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Phase engineering of two-dimensional van der Waals materials offer a rich

landscape to uncover the potential ferroelectric properties. The precisely
controlling phases in these reduced dimensional materials with the unique

atomic arrangement are crucial. Herein, through a novel phase engineering
approach, we synthesize CulnPs(S,.,Se,), crystal with controllable coexistence
of monoclinic and trigonal phases, and experimentally realize relaxor ferroe-
lectricity in low-dimensional materials. Composition tailoring creates an
intermediate phase transition region, which facilitates the evolution of fer-
roelectricity into relaxor ferroelectricity and eventually superparaelectricity.
The relaxor ferroelectric properties are verified by the hysteresis-free polar-
ization switching and diffused phase transition. High-resolution transmission
electron microscopy reveals that edge dislocations play a critical role in
forming locally disordered polar structures. When integrated it into a mem-
ristor device, the relaxor crystal with nanodomains demonstrates an increased
number of analog resistance states and lower operating voltages compared to
conventional ferroelectric crystals. This work establishes a phase engineering
strategy to tailor ferroelectric behavior in low-dimensional materials, offering

substantial potential for future electronic applications.

Significant research has been focused on polarization switching in
ordered ferroelectric materials, which plays a key role in advanced
electronic devices, such as ferroelectric field-effect transistors, ferro-
electric tunnel junctions, and ferroelectric memristors” . The urgent
demand for high-density integration and ultralow-power consumption
has prompted the exploration of ferroelectric thin film at atomic
thickness limit'". However, sustaining ferroelectric order at reduced
thickness remains a critical challenge, as it is severely perturbed by
delicate energy balance that is driven by boundary conditions and
depolarization field™'. Although ferroelectrics have been achieved in
thin films via epitaxial growth on lattice-matched substrates, the

dependence on such substrates constrains integration into electronic
devices, and thus limits potential practical applications™”. In contrast,
two-dimensional (2D) van der Waals (vdW) ferroelectric materials,
featured by the absence of dangling bonds and remain the ferroelec-
tricity down to menclayer thickness, offer a transformative platform
for next-generation miniaturized electronic devices'™ .

Controlling the phase in 2D vdW materials allows probing exotic
physical phenomena in condensed matter physics, particularly
enabling the full exploitation of 2D ferroelectrics at the atomic
thickness'" . Considerable research has been focused on phase engi-
neering for creating 2D heterostructures, superlattices and moiré
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systems through straightforward mechanical exfoliation and restack-
ing, that reveals distnct physical properties and exceptional
performance'™"’. While this approach has led to ground-breaking dis-
coveries in sliding ferroelectrics, topological polar textures and
superconductivity, the scalability and practicality of the assembled
heterostructures remain significant limitations for technological
implementation'™". Capturing the full potential of 2D materials
requires robust and scalable synthesis of these atomical scale thick-
ness materials and their heterostructures with designable sparial
modulation of chemical compositions and electronic structures. The
extreme aspect ratio, lack of intrinsic substrate and the atomically thin
nature render them highly susceptible to defects and external per-
turbations {electronic, optical and mechanical)™". Thus, precise and
efficient phase engineering is a critical challenge for unlocking the
transformative potential of low dimensional materials.

Analogous to non-stoichiometric phase engineering in conven-
tional oxides, the multiple phases in 2D materials can be finely syn-
thesized by tailoring the composition ratio™. Here, we demonstrate a
mixed-phase 2D system exhibiting a ferroelectric phase transition by
controlling the ratio between monoclinic and trigonal phases that
coexist in CulnPS;.,Se, ), crystals. The phase control could induce
superlattice modulations and local heterogeneous polar structures,
facilitating the transition from ferroelectric (FE) to relaxor ferroelectric
{RFE), superparaelectric (SPE), or paraelectric (PE), which is manifested
by flatten free energy profile. The synthesis and composition of
CulnP;(5; . Se,)s; was characterized using energy dispersive X-ray
spectroscopy (EDS), electron probe microanalyzer (EPMA), Raman
spectroscopy. The local heterogeneous polar structure was investi-
gated by X-ray diffraction (XRD), high-angle annular dark-field scan-
ning transmission electron microscopy (HAADF-STEM), selected area
electron diffraction (SAED), and second harmonic generation (SHG).
Temperature-dependent ferroelectric and dielectric measurements
confirmed the relaxor behavior through a hysteresis-free polarization
response and frequency dispersion of dielectric permittivity. Addi-
tionally, the evolution of domain size and coercive voltage was inves-
tigated using piezoresponse force microscopy (PFM). Finally, the
integration of 2D relaxor crystals into memristor devices exhibit
enhanced analog resistance states and low operation voltages,
demonstrating the potential for advanced electronic applications.

Results

Strategy for phase-engineering

The introduction of external elements into crystals has been an
effective strategy for tuning structural phase transitions and material
properties. In 2D layered transition-metal thio- and seleno-phosphates,
CulnP,S; crystallizes in ferroelectric monoclinic phase (space group
Cc), whereas the CulnPsSes; adopts a distinct ferroelectric trigonal
phase (space group P3Ic)""“. Inspired by this structural diversity, we
hypothesized that partial substitution of 5 with Se in CulnP#{5, ,5e,),
crystal framework could lead to a controlled coexistence of these
distinct phases and phase boundaries. Such phase coexistence results
in local heterogeneous structure and polar nanoregions, which are
expected to give rise to novel ferroelectric behaviors™ (Fig. 1a).

To systematically explore the evolution of structure and ferro-
electric properties, we synthesized a series of CulnP,(5,.,Se, ), crystals
using the chemical vapor transport (CVT) method (details are pre-
sented in the Experimental Section). The Se substitution is confirmed
by EDS and Raman analyses, and the accurately Se content of 0%, 0.8%,
2.6%, 4.2% and 6.9% are obtained using EPMA (Supplementary Note 1,
Supplementary Fig. 1 and Supplementary Table 1). Given that Se has a
larger fonic radius and lower electronegativity compared to 5, the
substitution introduces both structural and electronic perturbations
to the lattice, weakening electrostatic constraints of Cu' cation and
consequently altering the hopping motion of ions and structural sta-
bility of crystals™. As Se content increased from 0% to 6.9%, the

gradually increased vibration peak at 346 cm™ in Raman spectroscopy
demonstrate the emergence of [Pa(5;.,5¢,)s]" anion (Fig. 1h). In con-
trast, the intensities of the Cu" vibration peak at 315cm™ is reduced
with higher Se content, indicating that the mixed 5-Se chalcogen
environment disrupted the hopping motion of the Cu'' cations, And
the simultanecus broadening of the both 315 cm! and 346 cm™ peaks
demonstrates that Se substitution enhance lattice instability, which
drives the formation of heterogeneous structures. These composi-
tional modifications significantly influence ferroelectric behavior,
which is revealed in phase diagrams derived from the temperature-
dependent ferroelectric and dielectric permittivity analysis (Fig. lc,
Supplementary Note 2 and Supplementary Figs. 2 and 3). As the Se
content increases, the ferroelectric transition from FE to RFE and
subsequently to SPE phase was observed at room temperature, and the
T (where the dielectric permittivity reaches its maximum) undergoes
a significant shift toward low temperature. At low temperatures, the FE
converts to antiferroelectric (AFE) phase only. Notably, these phase
transitions occur at the Se content of 2.6%, which suggests that the
phase coexistence is established at this composition.

Local heterogeneous polar structure

To elucidate the mechanism underlying these phase transiton, the
microstructure of the crystal was performed using XRD and SAED. The
clear diffractions peaks at13.4°, 27.1°, 4137 and 56.3° corresponding to
the (002}, (004), (006) and (008) planes, respectively, which indicate
the 2D crystal stacks along the c-axis (Fig. 2a). Notably, for x = 2.6%, the
local substitution of Se induced gradient strain leads to grain size
refinement, interlayer dislocations, and amorphous phases, causing
the broadening of the (002) diffraction peak™. As the Se content sur-
pass 2.6%, the more uniform distribution of Se effectively releasing the
accumulated strain and improving the local stacking order, resulting in
the recovery of sharper (002) diffraction peak. And the diffraction
peaks shift to larger angles, reflecting a reduction in interlayer distance
along the c-axis. Additionally, the gradual decrease in intensity of the
(004), (D06) and (D08) peaks with increasing Se content is related o
local heterogeneous structure. These structures modifications might
result in the emergence of trigonal phase with small interlayer dis-
tance, where the S atoms shift towards to the layer gap, and Cu atom
move towards to the inner layer induced by steric hindrance effects.
Furthermore, based on SAED patterns along the (001) axis, the typical
diffraction spots of monoclinic structure were identified at x=0%,
consistent with prior reports™" (Fig. 2b). For x = 2.6%, the superlattice
diffraction spots corresponding to the monoclinic phase diffraction,
along with weak trigonal phase diffraction spots demonstrate the
phase coexistence structure. The corresponding atomic-scale struc
tural evolution can be directly observed in the HAADF-STEM images
along the (0D01) direction (Supplementary Fig. 5). The superlattice
structure was confirmed through the satellite peaks in the reciprocal
lattice at bc plane for x = 2.6%, which was investigated by single-crystal
X-ray diffraction™ {Supplementary Fig. 6). These results indicate that
the integraton of trigonal and mencclinic phases forms a superlattice
structure within the 2D crystal, leading to a locally heterogeneous
polar structure,

Furthermore, the HAADF-STEM was conducted to uncover the
atomic-scale microstructure of the coexisting multiphase. During the
CVT growth, the Se atoms incorporate into the lattice under near-
equilibrium conditions, leading to macroscopically homogeneously
distribution at S sites. The monoclinic and trigonal phases can be
determined by the angles between a- and c-axis and the interlayer
distance along the (010) plane (Supplementary Note 4 and Supple-
mentary Fig. 7). For Se content below 2.6%, the substituting Se atoms
are randomly and sparsely distributed within the 2D layers, and the
induced point defects are insufficient to distort the lattice, maintaining
a homogeneous single-phase structure. And the independent mono-
clinic phase was observed, characterized by the angle of 98.9° between
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Fig. 1| Design and control of phase engineering to achieve the relaxor ferro-
electric. a Coexisting phase of moenoclinic and trigonal to control the ferroelectric
behavior. (i} The crystal siructure of the 2D CulnPz(S,.Seds along the c-axis. (i)
Substitution of S with Se induced the coexisted phase in CulnP4(5, Se ), crystals, as
the observed phase coexistence in TEM image of the layered crystal along the cross-
section, scale bar, Lnm. (i} The schematic diagram of gradually disordered polar
structure for the phase transition from ferroelectric to paraelectric corresponding

Se content x (%)

to Landau energy. b Raman specira of the mixed-phase CulnP5(5,.,5e,), crystal with
intreduced Se. ¢ Phase diagram of the mixed-phase crystal with respect to Se
content and temperature, where symbols mark tested samples with varieus com-
positions. The temperature of maximum dielectric permittivity (T, is extracted
from the temperature-depe ndent dielectric spectra ar 10 kHz. The abbreviations
represent ferroelectric {FL), relaxor ferroelectric (RFE), superparaelectric (SPE) and
antiferroelectric (AFE), with room temperature (RT) indicating room temperature.

the a and ¢ axis and clearly vdW gap (Supplementary Figs. 5 and 8).
With the Se content increase to 2.6%, local Se enrichment near defect
sites induces sufficient strain to distort the lattice, leading to the for-
mation of dislocation and trigonal phase. These localized strain fields
further induce interlayer sliding within the layered crystal structure,
leading to the coexistence of monoclinic and trigonal phases, as clearly
observed in Fig. Zc. Edge dislocation regions, marked by orange
dashed lines, indicated that substitution of S by Se, with its larger
atomic radius, produced lattice stress by steric hindrance effects as
illustrated in the lower right section of Fig. 2c. This can be further
corroborated by the presence of dislocation cores identified through
the geometric phase analysis (GPA) Featured by pronounced shear
stress (£y) concentration. The strain gradient facilitated the formation
of trigonal phase under compressive strain between the dislocation

and monoclinic phase, resulting in nearly 907 angle between the a and
¢ axis in unit cell. Multiphase structure that comprises dislocation
regions (-3 nmy), trigonal phase regions (-20 nm), and residual mono-
clinic phases, formed disordered polar regions (Supplementary Fig. 8),
which provides detailed insights into the local polar nanoregions in the
multiphase coexistence structure.

The SHG signal is a sensitive probe for detecting the local sym-
metry breaking in materials, with the intensity (/) is proportional to the
square of the polarization (F). For x=0%, the uniform monoclinic
phase exhibit strong SHG signals due to pronounced asymmetry and
large polarizadon ordering (Supplementary Fig. 9). As the Se content
increases, the emergence of the trigonal phase disrupts polarization
ordering and reduces asymmetry, which leads to the gradual decline of
SHG intensity. The angle-dependent SHG measurements reveal similar
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Fig. 2 | Local heterogeneous polar structure at the phase coexistence struc-
ture. a XRD spectra of mixed-phase crvstal with 5e content increasing from 0% 1o
6.9%. b SAED patterns along the (001) axis for Se content at 0% and 2.6%. ¢ Cross-
sectional HAADF-STEM image of the layered crystal at Se content of 2L6% showing
the monoclinie (M), trigonal (T} phase and edge dislocation, scale bar, 5nm. The
edge dislocation region is marked with orange dashed lines. The diffraction
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patcerns show monoclinic and crigenal phases, Geometric phase analysis (GPA) was
applied o extract the strain distribution ar the edge dislocation regions.

d Polarization angle-dependent SHG spectra of the mixed-phase cryvstal with Se
content increase from 0% to 6.9%. e SHG mapping of Se content at 0% and 2.6%
with a selected region of 10 pm = 10 pm, scale bar, 1 pm. The bortom is the quan-
titative analysis of polar area distribution.

sixfold rotation symmetry patterns across samples, even for the
weakest intensity crystal at v=6.9%, indicating the persistence of
polarization in the heterogeneous polar structure (Fig. 2d). Besides,
the SHG mapping exhibits uniform polarization regions for x= 0%,
while the small and weak polarization region was observed at the
x=2.6%, corresponding to the coexisted phases with local hetero-
genous siructure (Fig, 2e). The detailed analysis of polarization region
areas shows that most polar regions for x=2.6% are concentrated
around 0.2 pm?, These results confirm that the coexisting multiphases
induce local heterogeneous structure, which decreases polar aniso-
tropy and forms polar nanoregions,

Relaxor ferroelectric property

The coexisted multiphase with local heterogeneous polar structure is
closely associated with the ferroelectric behavior. The polarization-
electric field {(P-£) loops and corresponding current-electric field {/-E)
curves of the mixed-phase crystals CulnP,(5,.,5¢e,), were measured at
room temperature (Supplementary Note 5 and Supplementary Fig. 10).
To aveid leakage current influence, the P-E loops was carried out at
frequency 800 Hz (Fig. 3a). At x= 0%, the sample exhibits typical fer-
roelectric feature with large maximum polarization (P,,,) of 4.4 pCcm™
and visible remanent polarization (F,) of 3.0 pC cm™, which leading to
clearly hysteresis loops. As the Se content increases to x=2.6%, the P,
dropped sharply to 1.2 pC em™, while the P, remains relatively stable
at 3.7 pC em™, The reduced hysteresis loops indicate transition from
FE to RFE state. With further increases in Se to 6.9%, both P, and P,
decreased to 0.2 and L0 pC em™, respectively, which displays slim and

nearly linear hysteresis loops characteristic of the SPE-like state. The
similar polarization evolution of P, and P, is also observed in the
exfoliated few-layer crystals, confirming that the relaxor ferroelectric
behavior can be preserved in this two-dimensional crystal (Supple-
mentary Fig. 11). Notably, the crystal of CulnP,(5, ,5e,), possesses a
ferrielectric configuration, which the Cu and Inions exhibit antiparallel
displacements with unequal magnitudes, resulting in a non-zero net
polarization™. Since the contribution of In jon o the polarization is
negligible, the ferroelectric behavior is fundamentally governed by the
displacement and positioning of Cu ions, which can occupy three types
of position™"": off-center position (Cul), center position (Cu2); and the
interlayer space (Cu3) (Fig. 3b). In the monoclinic phase, Cu ions at 5
plane predominantly occupy the off-center Cul site, which leads to a
significant polarization due to large ionic displacement. Conversely, in
the trigonal phase, Cu ions preferentially migrate towards the more
centered Cu2 intralayer position, resulting in weaker polarization due
to a much small displacement. Density functional theory (DFT) calcu-
lations also confirmed that the trigonal phase (CulnP;Se,) has weaker
polarization compared to the menoclinic phase (CulnP5S,) (Fig. 3c).
Moreover, the trigonal phase was found to have lower energy barriers,
which facilitates polarization reversal (Fig. 3d). These results collec
tively confirm the FE-RFE-SPE transitions in the mixed-phase crystal
with the increase of Se content.

Another feature of relaxor ferroelectric is the presence of a dif-
fused phase rransition and frequency dispersion around the
temperature-dependent dielectric peaks (T,,). To characterize these
properties, the dielectric permittivity of mixed-phase CulnP4(5,.,5¢,),

Mature Communications | (2026)17:2546



Article

https://dol.org10.1038/s41467-026-69272-9

da — e
Large pclarization _ Smaill 300 Hz
__?.,-.. 4l ) t—“ polarization 400+ Content Se
§ 7 ¥=0%
L:j_ | ..l'. _."' /_f Tm
E ol x=0% x =05 | x= 2.5',1-Jl.-”,-‘ k=d% o x =y’ 2004 I |
E | ,‘f-l ) / M u
= s FE o
[=] e s g
& -84
FE = — — RFE S SPE 400
T T T T T T T T T T T T T T T i 5
45 0 1515 0 15 45 0 15 45 0 1545 0 15 x=28% 300 Hz .
Electric field (kY mm™) = R gl ¥
b = 200 :
- - Cul 100% cul = j Bao.
[ - ) J 2 T
R = cul O 5 M+T T fame '
(1 T e - Cu2 Cu? o = o
1 i - - _
R b
O ™
E hd Increasing Se content |
x=59% |
C d ]
| ciPs - ol - 200 | f
o Ionocinic - o
5 o CIPSe i = Bga| ——CIPBa
Trigonal -4 i
= D ; @ 100 MHT MWhHz SPE : |
E e ” E g i m -‘-_.-‘-r_d'l
'.5 il e.:"". "?__ 2 ._“'. F . e v -auiiuiﬁi i:“-‘ﬁ
e oo - iy 3 MHz |
] : . . @ . . : o ! : ; i
& z i) 1 & -1 a 1 80 40 ] a0
Off-center position Off-center position Temperature ["C)
f g«
= ar p—
=111 FL30 o 15 & EFERN . e e o
- E 7 o f
F -6 5] Fay
o % - /l [ |
Ly £ A | . |
& =01 AFE i /] || rFE
= -8 g ;,r | |
5 : ' / !
E i ',"/ Y |
ol F0% x=08% | x=28% | ¥=d2% | k=g b # P i
, . . . : £4
4 & 12 16 AL e 20 e -10C - 0°'C
In(T-T,,) Temperature ("C)

Fig. 3 | Polarization and dielectric behavior variation during the phase tran-
sitlon from ferroelectric to superparaelectric. a P-F loops at the electric eld of
20 kV mm™ and 8300 Hz with the Se content varying from 0% to 6.9%. b Three
possibie Cu ion occupation states in a sulfur octahedral frame. The Cu jons gra-
dually move toward interlayer Cu2 sites with the Se concent increase, which forms
the trigonal phase. ¢, d DFT-calculated polarization and reversal energy barriers for

the monoclinic and trigonal phase. The off-center position of | and -1 corresponds
to polarization at up and down for the Cu lon. e Temperature-dependent of
dielectric permittivity from -850 °C 1o 75°C for the 5e content of 0%, 2.6% and 6.9%,
F Fltting relaxor diffuseness factor of temperature-dependent dielectric at 10 kHz
g Phase transition from AFE to RFE at freexing temperature (T with Se con-

tent of 26%.

crystal was measured across a temperature range of —150 °C to 100 °C
and frequency range of 300 Hz to 3 MHz (Supplementary Note 3 and
Supplementary Fig. 3). In contrast to the sharp dielectric peaks for
x=0% with typical ferroelectric phase, the gradual shift of phase
transition temperature at relatively small range with frequency con-
firms the relaxor-like ferroelectric at compesition x=2.6% and 6.9%
(Fig. 3e). The degree of dispersion was quantified using the relaxor
diffuseness factor (y) derived from modified Curie-Weiss law"™:
L1 =T T? where the g, is the maximum dielectric constant at T,,,,
and Cis the Curie-like constant, where the ¥ =1lcorresponds to a typical
ferroelectric behavior and y=2 represents an ideal relaxor ferro-
electric. The y values increase progressively from 111 for x = 0% to 1.45
for x=2.6%, and 1.9 for x= 6.9%, demonstrating the enhanced relaxor
property (Fig. 3f). And the p of 145 at x=2.6% indicates the initial
transition from FE toward to RFE. which corresponding to the emer-
gence of phase coexisience structure. MNotably, for x=2.6%, an
abnormal behavior of the dielectric peak T, shifts towards lower
temperatures as frequency increases was observed, which actributed

to the ionic conduction effects previously reported in relaxor ferro-
clecric materials™ " (Supplementary Note 3 and Supplementary
Fig. 4a). Besides, the gradually decrease of phase transition tempera-
ture T,, was observed as the Se content increases, which could be
atrributed to the local heterogeneous structure and lattice instability.
At x=2.6%, the T, is observed at 25°C, close to room temperature
(Supplementary Fig. 9b). Consequently, the maximum dielectric per-
mittivity was observed at x=2.6%, with the subsequent decrease of
dielectric permittivity for the x exceeding 2.6% at room temperature
{Supplementary Fig. %c). Mereover, the thermal stability of dielectric
permittivity was substantially improved with the greater Se content.
For the x = 6.9%, the highly stabilized permittivity of approximately 60
was maintained across a wide temperature range from -100°C o
50 °C, in contrast to x= 0%, where stability was limited to a narrower
range (-100 *C to 20 °C) with a permittivity of 14, This enhancement is
attributed to the pronounced relaxor behavior, which enables the
polarization to gradually vanish even above the Ty, And the increase of
dielectric permittivity is associated with the local polar regions, which
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room temperature and the sample are not polarized. b PEM phase hysteresis loops
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1 Hz. ¢ i~V sweeping curves from -3 to 3V for Se content of 0%, 2.6% and 6.9%.

d Switching ratio (§ zs ¥t dependence on the voltage. The current was extracted
From the /- V curves at voltages from 1 to 2.5 V. e Polarizaton switching from down-
to-up with consecutive positive pulse voltage, mimicking the long-term potentia-
tion behavior of artificial synapses,

allows larger polarization response at lower electric field. Additionally,
as the temperature approached the relaxor freezing temperawre (T4, a
phase transition from AFE to RFE was observed, as depicted in Fig. 3g
and Supplementary Fig. 12, further corroborating the phase evolution
shown in Fig. lc. These results demonstrate the appearance of relaxor
ferroelectric at the phase boundary with monoclinic and trigo-
nal phase.

Electrical properties

The appearance of local heterogeneous polar structure typically cau-
ses the domains size refinement within the phase coexistence. As
validated by PFM, the clear reduce of the domain size is observed in
few-layer crystals as the Se content increase (Fig. 4a, Supplementary
Note 6 and Supplementary Figs. 13 and 14}, with domains nearly dis-
appear at the x=4.2% and 6.9%. This further demonstrate that the
relaxor ferroelectric behavior could be remained in the low dimen-
sional crystal. According to the Landau phenomenological theory, the
competition between the refined domains energy and interfacial
energy lowers the energy barrier for polar rotation, and makes the
flatten free energy profile”. This was further corroborated by PFM
phase hysteretic loop, which showed decreasing switching voltages for
domain reversal with increasing Se content (Fig. 4b). Therefore, the
formation of nanodomains in relaxor ferroelectric enables multiple
resistance state modulation under lower operating voltages, making it
well-suited for the memristor devices rely on repeated write-read
operations. To further investigate the resistance behavior during the
domain-switching process, the crystal was exfoliated and integrated
into two-terminal memristor device with a vertical structure (Au/Ti/

CulnPs(Sy.,Se,)o/Au), which could mimic artificial synaptic functions
{Supplementary Note 7). From the sweeping voltage from-3to03Vata
0.03V step, the clear hysteretic current-voltage ([-V) curves were
observed between the high resistance state (HRS) and low resistance
state (LRS) for 0%, 2.6% and 6.9% (Fig. 4c and Supplementary Fig. 15).
The maximized switching ratio (/; o/f, ) was achieved at write voliage
of L62V for x=2.6%, due o the heterogenous polar structure
enhanced polarization rotation in the relaxor ferroelectric structure
{Fig. 4d). Furthermore, the resistance switching dynamics, linked to
polarization rotation, was analyzed using pulse sequences voltage
{Supplementary Fig. 16}, The upward and downward polarization were
defined as ON and OFF resistance state, respectively. The device was
first set to the OFF state by pulse voltage V.,=-3V (duration
t4=50ms), followed by the application of pulse voltages Ve and
Vieaa- Over the 40 consecutive pulses, the resistance exhibited step-
wise increases, mimicking the long-term potentiation (LTP) behavior
of artificial synapses (Fig. ‘). Notably, the multi-state resistance of RFE
at 2.6% keeps increasing depending on the pulse number, while the FE
and SPE with x= 0% and 6.9% reaches saturation rapidly after a few
pulses. This indicated the RFE exhibits many analog resistance
switching states in the memristor, which can be ascribed to multple
polarization states as nanodomains gradually switching. Additionally,
these refined nanodomains effectively reduce the coercive field in RFE
crystals, making low operation voltages for memristor device. At
x=2,6% and x=6.9%, the required lowest Ve =3V and Vigan =15V
were lower than x=0% with Vege=4V and V,..qa=2.5V. These low
operation voltages making relaxor ferroelectric crystal candidates for
highly energy-efficient memristor applications.

Mature Communications | (2026)17:2546



Article

https://dol.org10.1038/s41467-026-69272-9

Discussion

In this work, the phase-engineering at CulnP:(S;.,Se. ) layered crystal
was achieved by non-stoichiometric method. The phase coexistence of
monoclinic and trigonal phase in 2D materials could be controlled by
regulating the chemical compositien during the growth. The phase
competition in mixed-phase crystal induces superlattice and local
heterogeneous polar structure. Furthermore, this phase competition
reveals a sequential transformation of ferroelectricity, evolving from
FE to RFE and SPE phases at room temperature, with a notable tran-
sition to AFE behavior at low temperatures. The RFE phase with polar
nanoregions and low coercion voltage significantly enhancing the
memristor performance, making it a promising candidate for energy-
efficient, high-density memory applications. These findings represent
a significant breakthrough in overcoming the dimensional limitations
of relaxor ferroelectrics through phase engineering, and provide a
robust framework for designing advanced two-dimensional materials
with superior performance for next-generation efectronic devices.

Methods

Growth of 2D crystal

The single crystal of CulnP;(S;.,.5e,)s were growth by the chemical CVT
method with iodine as the transport agent”, High pure precursor
materials, including Cu (99.99%, Sigma-Aldrich), In (99.99%, Sigma-
Aldrich), P (99.999%, Sigma-Aldrich), S (99.98%, Alfa Aesar) and Se
(99.99%, Sigma-Aldrich) were mixed in quartz tube with a nominal
stoichiometric  proportion of  1LL:2:6:0,  1:1:2:5982:0.018,
1:1:2:5.916:0.084, 1:1:2:5.85:0.15, 1:1:2:5.748:0.252, corresponding to the
Se content 0%, 1%, 3%, 5% and 8%, respectively. This slightly deviation is
ascribed to the variations in vapor transport efficiency and minor
weighing inaccuracies of the elemental precursers during the CVT
growth process. Then they were sealed under a vacuum of 107" mbar
through the high-temperature torch. The crystals were growth in a
dual-temperature zone tubular furnace, with source zone maintained
at 750 °C and the growth zone at 700 °C, over a period of 7 days. The
gradually heating and cooling temperature rate of 2°C min™ was
maintained throughout the process. Upon completion of the growth,
plate-like crystals with lateral dimensions of several millimeters and
thicknesses of several micrometers were obtained in the
crystallization zone.

Structure characterization

Detailed crystal structure analysis was conducted using Single-crystal
X-ray diffraction with Bruker D8 Venture diffractometer to determine
the crystal structure, with data processing, cell refinement, and cal-
culations conducted via APEX4, SAINT, and SADABS software. And the
crystals were mounted on silicon during XRD measurements. Elements
concentration was characterized using a scanning electron micro-
scope (Nova SEM) equipped with an EDS and EPMA (JEOL JXA-
iHP200F). Raman spectroscopy was acquired using a WITec alpha300
apyron confocal system with a 532 nm excitation laser. Cross-section
TEM lamellae were prepared using a Thermo Fisher Helios G4 system.
Atomic-scale conformations were captured with HAADF-STEM using
an FEI Titan ST transmission electron microscope.

SHG measurement

Polarization-dependent SHG measurements and SHG mapping were
conducted using a WiTec alpha300 Raman system. A 1064 nm exci-
tation laser beam was focused on the objective focal plane, with its
polarization controlled by a halfwave plate. Angle-dependent SHG
measurements were performed in 27 increments using a motorized
rotational stage, and the SHG intensity at each angle was averaged over
three counts with an integration time of 0.5 seconds per step. For SHG
mapping, a selected region of 10 pm = 10 pm was scanned under
consistent incident light intensity, with a scan rate of 50 ms per pixel.

PFM measurement

Ferroelectric domain characterization was conducted using piezo-
response force microscopy (PFM) on an Asylum Research MFP-3D
system, operating in dual AC resonance tracking mode (DART-PFM) at
room temperature. Conductive Pt-coated 5i tips with a spring constant
of 3INm™ and a resonance frequency of 75 kHz were used for the
measurements. Domain imaging was performed with an AC voltage of
1V applied at the tip, operating at a tip-sample contact resonance
frequency of 315kHz. The phase switching voltage was measured by
applying the sweep voltage from -9 to 9V with 1 Hz and drive voltage
of 1V at the tips, the phase curves can be obtained at the off state.

Device fabrication and measurement

The 2D crystal flakes were obtained by mechanically exfoliating them
from the bulk crystal and were identified as high-quality using optical
microscopy. The patterned bottom electrode was fabricated by
depositing 10 nm Ti and 30 nm Au onto a 5i02/Si substrate using a
laser writer (DWL66+) and e-beam evaporation. The exfoliated 2D
crystal flakes were then transferred onto the bottom electrode using
the dry transfer method with a polymer stamp. The top electrode was
defined using a laser writer, followed by deposition of 10 nm Ti and
80 nm Au through e-beam evaporation. Electrical measurements of the
device were performed using a Keithley 4200 semiconductor char-
acterization system at room temperature in an ambient environment,

Ferroelectric and dielectric measurement

Before the measurement carried out, the circle Au electrode (diameter
1mm) was deposited on both sides of the crystal at thickness of
100 nm. The ferroelectric property was investigated by the ferro-
electric analyzer with a Sawyer-Tower circuit (axiACCT, TF Analyzer
2000E). The P-E loops were performed by the bipolar electric fields of
the triangular wave in DHM mode, and the frequency from 100 Hz to
1 kHz. The temperature dependent P-£ loops were obtained from -120
to 10°C at increase step of 10°C. The dielectric permittivity was
acquired over a broad frequency using the Alpha-A High Performance
Frequency Analyzer by applying an AC voltage of 01V. With the
temperature increase from -150 to 100 =C, the dielectric spectroscope
from 300Hz to 3MHz was measured at the remperature increase
step of 2°C,

DFT calculations

First-principles calculations were performed using the Vienna Ab initio
Simulation Package (VASP) with the projector-augmented wave (PAW)
method and the Perdew-Burke-Ernzerhof (PBE) exchange-correlation
functional™". A plane-wave kinetic energy cut-off of 450 eV was cho-
sen. For structural relaxations, a Gamma-centered k-points grid with
ka >40A was used to sample the Brillouin zone, where k is the number
of mesh points and a represents the lattice constants. A similar k-point
mesh was used for all static runs. To prevent any spurious interaction
berween periodically repeated layers, a large vacuum space of at least
20 A in the direction of ¢ was applied. Structures were relaxed until the
energy differences converged below 10 eV and forces within 1x107*
eV/A. van der Waals corrections using the optB36b exchange-
correlation functional were applied to precisely account for inter-
layer interactions, particularly for materials like CulnP.S;"". Solid-
state nudged elastic band method (SSNEB) was employed to invest-
gate the polarization reverse barrier' . The spontaneous polarizations
of the ferroelectric materials were computed using the Berry phase
method, which incorporates contributions from both electronic and
ionic parts'’,

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

All dara generated in this study are provided in the paper or the Sup-
plementary Information. Further data are available from the corre-
sponding author upon request. Source data are provided with
this paper.
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