-WTe; encapsulated with ultrathin h-BN failed to
reproduce the butterfly-shaped amplitude and phase hystere-
sis loops. Results from Raman spectroscopy and SHG further
confirmed that unencapsulated samples are highly susceptible

to oxidation in air, suggesting that the ferroelectric-like phe-
nomena may be affected by the surface oxide layer. Finally, by
integrating the interlayer sliding and domain movement mech-
anisms of sliding ferroelectricity, the testing principle of PFM,
and the intrinsic properties of WTe,, we summarized the lim-
itations and challenges in characterizing the sliding ferroelec-
tricity of Tq-WTe, via PFM. This also provides us with an
important insight: the observation and confirmation of sliding
ferroelectricity cannot rely solely on PFM results, but require
joint verification through other methods and approaches.
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