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ABSTRACT: Atomic-scale two-dimensional (2D) ferroelectrics
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are garnering immense research interest for powering next- “w B0 ﬂo &
generation high-performance nanoelectronics. Herein, we report = ¥¥¥P" = w ¥
the discovery of robust room-temperature out-of-plane ferroelec- e ~_'. o e e Rartae e o .
tricity in thin 2D f-Bi,SeOg films, with the ferroelectric response {','s‘ \\\}56 °° p8iseo,
persisting even down to the monolayer limit. The ferroelectricity of ’ . S
a 10 nm thick -Bi,SeOj thin film was also unambiguously revealed ... ... T R W ey —
by ferroelectric analysis using a ferroelectric analyzer, achieving an § W g |7 ANV
out-of-plane polarization of 10 uC/cm? Furthermore, a *_ N .

Polarization (uClcm?)

pronounced in-plane ferroelectricity and photoelectric effect were <. g

also observed, along with a strong coupling between them. First-
principles density functional theory calculations identify the H
displacement and distortion of [SeO;] tetrahedra under external
electric fields as the primary origin of the observed out-of-plane and in-plane ferroelectric polarization in $-Bi,SeOjs films. These
findings open up new possibilities for using $-Bi,SeOjs thin films in future nanoscale electronic and quantum devices.
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facilitating integration with other 2D materials to produce
atomically flat interfaces ideal for multifunctional devices;”>™"’
moreover, their thickness, typically under 3 nm, makes them
perfect candidates for future high-integration, energy-efficient
information processing and storage systems.””*"*" To date, a
variety of 2D FE materials have been identified, such as
CuInP285,31 CuCrP286,32 Oc—InZSe3,33 Nil,,** group IV
chalcogenides (e.g., SnTe,*® GeTe36), transition metal
chalcogenides (e.g, WSe,,”” 1T-MoTe,*"), and bismuth-

F erroelectric (FE) materials, which exhibit switchable
electrical polarizations under external electric fields' >
have demonstrated significant potential in a variety of
applications, including non-volatile memories*™® FE field-
effect transistors’~'? transducers'"'” actuators'>'* and so on.
Ferroelectricity is conventionally observed in noncentrosym-
metric materials”'>'® such as three-dimensional (3D) perov-
skite oxides including BaTiO;,'" PbTiO;,'® BiFeO;,"” and
LiNbO;.*° Given the ongoing trend towards miniaturization in

microelectronic devices, the impact of thickness on FE thin
films has emerged as a critical scientific issue.”’ In 3D
perovskite oxides, the depolarization field generated by surface-
bound charges can substantially diminish or even completely
suppress ferroelectricity when the film thickness decreases to a
critical nanoscale dimension.”” For instance, when the
thickness of PbTiO; thin films is reduced to 3 unit cells,
ferroelectricity is markedly suppressed and the Curie temper-
ature decreases significantly.”” In contrast to traditional 3D FE
materials, two-dimensional (2D) materials exhibit a layered
structural characteristic: the intralayer is composed of strong
covalent bonds forming a rigid lattice, while interlayers are
bound only through weak van der Waals forces or electrostatic
interactions”** This unique structural characteristic ensures
the preservation of lattice integrity even at remarkably thin
dimensions, providing a foundational basis for sustained stable
ferroelectricity.

2D FE materials present several advantages: their lack of
dangling bonds grants them superior mechanical flexibility,
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based oxychalcogenides (e.g, Bi,0,Se,””™*' @-Bi,SeOy").
Among these, bismuth-based oxychalcogenides are particularly
promising owing to their superior properties. For instance,
analogous to Si/SiO, system, FE high-k native dielectric, a-
Bi,SeOys, can be accurately synthesized on top of high-mobility
Bi,0,Se semiconductor, resulting in atomic interfaces.”*>*
Field-eftect transistors fabricated directly with a-Bi,SeOj as the
gate dielectric demonstrate mobility exceeding 300 cm?/V's
and on/off current ratios approaching 10°.**

In addition to a-Bi,SeOy, single-crystal $-Bi,SeOj is another
well-known high-k dielectric among bismuth-based oxy-
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Figure 1. Crystal structure and physical characterization of 8-Bi,SeOj and Bi,O,Se films. A) The schematic diagram of the growth of a Bi,0,Se film
using MBE, followed by the process of intercalating atomic oxygen into Bi,O,Se to form f-Bi,SeO; through ultraviolet exposure. B) The crystal
structures of Bi,0,Se and f-Bi,SeO;. C) XRD pattern of Bi,0,Se (bottom) and $-Bi,SeOs (top). The asterisks indicate the peaks of SrTiO,
substrates. D) XPS spectra of Bi and Se elements in Bi,O,Se (bottom) and f-Bi,SeO; (top).

chalcogenides that can also form an atomically sharp interface
with a Bi,0,Se film.* f-Bi,SeOy is characterized by a wide
bandgap of ~3.25 eV and a high dielectric constant of
approximately 22, indicating its potential for application as the
dielectric layer in nanodevices.*® Field-effect transistors
constructed using f-Bi,SeOs in a 2D gate-all-around
configuration have demonstrated performance surpassing the
physical limitations of existing commercial silicon-based
transistors in terms of both speed and energy efficiency.”” As
p-Bi,SeOy is a low-temperature phase that can only be
synthesized at temperatures up to approximately 340 °C, it is
difficult to grow uniform 2D films via conventional growth
methods; instead, it must be transformed from a 2D Bi,O,Se
precursor via an ultraviolet-assisted intercalative oxidation
method*>**** Therefore, the quality of the resulting 3-Bi,SeOy
is entirely dependent on the quality of the parent Bi,O,Se film.
At present, 2D Bi,O,Se can be synthesized using various
methods such as chemical vapor deposition,** molecular beam
epitaxy (MBE)*™"* pulsed laser deposition,”® and metal-
organic vapor phase epitaxy.”’ Among these techniques, the
MBE method for fabricating Bi,O,Se thin films offers notable
advantages: it allows for precise control of film thickness
ranging from monolayer to multilayer scales, ensures low
defect density, and exhibits excellent scalability. The MBE-
grown Bi,0,Se films will enable more precise control over the
B-Bi,SeO; film formation. Furthermore, the lack of study on

the FE and photoelectric properties of 2D f-Bi,SeOy currently
impedes its potential application in future electronic devices.

In this study, we precisely grew scalable, thickness-controlled
ultrathin Bi,O,Se films on SrTiO; substrates using the MBE
method, which were subsequently converted to $-Bi,SeO; thin
films via ultraviolet-assisted intercalative oxidation. We report
for the first time the out-of-plane ferroelectricity in f-Bi,SeOq
films with thicknesses as low as 1 unit cell (1-UC). The
ferroelectricity of a 10 nm thick f-Bi,SeO; film was also
unambiguously revealed by FE analysis using a FE analyzer,
achieving an out-of-plane polarization of 10 uC/cm?
Furthermore, a detailed analysis of the in-plane electronic
properties under visible light and laser illumination reveals a
pronounced in-plane FE and photoelectric effect and a strong
coupling between them. First-principles density functional
theory (DFT) calculations suggest that the displacement and
distortion of [SeO;] tetrahedra under electric field are
primarily responsible for the observed out-of-plane and in-
plane FE polarization of the $-Bi,SeOy films. Our results give
rise to new possibilities for using f-Bi,SeO; thin films in
nanoscale electronic and quantum devices.

We employed an ultra-high vacuum MBE system to grow
high-quality Bi,O,Se thin films, followed by post-treatment
using ultraviolet ozone intercalation oxidation for the
fabrication of f-Bi,SeOjs thin films (Figure 1A). Bi,O,Se is
composed of strongly covalently bonded [Bi,O,] layers and
planar [Se] layers, exhibiting relatively weak electrostatic
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Figure 2. Fine structure characterization of -Bi,SeO; films. A) AFM surface morphology of the -Bi,SeOj; film with 1-2 layers. B) Height profiles
along the red line in panel A. The labels on the curve indicate the SrTiO; substrate, 1°* layer and 2 layer nucleus of -Bi,SeOs. C) Cross-sectional
HAADF-STEM image of the -Bi,SeQ; film, together with its atomic structure model. D, E) Intensity distribution maps obtained along the green
and purple rectangular regions in panel C. The results show that the layer thickness of 5-Bi,SeOs is 7.8 A and the in-plane lattice constant is 3.9 A.

interaction (space group I4/mmm). The in-plane lattice
constant is 3.88 A, while the out-of-plane interlayer spacing
is 6.08 A (Figure 1B). The primary reaction mechanism during
oxidation involves the generation of atomic oxygen from
atmospheric oxygen under ultraviolet irradiation. This atomic
oxygen then serves as the direct oxidizing agent for
intercalation oxidation. During this process, the [Bi,O,]
framework of the precursor Bi,O,Se remains unchanged and
O atoms bond with Se*” ions to form [SeQ;] tetrahedra.
Accordingly, the interlayer space expands to 7.8 A (Figure 1B).

For the MBE growth of Bi,O,Se films, SrTiO;, which
features a cubic structure (a = 3.90 A) and high thermal
stability, was selected as the epitaxial substrate. SrTiO; exhibits
excellent lattice matching with Bi,O,Se, exhibiting a lattice
mismatch rate of approximately 0.6%. By optimizing growth
conditions, Bi,O,Se films with atomically flat surfaces and
controllable thickness can be obtained. The bottom panel of
Figure 1C presents the X-ray diffraction (XRD) results of a
representative Bi,O,Se thin film with a thickness of
approximately 7 nm. Following ultraviolet oxidation treatment
at 120°C for 30 min, layered c-axis orientated $-Bi,SeO; films
were obtained (the top panel of Figure 1C). Sharp diffraction
peaks and distinct Laue oscillations observed in the XRD
patterns confirm the high crystalline quality and layer-by-layer
structure of the f-Bi,SeO; films. X-ray photoelectron spec-
troscopy (XPS) technique was employed to determine the
elemental composition and chemical bonding states of Bi and
Se, both pre and post oxidation. In the Bi,O,Se film (bottom
panel of Figure 1D), peaks at 158.46 eV and 163.75 eV were

observed for Bi 4f,, and 4f;;,, respectively, indicating a
valence state of Bi**. The fitted signals of Se 3ds,, and 3d,,
located at 52.60 eV and 53.45 eV, respectively, indicated a
valence state of Se’”. Following ultraviolet oxidation, in /-
Bi,SeO; film (top panel of Figure 1D), although the +3
oxidation state of Bi is retained, the binding energies of the Bi
4f,, and 4f;,, peaks increased slightly to 158.84 eV and 164.12
eV, respectively, due to changes of the chemical environment.
Meanwhile, the valence state of Se changed to +4 with the
fitted signals of Se 3ds,, and 3dj;), shifting to 58.16 and $9.06
eV, respectively, which can be attributed to the formation of
[SeO,] tetrahedra. In addition, the XRD and XPS results of a
thicker (~13 nm) f-Bi,SeOs film are shown in Figure SI,
showing that Bi,O,Se was completely converted into p-
Bi,SeO;.

In order to more intuitively observe the layer thickness after
oxidation, we prepared ultrathin films with a thickness of 1-2
layers and measured the thickness of each single layer of f-
Bi,SeO; film using atomic force microscopy (AFM). As shown
in Figure 2A, the color gradient from dark to light represents
the SrTiOj; substrate, the first-layer film, and the second-layer
nucleus. We measured the height profile along the red line,
which encompasses all three regions. The first and second
layers of f-Bi,SeOj exhibit an identical thickness of ~7.8 A
respectively, as shown in the line profile (Figure 2B), which
corresponds to an interlayer distance of 7.8 A in their crystal
structure. A clearer comparison of the surface morphologies
between f-Bi,SeO; and the Bi,O,Se precursor prior to
oxidation is presented in Figure S2. High-angle annular dark-

https://doi.org/10.1021/acs.nanolett.6c03261
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Figure 3. Characterization of out-of-plane ferroelectricity in multilayer f-Bi,SeO; films. A) Off-field PEM phase (bottom) and amplitude (top)
loops for f-Bi,SeOs films with thickness of 13 nm, B) 7 nm and C) S nm, respectively. D) The PFM amplitude and E) phase images after opposite
DC bias writing of “box-in-box” pattern of a 1-UC f-Bi,SeO; film. F) The phase lag curve of the f-Bi,SeOjs at the red line position in (E).

field scanning transmission electron microscopy (HAADF-
STEM) image reveals a well-defined crystal structure of the /-
Bi,SeO; film (Figure 2C). The layered f-Bi,SeOs exhibits a
stacking structure composed of alternating [Bi,0,]*" and
[SeO5]* units, with out-of-plane and in-plane lattice constants
of 7.8 A and 3.9 A, respectively (Figure 2D and 2E). These
findings highlight the layered configuration and high crystalline
quality of the f-Bi,SeO; film, both of which are critical for
investigating its FE properties.

To reveal the existence of room-temperature out-of-plane
ferroelectricity in ultrathin f-Bi,SeOj films, we used a dual AC
resonance tracking piezoelectric force microscopy (PFM)
measurement. The f-Bi,SeOg was fabricated on a conductive
Nb-doped SrTiO; (Nb-SrTiO;) substrate and a tip/f-
Bi,SeO3/Nb-SrTiO; structure was constructed for PFM
measurements. We prepared a batch of $-Bi,SeOy films with
thickness of 13 nm, 7, 5, and 1.6 nm (1-UC), respectively. The
thickness of thicker films was determined by X-ray reflectivity
(XRR) fitting, whereas the thickness of the 1-UC film could
not be reliably determined from this method. Additionally,
because the 1-UC f-Bi,SeOg structure is susceptible to
degradation during STEM sample preparation, we utilized
cross-sectional STEM characterization results of the monolayer

Bi,0,Se prior to oxidation as supplementary evidence for
determining the film thickness (Figure S4). The PFM results
are depicted in Figure 3 and Figures S3 and S4. Off-field phase
and amplitude loops were recorded for the 13 nm-thick film as
illustrated in Figure 3A. A butterfly loop accompanied by 180°
phase switching with a coercive voltage of approximately 4.3 V
was observed, confirming out-of-plane ferroelectricity. For the
7 and S nm thick films, the coercive voltage remained nearly
constant, whereas the amplitude decreased correspondingly
with decreasing film thickness (Figure 3B and 3C). We then
measured the writing and reading capabilities within a defined
area in the 1-UC f$-Bi,SeO; film. When a DC voltage of +8 V
was applied to the 1-UC $-Bi,SeOj thin film to write a “box-in-
box” pattern, distinct light and dark regions were revealed by
the PFM amplitude (Figure 3D) and phase (Figure 3E). And
these areas exhibited a 180° phase difference (Figure 3F). The
FE domains in 1-UC films are very stable, which we attribute
to the absolutely flat surface of the ultrathin film. Furthermore,
frequency-dependent PFM measurements were performed and
showed good reproducibility (Figure SS), which can rule out
electrostatic crosstalk and electrochemical effects during the
PFM measurement.
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current under visible light at 1, S, 10, 15, and 20 V. D) Ratio of photocurrent to dark current under visible light. E) Photocurrent under laser
irradiation at different wavelengths (375 nm, 520 nm, 633 nm), with dark current data provided for comparison. F) Ratio of photocurrent to dark

current and V. under laser irradiation at different wavelengths.

In addition to the microscopic ferroelectricity observed via
PFM, the -Bi,SeOy thin films also demonstrate macroscopic
ferroelectricity, as quantified using a FE analyzer. Figure 4A
presents the test structure, where Au serves as the top
electrode and Nb-doped SrTiO; as the bottom electrode. The
optical image of the device is presented in Figure S6. Figure 4B
shows the measured FE polarization-electric (P-E) hysteresis
loop of a 10 nm thick $-Bi,SeOj film, from which the key FE

parameters were quantitatively extracted. Specifically, at an
applied electric field of 4 V, the film exhibits a remnant
polarization (P,) of approximately 10 uC/cm® The film
exhibits a relatively low leakage current density under the
measured voltage, as illustrated in Figure S7, indicating that the
observed polarization switching behavior is not dominated by
leakage current contribution. The frequency-dependent P-E
curves in the range of 100 Hz to 10 kHz are presented in
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Figure 6. DFT simulations of the polar characteristics and underlying mechanism in f-Bi,SeOjs thin films. A) The original -Bi,SeOy crystal
structure. B—D) f3-Bi,SeOj crystal structure with a 0.05 V/A electric field applied along the z, x, and —y axes, respectively. E—-G) The calculated
polarization as a function of the electric field for the z, x, and —y directions, respectively.

Figure S8A. Figure S8B shows the full positive-up negative-
down (PUND) switching current transients, wherein the peak
of transient current response under triangular wave excitation
exhibits a high intensity and narrow shape, further confirming
the strong ferroelectricity of B-Bi,SeO; thin film. The
macroscopic FE hysteresis loop serves as direct evidence for
the presence of out-of-plane polarization in the nanocomposite
films, suggesting that these FE thin films hold significant
potential for applications in electronic devices. We then further
investigate the memristive effect induced by out-of-plane FE
polarization. Figure 4C shows the current-voltage (I-V)
characteristics under voltage sweeps ranging from -9 V to +9
V. The device switches from the initial high resistance state
(HRS) to low resistance state (LRS) after a 0 to +9 V sweep,
maintains LRS during the subsequent +9 V to —9 V scan, and
returns to HRS from -9 to 0 V. These comprehensive analysis
demonstrates the promising capabilities of the fabricated p-
Bi,SeOys films for advanced electronic applications.

In these layered f-Bi,SeOs films, we also observed a
pronounced in-plane ferroelectricity and photoelectric effect,
along with a strong coupling between them. As shown in
Figure S9, when a DC voltage of +8 V was applied to write a
zebra stripe pattern on the 7 nm f-Bi,SeOjs thin film, distinct
bright and dark regions were revealed by the in-plane PFM
amplitude and phase. The in-plane ferroelectricity has been
further revealed by the in-plane transport measurements. As
shown in Figure SA, a two-terminal device was fabricated on f-
Bi,SeOy thin films grown on insulating SrTiO; substrates. As
shown in Figure 5B, the I-V curve exhibits a well-defined
butterfly shape, a characteristic signature predominantly
attributable to the in-plane ferroelectricity of S-Bi,SeOs.>”
Notably, these I-V curves demonstrate excellent repeatability
across multiple voltage sweep cycles, which serves as
compelling experimental evidence for the robust intrinsic in-

plane ferroelectricity within the $-Bi,SeOg film. Furthermore,
as shown by the dark blue curves in Figure SC, the systematic
measurements under different amplitudes of external electric
field all exhibit a distinct butterfly-shaped profile, confirming
that the FE response is stable and reproducible.

We subsequently investigated the photoelectric character-
istics of the in-plane -Bi,SeOj device under illumination with
visible light and monochromatic lasers of different wavelengths
(375, 520, and 633 nm). As depicted in Figure SC and 5D, the
device exhibits pronounced photoelectric activity: under
diverse in-plane voltage biases, the measured photocurrent is
consistently one order of magnitude higher than the dark
current, highlighting a strong light-matter interaction and
efficient photo-induced charge carrier generation within the -
Bi,SeOg film. Further wavelength-dependent photoelectric
measurements, spanning from 375 to 633 nm, revealed that
the device performance is highly sensitive to the excitation
wavelength (Figure SE). The time-dependent photocurrent
curves are shown in Figure S10. Specifically, the S-Bi,SeOs
device achieves its peak photocurrent response at an excitation
wavelength of 375 nm, where the photocurrent reaches 26
times higher than the dark current (Figure SF). In contrast, the
photocurrent response gradually diminishes as the excitation
wavelength increases to 520 and 633 nm, which can be
attributed to the reduced photon energy that fails to efficiently
excite charge carriers across the bandgap. Concomitantly, a
notable increase in the in-plane coercive voltage (V) was
observed under identical applied voltage conditions as the laser
wavelength increased (Figure SF). The V value is defined as
the difference between the two voltage values corresponding to
It (miny divided by 2. This phenomenon can be rationalized by
the fact that short wavelength light irradiation provides
additional photoexcitation energy to facilitate the switching
of FE domains, thereby lowering the energy barrier for domain
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reversal and assisting the external electric field in driving the
FE switching process, which consequently reduces the required
Ve. Collectively, these results provide unambiguous exper-
imental evidence for the concurrent existence of in-plane
ferroelectricity and prominent photoelectronic properties in -
Bi,SeOs, as well as the strong coupling between these two
functional attributes.

First-principles DFT simulations were implemented to
explore the origin of ferroelectricity in f-Bi,SeOy films. The
pristine bulk f-Bi,SeO;s crystal exhibits an out-of-plane
centrosymmetric structure with a zero net dipole moment
and a non-centrosymmetric in-plane structure with an in-plane
net dipole moment of ~5 uC/cm* (Figure 6A and 6E-F).
Upon the application of vertical and in-plane electric fields, a
pronounced directional displacement and distortion of the
[SeO;] tetrahedra occur (Figure 6B-D). The pronounced
polarization of fS-Bi,SeOg is attributed to the synergistic
interaction between field-induced lattice deformation and local
charge density redistribution. Calculation of the polarization
along three axes revealed that P, P, and P, exhibit a monotonic
positive dependence on the applied field strength, reaching
values of —32.4 uC/cm” at 0.05 V/A for P, (Figure 6E), —41.8
uC/cm?® at 0.05 V/A for P, (Figure 6F) and 15.6 uC/cm?* at
—0.05 V/A for P, (Figure 6G). The polarization opposite to
the electric field direction is attributed to the negative charge
of the [SeO;] tetrahedra. The calculated high polarization
magnitude of f-Bi,SeO; underscores the significant potential
of its thin films for fabricating high-performance, low-power FE
devices.

This work reports the controlled synthesis of single-
crystalline $-Bi,SeOj thin films via oxidation of high-quality,
thickness-tunable Bi,O,Se precursors fabricated by MBE. The
B-Bi,SeOy films possess robust RT out-of-plane ferroelectricity,
as verified by microscopic PFM and macroscopic FE analyzer,
with an out-of-plane polarization of 10 yC/cm? for a 10 nm
film. Besides out-of-plane ferroelectricity, the films also show
in-plane ferroelectricity and remarkable optoelectronic re-
sponses, as well as strong coupling exists among these
functional properties. First-principles DFT calculations in-
dicate that the FE behavior of $-Bi,SeOg stems from the
displacement and distortion of [SeOj;] tetrahedra under both
out-of-plane and in-plane electric fields. These findings
demonstrate that $-Bi,SeO; is a promising candidate for
multifunctional nanoelectronic and quantum devices, and lay a
foundation for developing next-generation low-power, optically
tunable ferroelectric devices.
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