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Room-Temperature Ferroelectricity in Ultra-Thin p-Type

BiCuSeO Films

Lingyuan Kong, Wei Li, Zihao Wang, Zixin Fan, Zhuo Yin, Haoming Ling, Kai Hu,
Shaojie Tai, Dingyi Li, Chengkai Li, Yang Guo, Fang Yang, Wei Zhang, Jiandong Guo,

Runzhang Xu,* Pan Chen,* Yan Liang,* and Jiandi Zhang*

Atomically thin 2D layered ferroelectric semiconductors, where polarization
switching transpires within the channel material itself, are pivotal to
advancing the next generation of high-performance electronics. Nevertheless,
the challenge remains in either the controllable synthesis of films or the
manipulation of associated ferroelectricity. Here, 2D p-type BiCuSeO (BCSO)
films with a thickness down to ~3 nm are successfully synthesized using
molecular beam epitaxy. The room-temperature (RT) out-of-plane
ferroelectricity is confirmed by piezoelectric force microscopy, showing robust
ferroelectric switching capability. Insights derived from density functional
theory, coupled with the ferroelectric dipole map in cross-sectional scanning
transmission electron microscopy images, suggest that the polar
displacement of [CuSe] layers under electric fields primarily contributes to

1. Introduction

Ferroelectricity, characterized by electric
polarization that can be tuned by am-
bient electric field, has captured rising
attention due to its potential applica-
tions in advanced nanoelectronics with
multifunctionalities.'!! While most ferro-
electric materials, including polyvinylidene
fluoridel®! or perovskite oxides,>* have a
wide bandgap and poor carrier mobility.
These characteristics impose obstacles
to their multifunctional application. Al-
though ferroelectric/semiconductor het-
erostructures facilitate the development

ferroelectricity in the BCSO film. Furthermore, the switching behavior of the
BCSO-based ferroelectric tunnel junction has been clarified, exhibiting distinct
ON and OFF states. Our results illustrate that such an ultrathin RT
ferroelectric semiconductor could serve as a versatile material for future

multifunctional electronic devices.
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of innovative devices,>®! their polariza-
tion switching is confined to dielectric
layers, which impedes channel control.
On the contrary, 2D ferroelectric mate-
rials permit direct polarization switch-
ing within the conductive channel,”®]
presenting inherent advantages for elec-
tronics at the atomic scale. In recent
experiments, atomically thin SnTel®) and Bi,TeOs'% have ex-
hibited in-plane room-temperature (RT) ferroelectric responses,
while metal thiophosphate,''12] In,Se,,'3] 1T MoS,,™ and
Bi,0,Se (BOS)!1>1%] demonstrated out-of-plane ferroelectric re-
sponse. Among these, BOS stands out as particularly promis-
ing due to its superior properties, including moderate bandgap
size, high electron mobility, and remarkable ambient stability.!*”]
However, the development of 2D p-n junction architecture, along
with the exploration of tunneling field effect transistor devices, is
currently constrained by the limited research on the correspond-
ing 2D p-type semiconductors.!'81°] Recent developments in 2D
ferroelectric materials have primarily focused on n-type 2D ma-
terials, with a noticeable absence of ferroelectric p-type semicon-
ductors.

BiCuSeO (BCSO), a typical p-type semiconductor, shares
nearly the same in-plane crystal structure and lattice constant as
BOS,!? facilitating the fabrication of 2D p-n heterostructures.
BCSO has a band gap of 0.8 eV and a low intrinsic thermal
conductivity of roughly 0.6 Wm~'K~! at room temperature (RT),
which is considered to be a highly promising thermoelectric
conversion material.[?!l Research has demonstrated that the in-
herent p-type heavy doping and stable chemical properties of
BCSO make it a valuable asset for interface regulation in 2D

© 2025 Wiley-VCH GmbH
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Figure 1. Preparation and physical characterization of BCSO films. A) Left: schematic diagram of layer-by-layer growth of the atomically thin BCSO film

cursors in an oxygen atmosphere. Right: the crystal structure of BCSO and

STO. B) XRD pattern of the BOS (bottom), BCSO (top) films, and their mixed phase (middle). The asterisks indicate the peaks of STO substrates. C)

XPS spectra of Bi, Cu, and Se elements in BCSO thin films. D) Cross-section
by an atomic model.

heterostructures,?224 thus showing potential use in optoelec-
tronic devices.?>2%] Moreover, the unique self-modulating dop-
ing effect mechanism of BCSO enables it to retain its degener-
acy even when its thickness is reduced to a mere few layers,[26:27]
which shows advantages in the fabrication of high-speed, low-
power 2D-2D thin-film transistors. However, the growth of BCSO
films, particularly ultra-thin versions, still presents substantial
challenges. Recent advancements have enabled the preparation
of BCSO films through methods such as pulsed laser deposition
(PLD),[28] chemical vapor deposition (CVD),[2!! and solvothermal
synthesis.[??] Nevertheless, each of these methods exhibits cer-
tain limitations. For instance, the surface of PLD-grown BCSO
thin films is not flat enough. Both the CVD and solvothermal
methods exhibit limitations in generating BCSO nanosheets of a
relatively small size. Moreover, the literature regarding ferroelec-
tricity in p-type BCSO thin films is notably absent.

In this work, we have successfully grown atomically thin BCSO
films via molecular beam epitaxy (MBE), which was accom-
plished by co-evaporating Bismuth (Bi), Copper (Cu), and Sele-
nium (Se) precursors within an oxygen atmosphere. The BCSO
films demonstrate semiconductor properties with p-type carri-
ers, exhibiting an elevated carrier density of 2.62 x 10 cm™
at RT. Notably, this density surpasses that of numerous well-
established p-type 2D semiconductors.['"!?] The intrinsic ferro-
electric transitions have been revealed by piezoelectric force mi-
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al HAADF-STEM image of the BCSO film on a STO substrate, accompanied

croscopy (PFM) signals, exhibiting typical butterfly curves in am-
plitude and 180° switching in phase. This is corroborated by
the processes of writing/reading ferroelectric domains within
BCSO films. Further analyses, as evidenced by the first-principles
density functional theory (DFT) results combined with the fer-
roelectric dipole map in the cross-sectional scanning transmis-
sion electron microscopy (STEM) image, suggest that the dis-
placement of [CuSe] under an electric field is primarily responsi-
ble for the ferroelectricity observed in BCSO films. Additionally,
the switching behavior of 2D BCSO has been further clarified
utilizing a conducting tip/BCSO/Nb-SrTiO, ferroelectric tun-
nel junction (FTJ) device, showing a distinct ON/OFF switching
performance.

2. Results and Discussion

BCSO, with a ZrSiCuAs-type crystal structure (I4/nmm, a =b =
3.93 A, c = 8.90 A), consists of alternating [BiO] and [CuSe] lay-
ers along the out-of-plane orientation (Figure 1A). We selected
single polished TiO,-terminated SrTiO, (STO) (001) single crys-
tals, which have a cubic structure (& = 3.90 A) and high ther-
mal stability, as the epitaxial substrates. STO offers a reasonable
lattice match to BCSO, with a mismatch of 0.7 %. The fab-
rication of atomically thin BCSO films is accomplished using
a custom-built oxide MBE setup. The MBE of BCSO presents

(2 of 8) © 2025 Wiley-VCH GmbH
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Figure 2. Transport properties of BCSO films. A) Temperature-dependent sheet resistance R,, of the BCSO film. B) Magnetic field dependence of Hall
resistance R,, of the BCSO film at various temperatures. C) Carrier mobility 4 and carrier density p, derived from Hall measurements using a single
band model, versus temperatures. D) Magnetic field dependence of MR of the BCSO film at various temperatures.

significant challenges due to the fact that BCSO is a quaternary
compound. Managing four elements in conjunction with the sub-
strate temperature requires a high level of precision, making it
particularly difficult. Given the structural parallels between BOS
and BCSO, and our previous research on the growth of oxygen-
sulfur compounds by MBE,[?%] we tried to incorporate Cu into
the BOS growth process to facilitate the fabrication of BCSO thin
films. The bottom layer of Figure 1B depicts the X-ray diffraction
(XRD) pattern of the BOS film, which exhibits a (00l) orienta-
tion. When Cu is directly integrated under the BOS growth condi-
tions, a mixed phase of BOS and BCSO emerges, as represented
in the middle layer of Figure 1B. A comprehensive description
of the mixed phase is provided in (Figure S1, Supporting Infor-
mation). By simultaneously decreasing the evaporation rate of
Bi and increasing the substrate temperature, we can achieve a
pure-phase BCSO film, represented as the top layer in Figure 1B.
Sharp diffraction peaks and distinct Laue oscillation peaks are ob-
served in the XRD, confirming the high crystal quality and layer-
by-layer growth pattern of BCSO films. This layer-by-layer growth
mode is further corroborated by atomic force microscope (AFM)
results, as depicted in Figure S2 (Supporting Information).

The X-ray photoelectron spectroscopy (XPS) technique was
employed to unveil the elemental composition and chemical
bonding states of the MBE-grown BCSO films. As illustrated in
Figure 1C, the peaks of Bi 4f; , and Bi 4f; , are positioned at 158.9
and 164.2 eV, respectively, indicating the valence state of Bi**.
For the Cu element, two peaks situated at 932.1 and 951.8 eV are
designated as Cu 2p;;, and Cu 2p,,, indicating a valence state
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of Cult. Significant split spin-orbit component of 13.7 eV is in
accord well with the theoretical value. Notably, the film exhibits
no peak for Cu with a valence state of Cu?*, indicating the excel-
lent air-stability of the BCSO film under ambient conditions. The
XPS results for the Se element are presented in the lower layer of
Figure 1C, indicating a Se?" state. To study the crystal quality of
the MBE-grown BCSO film, we performed systematic characteri-
zation of cross-sectional STEM on the sample (Figure 1D). High-
angle annular dark-field (HAADF)-STEM images show an atom-
ically sharp interface between BCSO and STO, where strongly
bonded heterointerfaces with strict epitaxial growth are revealed.
The layered BCSO, which has a thickness of ~4 u.c. (%3 nm),
exhibits a stacked structure comprising [BiO] and [CuSe] units.
These findings highlight the layered configuration and high crys-
talline quality of the BCSO film, both of which are critical for ex-
ploring its electronic properties.

The transport characteristics of ultrathin BCSO films were
measured utilizing a Hall device with dimensions of 5 mm X
2 mm (Figure 2A, inset). As illustrated in Figure 2A, the sheet
resistance-temperature (R,,—T) curve for the BCSO gradually de-
creases as the temperature drops from 300 to 2 K. This suggests
that BCSO is in a doped state, which is induced by the presence of
Cu vacancies.*®! The slight hump observed between 100 and 150
K in the R_~T curve can potentially be associated with a phase
crossover of BCSO.[2!l Notably, at 300 K, the in-plane resistance
of BCSO is ~4 KQ; however, the BCSO displays an elevated out-
of-plane resistance exceeding 10 MQ when measured at low volt-
age. In short, the MBE-grown BCSO film is metallic in-plane and

© 2025 Wiley-VCH GmbH
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Figure 3. Out-of-plane ferroelectricity in ultrathin BCSO film. A) Schematic diagram of the PFM measurement setup. B) Off-field PFM phase and ampli-
tude loops for BCSO film and C) a bare STO substrate, respectively. D) The amplitude and E) phase images obtained after writing an opposite DC bias
“IOP” pattern using PFM. F) The phase lag curve of the BCSO at the red dashed line position.

insulating out-of-plane, which enables the existence of out-of-
plane ferroelectricity and device application. Figure 2B depicts
the correlation between Hall resistance (R,;) and the magnetic
field of a BCSO film at varying temperatures. The relationship
between Hall resistance and the magnetic field, characterized by
a quasi-linear and positive slope, indicates that transport at vary-
ing temperatures is dominated by hole carriers. This evidence
substantiates the assertion that BCSO is a p-type semiconductor.
It should be pointed out that the Hall curves for 2 and 5 K are
not entirely linear, suggesting the potential presence of a minor
concentration of n-type carriers. By comparing the fitting results
of two-carrier and single-carrier models, and consulting relevant
literature *!l we opted for the single-carrier approach (see Figure
S3, Supporting Information for details). At 2 K, the carrier den-
sity, denoted as p, has a value of 1.78x10'* cm~2, increases with
increasing temperature, and reaches 2.62x10™ cm=2 at 300 K
(represented by the black square line in Figure 2C). The high car-
rier density is conductive to the fabrication of high-performance
tunneling FET devices. The red ball line in Figure 2C illus-
trates the temperature-dependent variation of the carrier mobil-
ity, represented as p. At 2 K, u has the maximum value of 41.28
cm? V-1.s71 while it drops to 5.85 cm? V1.5~ at 300 K. Such a de-
crease in mobility with increasing temperature may be attributed
to phonon scattering. Figure 2D illustrates the magnetoresis-
tance (MR) of the BCSO film in a vertical magnetic field at varying
temperatures. The definition of MR can refer to the literature.3?!
At low temperatures, a weak anti-localization (WAL) effect is ev-
ident in the thin film. With increasing measurement tempera-
ture, the WAL effect weakens, reverting to the parabolic struc-
ture governed by classical orbital action and electron-electron
interaction.
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The investigation of RT out-of-plane ferroelectricity in ultra-
thin BCSO films is conducted through a comprehensive array of
PFM measurements. The experimental setup of the PFM mea-
surements is shown in Figure 3A. An Nb-doped STO substrate
was used as a conductive substrate to reduce charge accumula-
tion. Typically, applying a minor voltage to the AFM tip induces
uniform dipole moment orientation in ferroelectric materials
when subjected to a vertical electric field.®*** For the standard
hysteresis measurement, a triangular voltage waveform is ap-
plied. The off-field signal is measured in the interval between two
pulsed bias voltages. We recorded off-field phase and amplitude
loops for a thin BCSO film, as illustrated in Figure 3B. A butterfly
loop, accompanied by 180° phase switching, has been observed.
Notably, the amplitude and phase results of the PFM demonstrate
well repeatability (Figure S4, Supporting Information). In con-
trast, PFM signals display flat and nonhysteretic lines when in-
dented on an Nb-doped STO substrate, prepared under identi-
cal conditions with the exception of film growth (Figure 3C). It
is intriguing to attribute the observation of ferroelectricity to the
BCSO film rather than the Nb-doped STO substrate. Additionally,
within the Supporting Information, we have discussed and ruled
out the influence of surface adsorption on ferroelectricity. Subse-
quently, we used dual AC resonance-tracking PFM (DART-PFM)
characterization to investigate the ferroelectric switching proper-
ties of the thin BCSO film. Following the application of a +9 V
DC voltage to the BCSO film for the “IOP” pattern writing, dis-
tinct bright and dark regions were clearly observable in both the
PFM amplitude and phase images. (Figure 3D,E). Moreover, the
phase lag curve of the PFM phase image at the red dashed line
position showed a 180° phase contrast (Figure 3F). Together, all
the results indicate the robust ferroelectric switching feature of

© 2025 Wiley-VCH GmbH
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Figure 4. DFT calculations and STEM results of the polar characteristic in the thin BCSO film. A) BCSO crystal structures under different electric fields
from 0.00 to 0.05 V A=1. The red arrows schematically show the polar displacement of [CuSe]. B) The calculated [CuSe] displacement as a function of
vertical electric field. C) The calculated vertical polarization as a function of vertical electric field. D) Cross-sectional HAADF-STEM image of BCSO film
with [CuSe] displacement included. E) A schematic diagram of the [CuSe] shift, with “D,” represented as a “rhombus” and “D|” depicted as a “sphere”.
F) Computational D and D values for the STEM image of (D), wherein L, to L; denote three layers and C; to Cq represent nine columns.

BCSO, which lays the foundation for potential ferroelectric appli-
cations.

To elucidate the underlying physics of the ferroelectricity in
BCSO films, we executed simulations utilizing first-principles
DFT. In pristine bulk BCSO, the interplanar distances between
the adjacent [BiO] and [CuSe] layers are exactly the same. Upon
the application of a vertical electric, a marked displacement of
the [CuSe] layer in BCSO is observed in the direction of the field
with respect to [BiO], as schematically shown by the red arrows
in Figure 4A. Although both Cu and Se sublayers in the [CuSe]
layer are displaced with different amounts, for the alignment
with experimental results, we selectively use Cu displacement as
a representative for the displacement of the entire [CuSe] layer.
Clearly, the displacement of the [CuSe] layer has a strong and
positive dependence on the field strength, reaching as high as
~7 pm under an electric field of 0.05 V A~! (Figure 4B). Mean-
while, the vertical polarization also shows a positive relationship
with field strength, achieving 14 uC cm~2 under an electric field
of 0.05 V A~! (Figure 4C). Such polarization originates from the
interplay between electric field-driven deformation of structures
and redistribution of charges and can be sustained for a notice-
able relaxation time, which potentially gives rise to ferroelectric
hysteresis.[*!

In the cross-sectional STEM study, we did observe the symme-
try breaking of BCSO, which resulted in an initial polarization
(Figure 4D). To accurately determine the polar displacement of
the [CuSe] layer, we quantified the distance between the Cu atom
and its neighboring Bi atoms in BCSO in STEM images, denoted
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as “D”, which can reflect the spacing between the [CuSe] and the
adjacent [BiO] layers, as illustrated in Figure 4E. In one BCSO
layer, the D values are designated as “Dy;, thombus” for the dis-
tance between the upper [BiO] layer and the [CuSe] layer, and as
“D,, sphere” for the distance between the lower [BiO] layer and
the [CuSe] layer (Figure 4E). Moreover, to ensure the accuracy of
our computations, we calculated D values for three BCSO layers,
denoted as L, through L,, and nine sequential BCSO columns,
designated as C, through C,. A detailed explanation of the calcu-
lation method is included in Figure S5 (Supporting Information).
The computational results are depicted in Figure 4F. These find-
ings reveal a marked consistency in values within each column
and layer of the BCSO film, with D, consistently exceeding D,
illustrating the displacement of the [CuSe] layer. To more effec-
tively observe the displacement of the [CuSe] layer, the movement
of each [CuSe] was computed, amplified 20-fold, and then high-
lighted on the STEM map (Figure 4D). The displacement values
for [CuSe] are provided quantitatively in Table S1 (Supporting In-
formation). Upon calculating average values, it is found that the
polar displacement of the [CuSe] layer is #14 pm. This magnitude
aligns with the calculated result and is notably similar to the Ti-
O polar displacements observed in BaTiO;,*%) a well-established
ferroelectric material.

To demonstrate the possible applications of ferroelectric BCSO
layers, such as nonvolatile memories, a BCSO-based FTJ device
was fabricated. As schematically shown in Figure 5A, asymmet-
rical electrodes consist of a 0.5 mm thick Nb-STO on the bottom
and a tungsten tip electrode on the top, while a 3 nm-thick BCSO

© 2025 Wiley-VCH GmbH
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Figure 5. BCSO-based FT) device. A) Schematic experimental setup for conductive tip/BCSO/Nb-STO device measurements, in which the BCSO film
acts as the polarity switching medium. I-V curves with current in B) linear scale and C) logarithmic scale at 300 K. D) Consecutive |-V semi-cycle

sweeping.

is sandwiched between them to form the ferroelectric tunnel bar-
rier. The I-V curves, depicted at 300 K in both linear and logarith-
mic scales (Figure 5B,C), clearly indicate a unique polarity switch-
ing behavior. Two distinct resistance states are distinguished, in
which the low-resistance state (LRS) and high-resistance state
(HRS) represent the ON and OFF states of the device. Under the
0 to 11 V forward sweep (process 1), the BCSO is at a HRS, and
then switches to LRS during the sweep from 11 to 0 V (process 2).
Next, the negative electric field sweep from 0 to —15 V (process
3) and recovered to HRS under the —15 to 0 V sweep (process 4).
Furthermore, consecutive semicycle sweeping (0 V—-15 V-0
V—15 V-0 V) was performed (Figure 5D), revealing a reduction
in the conductive window as the semicycle sweeping increased.
We suppose that the resistance switching process in BCSO films
may be attributed to ferroelectric switching, coupled with the for-
mation and rupture of conductive filaments (see the Supporting
Information for a comprehensive discussion). These results can
serve as a proof-of-concept demonstration for the potential appli-
cation of 2D BCSO in FTJ devices operating at RT.

3. Conclusion

We demonstrated the MBE-growth of atomically thin BCSO
films down to ~3 nm by co-evaporating Bi, Cu, and Se pre-
cursors in an oxygen atmosphere. The RT ferroelectricity of
BCSO films is evidenced by PFM signals, which exhibit typical
butterfly curves in amplitude and 180° phase switching, along
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with domain writing/reading capabilities. DFT calculations to-
gether with ferroelectric dipole map in STEM image demon-
strate that the displacement of [CuSe] under electric fields is the
primary source of ferroelectricity in BCSO films. Furthermore,
the switching behavior of the BCSO-based FTJ has been eluci-
dated using a conducting tip/BCSO/NDb-STO device, demonstrat-
ing distinct ON and OFF states. Our study represents a signif-
icant advancement in the realization of RT p-type ferroelectric
semiconductor, offering a promising avenue for future device
applications.

4. Experimental Section

Sample Preparation: BCSO films were grown on TiO,-terminated STO
substrates using MBE. The STO substrates, exhibiting a singular TiO, ter-
mination, were prepared through high-temperature annealing in ultra-high
vacuum followed by low-temperature oxygenation. The growth sources for
the BCSO film comprised high-purity particles of Bismuth (Bi), Cuprum
(Cu), and Selenium (Se) with a purity of 99.999%. The evaporation of
Bi, Cu, Se, and the precursor was performed in an oxygen-rich environ-
ment of 1.2 x10™* mbar. Bi, Cu, and Se were evaporated using oxygen-
resistant sources, with source evaporation temperatures set at 520, 1080,
and 184 °C, respectively. The growth process commences with the in-
troduction of oxygen into the vacuum chamber, followed by increasing
the substrate temperature to the optimal growth temperature of 510 °C.
Subsequently, the shutters of Bi, Cu, and Se sources are simultaneously
opened. Following the completion of film growth, the three shutters were
closed first, after which the sample was cooled to RT within an oxygen

© 2025 Wiley-VCH GmbH
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atmosphere. Subsequent to this growth procedure, the BCSO films
demonstrated precise layer-by-layer growth control.

Sample Characterization: The crystal structures of samples were an-
alyzed at RT by XRD (Rigaku Smart Lab) with a Ge (220) x2 crystal
monochromator. The chemical valence states of the films were charac-
terized by XPS (Thermo Scientific ESCALAB 250). The electrical transport
measurements were performed in a Physical Property Measurement Sys-
tem (PPMS, Quantum Design) with the Hall device. In the process of elec-
trode fabrication for Hall devices, we utilized indium metal and melted it
with a welding gun. The surface morphology and ferroelectric switching
were performed in an AFM system (Asylum ES, Oxford). Cross-sectional
STEM samples were prepared by focused-ion beam equipment (Helios
5CX) with Ga ions. STEM characterization was performed in a double
aberration-corrected JEOL Grand ARM 300F microscope.

DFT Calculations: The first-principles DFT results were calculated by
using the Vienna ab-initio Simulation Package (VASP).13738] The exchange
correlations and the ion-electron interactions were treated by the Perdew-
Burke-Ernzerhof (PBE) functionall®®] and the projected-augmented wave
(PAW).[40#1] The energy and force convergence criteria for the relaxation
of crystal structures were 1x10~> eV and —0.01 eV A=, respectively.
The plane wave cutoff was set as 500 eV, the k-point sampling in relax-
ations uses 13x13x5 under Monkhorst-Pack scheme,[*?] while increasing
to 17X 17 x 7 in electronic structure calculations. The electric field-induced
relaxation was implemented by adding the multiplication of born effective
charge and the electric field to VASP force optimizations.!*33] The electric
polarization was obtained by using the modern theory of polarization.[46]

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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