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The deterministic control of ferroelectric polarization via an external field is
critical for advancing the technologies of modern information storage. Con-
ventionally, reversible and cyclic polarization switching in ferroelectric mate-
rials requires bipolar electric fields. The present work demonstrates the
efficient reversible and cyclic ferroelectric domain switching under a unipolar
electric field in van der Waals ferroelectric CulnP,S¢, enabled by Cu-ion
migration across van der Waals gaps. It further unveils the remarkable “shape
memory” effect of manipulated domains, and the programmable domain
patterning under a unipolar electric field. These findings not only deepen the
understanding of ferro-ionic coupling mechanism, but also provide insights
into the origin of multiple polarization states, negative capacitance, and the
quantized charge transport, paving the way for emerging storage technologies

and low-power neuromorphic applications.

Ferroelectric materials possess a switchable spontaneous polarization,
which attracts a diverse portfolio of applications, such as memory
devices'™, sensors*®, and low-power electronic devices’. Van der
Waals (vdW) ferroelectrics have attracted significant interest due to
their unique attributes, such as atomically thin layers with dangling-
bond-free surfaces and weak interlayer interactions'*". These features
enable ferroelectricity to be realized at the atomic scale'> ™", and facil-
itate vdW integration with diverse substrates as well as the construc-
tion of vdW heterojunctions without lattice limitation and interfacial
damage’®, which paves the way for wafer-scale fabrication of high-
performance 2D/3D device architectures” .

The ferroelectric polarization is a fundamental order parameter
that responds to external electric fields'®". The deterministic control
of polarization switching with an external electric field is essential for
emerging functionalities”. Traditional ferroelectric materials feature
displacive ions confined in the lattice, giving rise to a double-well

energy landscape. In such case, the polarization aligns along the
identical direction to the external electric field, implying that the
reversible polarization switching must require two opposite (+)
electric fields?®. However, this scenario might be circumvented by
taking highly mobile ions into account™*, exemplified by the vdW
ferroionic CulnP,S¢ (CIPS). Since Belianinov et al. ?* and Liu et al. *
reported the room-temperature switchable ferroelectricity of CIPS
nanoflakes, this material system has rapidly inspired significant
interest. Subsequent studies extensively investigate the Cu ion
migration dynamics, which reveals that the ferro-ionic coupling
behavior offers rich energy landscapes including quadruple-well and
sextuple-well configurations, enabling the multiple polarization
states control and negative capacitance””*”. Recently, Vanderbilt
et al. *® theoretically proposed the scenario of quantized charge
transport—polarization evolving by a quantum as the mobile Cu ions
shift to neighboring layer, delivering great potential for low-power
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neuromorphic applications®?°. Yet, the experimental realization of
cyclic ferroelectric domain control in such systems, as a critical piece
of evidence, has remained elusive. Moreover, the material damage is
recognized as the primary obstacle in CIPS for ferroelectric domain
control using the tip-based methodology®*’. As the conductive
substrate (e.g., Au/SiO,/Si) is utilized and a bias voltage is applied to
the conductive substrate, the tip-concentrated current induces sig-
nificant surface protrusions, substantially preventing the ferro-
electric domain manipulation®"*,

Herein, we report the reversible ferroelectric domain engineering
enabled by unipolar electric fields, which is fundamentally distinct
from conventional bipolar (V) field control. An insulating SiO,/Si
substrate is utilized while the bias voltage is applied through the tip,
establishing an electrically open-circuit condition to prevent current
generation. This refined technique substantially mitigates the CIPS
material damage and permits the repeated bias-application and large-
area domain engineering. Accordingly, it enables the achievement of
visualizing the cyclic ferroelectric domain control, the domain shape

memory effect, and programmable domain patterning, facilely by a
unidirectional electric field. Our findings provide evidence for ferro-
electric domain control in long-displacement ferroelectrics, which is
fundamentally important for developing memory and neuromorphic
computing devices based on ferroelectric domain engineering in a
similar ferro-ionic coupling system.

Results

Cyclic domain switching under a unidirectional electric field
Figure 1a illustrates the layered structure of CulnP,S¢ (CIPS) with vdW
gaps. Two distinct Cu ions sites are identified near the upper and lower
sulfur atoms, giving rise to two states with upward (P *, ©) and
downward (P ¢, ®) polarizations, respectively®. Under electric field,
the Cu ions can undergo long-range migration, holding significant
promise for memristor-based neuromorphic applications®>¢. Herein,
we focus on the ferroelectric domain manipulation in CIPS. Figure 1b
shows the measurement setup to manipulate the ferroelectric domain,
where the conductive substrate (Au/SiO,/Si) is utilized and bias voltage
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Fig. 1| Reversible and cyclic domain switching under unidirectional electric
fields. a Crystalline structure with two Cu sites in the sulfur octahedron, showing
the opposite polarization. b Diagram of short-duration pulse bias applied at a
central location via conductive tip in a closed circuit. ¢ Ferroelectric domain

switching with increased numbers of bias pulses (6 V, 0.5 s) at 16 different locations.
d Ferroelectric domain switching by 3 sets of bias pulses (6 V, 5 s) at a fixed location.
The white dashed circle indicates the region influenced by the tip electric field.
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is applied to the conductive substrate. Accordingly, a series of pulse
biases (6 V for 0.5s) are applied at 16 grid points arranged in a 4x4
matrix (Fig. 1c), where the numbered #1-16 refers to the pulse numbers
at grid points location. From the phase panel, it is evident that, upon
applying fewer bias pulses, the purple-black ferroelectric domains (P
V) are switched to yellow analogs (P 7 ), with the polarization align-
ment with electric field direction (E ™ P 1 ). Remarkably, as the pulses
number increases, particularly after 13 pulses, the yellow domains (P
1) can be switched to purple-black analogs (P { ), with the polarization
opposite to electric field direction (E ™ P V). The results clearly
demonstrate the bidirectional domain switching under a unidirec-
tional electric field. However, the topographical protrusions increase
sharply as the polarization aligns oppositely to the electric field
(Supplementary Fig. 1), suggesting that such anomalous polarization
switching behavior is closely related to the enhanced Cu ion migration
across the vdW gap. The surface bulge height reaches up to ~20 nm
after 16 bias pulses. Currently, the direct atomic imaging of Cu ion
migration coupled with polarization evolution via TEM faces funda-
mental obstacles in CIPS*”. However, EDX mappings demonstrate the
long-range Cu ion migration across the vdW gap and the directionality
of ion migration along the electric field**’.

Further, we fix the scanning tip location and apply 3 sets of bias
(6 'V for 5s) at the central point location to manipulate the domain
switching, as illustrated in Fig. 1d. After the 1st bias, the purple
ferroelectric domains (P ¥ ) near the tip are switched to yellow
analogs (P * ). By continuously applying 2nd and 3rd bias pulses, the
yellow domains (P 1) can be reversibly switched back to purple-
black analogs (P V ). These results provide compelling evidence that
the fixed unidirectional electric field enables the cyclic domain

configurations under electric field are the fundamental origin of
multiple polarization states, such as quadruple and sextuple polar-
ization states. However, the rapid formation of surface bulges
(-35nm) is a frustrating issue, as it means the irreversible damage to
the material and hinders further ferroelectric domain manipulation
in this target area.

Ion migration-mediated cyclic switching mechanism

By the switching spectroscopy PFM (SS-PFM)*°, the polarization
switching dynamics under electric fields are further investigated. As
shown in Fig. 2a, in a small window of + 5 V4, the phase shows one
switching loop with - 180° difference, and the amplitude presents two
minima at the switching voltage, corresponding to the switching
between two polarization states. The polarization aligns with the bias
direction, and can be reversibly switched between Pt and PV by
applying an opposite bias direction. It is further revealed that two
polarization states can be tunable into four or six states via electric
field modulation. As the bias window extends, especially up to + 13 V4,
both phase and amplitude exhibit three switching loops, corre-
sponding to the order of six polarization states”. The phase can be
switched six times by ~ 180°, and the amplitude also shows six minima
at each switching voltage (marked by black arrows). As positive bias
(E V) increases, Pt is firstly switched to P v, then reversibly switched
back to Pt with a cyclic switching of P*>P{ > P . Vice versa, a
cyclic switching of P4 > P 1 > P{ also occurs under the negative bias
(E™). In this scenario, increasing the bias magnitude aligns the
polarization opposite to the E-field direction (E*PV or EVP?1),
mainly attributed to the Cu ions migration across the vdW gap?, which
will be discussed in the following section. The repeated cycles further

switching of PYv->P1t->P4y. Such diverse polarization unveil the highly controllable Cu ion migration behaviors.
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Fig. 2 | Ion migration-mediated domain switching mechanism. a The SS-PFM
hysteresis loops measured at a fixed location by tuning the tip bias. b The statistical
results of SS-PFM measured across 6 x 6 grid points location. ¢ The schematic of Cu

ion migration pathways and polarization switching. Cu ion can migrate within the
layer or across vdW gap dependent on the electric field with the migration barriers
of -~ 0.7 and - L.1eV for intralayer and interlayer migration, respectively.
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Additionally, Fig. 2b presents the statistical results of polarization
switching loops measured across 6 x 6 grid points, and the detailed
polarization switching curves are included in Supplementary Figs. 2-6.
Here, we use the terms “Success” and “Failure” to describe whether Cu
ions migrate across the vdW gap or not. Notably, the results indicate
that a higher bias significantly increases the probability of mobile Cu
ions across the vdW gap, thus aligning the polarization opposite to the
E-field. Figure 2c further illustrates the Cu ion migration pathways and
polarization switching. In our previous work*, the calculated barriers
for the intralayer and interlayer Cu ions migration are ~ 0.7 and ~1.1eV,
respectively. The barrier deviation from switching voltage values for
SS-PFM primarily arises from substantial tip-sample contact issues due
to limited contact area (-nm scale), and easy degradation of the con-
ductive tip coating during voltage application. However, the relative
trend remains consistent, namely, the required voltage for intralayer
migration is significantly lower than that for the interlayer migration. In

a ® -100V/5s b

Open circuit

Point Voltage Pulse

the case of low E-field or short time duration, the Cu ions can only hop
up in the intralayer without the energy across the vdW gap, corre-
sponding to the switching process from @ to @ state. In this scenario,
the polarization aligns with the E-field direction. Once the E-field
increases and/or the time duration extends, Cu ions can migrate across
the vdW gaps into the adjacent layer with polarization opposite to E-
field direction, as shown by the process from @ to @ state.

Ferroelectric domain engineering with cyclic switching

To manipulate the domain switching over a large scale with minimal
surface damage, another measurement setup has been utilized, as
shown in Fig. 3a. Correspondingly, an insulating SiO,/Si substrate is
employed while bias voltage is applied through the tip. This setup
establishes an electrically open-circuit condition without current
generation. Compared to the closed-circuit setup, such an open-circuit
setup effectively avoids the material damage from the tip-
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concentrated current, favoring large-area ferroelectric domain
manipulation and better switching stability (“Methods” and Supple-
mentary Fig. 7). Moreover, Joule heating is also excluded as a con-
tributing factor to the observed domain changes, since the tip-
concentrated current is not involved. As shown in Fig. 3b, as =100 V (E
1) is applied for 5 s at the central point location, the switching scale of
ferroelectric domains is remarkable up to 5um x 5um, which is ~4
orders of magnitude greater than the tip apex-CIPS contact area (tip
apex radius: -25 nm). While the charge modulation at the CIPS/sub-
strate interface may influence polarization dynamics”*?, the tip-
induced microscale domain changes are primarily due to the inver-
ted pyramidal geometry of the scanning tip (Supplementary Fig. 8).
The switched domain area scales with the pyramid’s lateral dimen-
sions, namely, larger sizes expand the switching regions, whereas small
sizes confine the switching to smaller areas. The topographical data
shows negligible surface damage, with protrusion heights of just -2 nm
(Supplementary Fig. 9a).

In the top-left region, the yellow domains (P 1) are switched to
purple-black analogs (P V), with polarization opposite to the field
direction (E ™ P \ ). Vice versus, in the bottom-right side, the purple-
black domains (P V) can be switched to yellow analogs (P 1), with
polarization along the electric field direction (E * P 7). These results
confirm the reversible domains engineering at a large scale under
unidirectional electric field. Interestingly, in the entire scanned region,
the domain percentages of yellow (P 1) and purple-black domains (P
V) remain nearly unchanged, with a ratio close to 1:1 — 51%/49% before
the bias and 48%/52% after the bias, respectively. Moreover, these
switched domains maintain their stability after the bias withdrawal (see
Supplementary Fig. 9b).

Figure 3c investigates the domain switching behavior after
applying the unidirectional bias ranging from —10 to -140 V (E 1) for
5s in the central point location. Additional details on the surface
topography, phase and amplitude before and after bias application are
included in Supplementary Figs. 10, 11. Compared to surrounding
regions, the domain changes are clearly visible within the yellow and
blue boxes. The spatially selective switching responses are primarily
attributed to the inhomogeneous field distribution applied by AFM tip
approach (Supplementary Fig. 12). The two box regions are further
selected to monitor the domain evolution. Correspondingly, the
domain percentages of purple-black (P ¥ ) and yellow domains (P 1),
in response to various bias magnitudes in two selected regions are
extracted, as presented in Fig. 3d. It discloses that, in yellow box
region, the increased bias switches the ferroelectric domains in alter-
native sequence of Pt > P4 > P 1 > P\, whichincludes two switching
cyclesof P*>Py >Prand PV > P 1 > P\ . Similarly, the blue box
region also reveals an alternative switchingof PV >P*>PV > P 1.
Interestingly, the percentages of purple-black (P V) and yellow
domains (P 1) in the entire scanning region remain almost constant
with the increase of bias magnitude (Supplementary Fig. 11b). The
cyclic domain switching behavior can be highly reproducible (Sup-
plementary Fig. 13), indicating the deterministic control. However, our
conductive AFM-based experiments face some challenges. For
instance, the conductive Pt/Ir tip coating deteriorates rapidly under
repeated large voltage application, leading to the failure to achieve
more switching cycles. While we cannot experimentally verify more at
this stage, we believe that two key parameters, such as voltage mag-
nitude and time duration, could affect the precise control of the
switching cycles based on the field-dependent Cu ion migration.

Li et al.”* proposed a hybrid domain blocks (DBs) mechanism,
where tip-induced E-field exponentially decayed with depth in CIPS
flake and affected vertically stacked DBs that controlled the polariza-
tion states. However, our tomographic PFM (Supplementary Fig. 14)
reveals uniform polarization configuration and consistent switching
behavior throughout the entire CIPS nanoflake thickness, with no
evidence of DBs. Accordingly, Fig. 3e further illustrates the scheme for

Cu ions migration and successive polarization switching. Assuming
two Cu atoms (Cu' and Cu? initially occupy the upper/lower
position within vdW layer, they generate P71 /P, respectively.
With sustained large field application, Cu' and Cu? can progressively
migrate across vdW layers to their accessible sites with
successive polarization switching. More detailed discussions on the
electric field-dependent Cu ions migration are illustrated in Supple-
mentary Fig. 15. Additionally, we have fabricated few-layer (1-3 layers)
CIPS on SiO,/Si substrates via mechanical exfoliation, but no polar-
ization switching is observed (Supplementary Fig. 16). Future investi-
gations into polarization switching control in few-layer CIPS would be
highly valuable, particularly to confirm monolayer-by-monolayer
switching.

The “shape memory” effect during a cyclic switching

Through ultrafast scan imaging (-26 s per image) and repeated bias
application, it is further revealed during a cyclic polarization switching
that ferroelectric domains exhibit a remarkable “shape memory”
effect, disappearing and reappearing with recoverable shape effect*.
The pristine ferroelectric domains are labeled as @ state in Fig. 4a. We
firstly apply =100 V (E?) for S5s at the central point location, then
immediately withdraw the bias, and repeatedly scan to monitor the
relaxation of the switched domains. Ultrafast scanning (-26s per
image) reveals a general phenomenon, namely, only a minor fraction
of the switched domains rapidly relaxes within ~1 minute to their ori-
ginal shape upon large voltage withdrawal (Supplementary Fig. 17).
However, under low voltage (-20 V for 10 s), the switched domains can
be rapidly and fully recovered after field removal, and can reappear
upon voltage reapplication (Supplementary Fig. 18). As shown in
Fig. 4a, in the first 3 scans, a very short time of ~1 minute, only a small
portion of switched domains are rapidly relaxed to their original shape,
due to the imprint field from residual heterointerfaces charge or
electrostatic potential >***, After 3rd scan, the switched domains retain
good stability, consistent with the permanent retention reported for
polarization written by an AFM tip*%. For example, in the purple box
area, the yellow ferroelectric domains (P1) are switched to purple-
black analogs (PV), and then remain stable over the time. The scans are
extended to the 8th (corresponding to ® state). Even after 3 h of vol-
tage removal, the switched domains still remain stable (Supplementary
Fig. 19). Therefore, the domain relaxation is not the primary cause of
the subsequently observed domain shape memory effect. When -120 V
(E™) is further applied for 5s, and then withdrawn, the purple-black
domains (PY) in the purple box area can be switched back to yellow
analogs (P71). In the entire process, the domains undergo a full cycle of
P> P~ Pt andrecover to their original polarization direction and
domain shape, corresponding to the process from ® to ®, and to ®
state (see more details in Supplementary Fig. 20). As far as we are
aware, domain memory effect is rarely reported in conventional fer-
roelectrics, which not only indicates the highly controllable Cu ions
migration, but also inspires the dynamic control for reservoir com-
puting applications®.

Figure 4b depicts the migration dynamics of Cu ions for cyclic
polarization switching, which is critical for the observed domain
memory effect. It is assumed that the Cu ion initially occupies the
upper position of the vdW layer with upward polarization (P1). Upon
the Ist application of large electric field, the Cu ion migrates across the
vdW layers to occupy the lower position with polarization switching
(P> PY). Upon field withdrawal, merely a minor fraction of switched
domains relaxes rapidly back to original state. However, the majority
of switched domains retains good stability. With sustained electric
field application, Cu ions can progressively migrate across vdW layers
to occupy upper position of the neighbouring vdW layer with polar-
ization switching (PV > P?1). Both the 1st and 2nd switching events
observed in PFM imaging involve Cu migration across multiple layers,
where both intralayer and interlayer migration keep happening. Two
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successive events form a complete switching cycle (P >PV>PV),
during which Cu ions migrate upward by multiple vdW layers and
restore the original polarization to enable the shape memory effect.

Electrically “writing” domain patterns

Finally, the unidirectional electric field is utilized to “write” a grid
domain pattern with alternating P* and PV configurations. Figure 5a
shows the bias map for electrically “writing” domains, under alternat-
ing -25V (E1) and -50 V (E?) electric fields, as indicated by the red line
profiles in Fig. 5b. The pristine domains prior to applied bias are shown
in Fig. 5c, revealing the randomly distributed domain patterns. As
demonstrated in Fig. 5d, the unidirectional bias can realize the precise
control over the polarization directions (P* and P4 ), and the well-
defined grid patterns of ferroelectric domains are achieved under the
given bias.

Figure Se further shows the line profiles of given bias and the
obtained domain configurations along the red line for multiple “writ-
ing” processes (see the details in Supplementary Fig. 21). It discloses
that, in the -25V (E*) poled region, the purple-black domains (PV) are
switched to yellow analogs (P?), identical to the bias direction.
Meanwhile, in the =50 V (E?) poled region, the yellow domains (P1)
can be switched to purple-black analogs (PV), opposite to the bias
direction. To the best of our knowledge, this is the first report of
electrically “writing” ferroelectric domain patterns by a unidirectional
electric field. The well-defined domain configurations in the 8 x 8 box

suggest the highly controllable electric field-driven Cu ions migration
to different occupations, underscoring its potential for domain engi-
neering and ferro-ionic device applications.

Discussion

Conventionally, ferroelectric materials usually require opposite (+)
electric fields for reversible and cyclic ferroelectric domain switch-
ing. However, this scenario can be circumvented in vdW ferro-
electrics CulnP,S,, solely facilely by a unidirectional electric field.
This work unveils highly controllable Cu ion migration across vdW
gap and confirms the effective domain engineering. For instance,
the direction of polarization (P) can be alternatively switched by a
unidirectional electric field following the sequence of P*>P V> P
1 > PV, with two switching cyclesP* > PV >Ptrand Py >P 1 > Pl
It further confirms the remarkable “domain shape memory effect”
during cyclic switching, as well as the unprecedented ability to
electrically “write” grid-patterned domain configurations enabled
by the unidirectional field. These exotic ferroelectric domain
dynamics stem from the vdW structure and bias-controlled ion
migration across vdW gap. In principle, such phenomena should
happen in all vdW ferroelectric systems sustaining such ionic
motion. Crucially, these findings fundamentally advance our
understanding of ferro-ionic coupling and provide critical insights
into related exotic phenomena such as negative capacitance?, and
quantized charge transport phenomena®,
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Methods

Crystal growth and sample preparation

CIPS single crystals were synthesized using the chemical vapor trans-
port (CVT) technique®. In a typical process, the stoichiometric ele-
mental precursors were placed in a vacuum-sealed quartz tube,
maintained at a vacuum of ~107 Pa. In the given two-zone tube furnace,
the hot and cool zones were kept at ~650 and ~600 °C, respectively.
The reaction was proceeded for ~212 h. Thin CIPS flakes were obtained
by mechanically exfoliating the CIPS crystal with the adhesive tape,
subsequently transferred onto silicon substrates for subsequent PFM
and SS-PFM characterizations.

Piezoresponse force microscopy measurement

Piezoresponse force microscopy (PFM) was measured on thin flakes
using a commercial atomic force microscope (Cypher S, Oxford
Instruments, USA), equipped with a high-voltage module. The vec-
tor PFM mode was used to image the ferroelectric domains by Pt/Ir-
coated Si cantilever tip driven with an AC voltage of 1-2 V and with a
frequency of -350-400 kHz. The hysteresis loops were measured
using the Switching Spectroscopy PFM (SS-PFM) mode. Pulsed tri-
angular DC voltage (V) was used with a pulse width of 10 ms. A
high-frequency AC voltage (V,. =1 V) was superimposed on the DC
voltage. Multiple cycles of hysteresis loops were measured at a point
location with the time duration of 1 s for each loop, consisting of 100
pulses. The off-field data were used for the analysis. To obtain the
statistical results of bias-meditated polarization switching, SS-PFM

measurements were conducted across a 6 x 6 grid point location. In
the litho-PFM, the time is fixed at 128 s per image in the litho-PFM
mode for electrically “writing” grid-patterned domains. To investi-
gate electric-field manipulation of ferroelectric domains, two dif-
ferent bias application methods were employed. One approach is to
apply voltage through the bottom conductive substrate (Au/SiO,/Si)
under closed-circuit conditions, which easily caused significant
surface damage and failed ferroelectric domain manipulation with
domain switching only occurring in localized regions near the tip. In
contrast, the alternative approach is to apply bias through a
nanoscale tip under open-circuit conditions using an insulating
SiO,/Si substrate. This approach minimizes surface damage while
achieving highly effective ferroelectric domain switching with a
much larger switched domain area.

Simulation of electrostatic field distribution

The electrostatic field distribution between the nanometer tip and the
ferroelectric CIPS sample was simulated by the finite element method.
The CIPS nanosheet was set as a cylinder, and a spherical air domain
was set on the periphery. The relative dielectric constants of air and
CIPS are set to 1 and 40, respectively. The AC/DC physical field module
was used, and the electrical boundary conditions were set. The bottom
of CIPS was set to ground, which was regarded as the boundary
potential of the spherical air domain at infinity, and a potential of set
voltage was applied to the surface of the tip. The electrostatic field
distribution was obtained by steady-state research.
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Data availability
All data supporting the findings of this study are available within the
article and the Supplementary Information file. Source data are pro-
vided with this paper.
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