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Phase engineering by strains in 2D semiconductors is of great importance for a variety of applications. Here, we present a study of
strain induced ferroelectric (FE) transition on bismuth oxyselenide (Bi2O2Se) films, a high-performance (HP) semiconductor for next-
generation electronics. Bi2O2Se is non-FE at ambient. Upon a loading force & 400 nN, piezoelectric force responses exhibit butterfly
loops on magnitude and 180o phase switching. By carefully ruling out extrinsic factors, these features are attributed to a transition to
FE phase. The transition is further proved by the appearance of a sharp peak on optical second harmonic generation under an uniaxial
strain. Fundamentally, solids with paraelectric at ambient and FE under strains are scarce. FE transition is discussed with the help of
first-principle calculations and theoretical simulations. The switching of FE polarization acts as a knob for Schottky barrier engineering
at contacts and serves as basis for a memristor with a huge switching ratio of 106. Our work endows a new degree of freedom to a
HP electronic/optoelectronic semiconductor and the integration of FE and HP semiconductivity paving the way for multiple exciting
functionalities, including HP neuromorphic computation and bulk piezophotovoltaic.

1 Introduction

Strain engineering is an effective way to tune physical properties and functionalities of tow-dimensional (2D)
materials [1,2]. For instance, in NbOI2, a surprisingly giant efficiency of optical second harmonic generation
(SHG) is achieved by mechanical strains [3]. In non-centrosymmetric 3R-MoS2, the bulk photovoltaic
performance is boosted by stain induced polarization, dubbed bulk piezophotovoltaic [4]. In aforementioned
examples, the strain plays a unique role in strengthening an existing property of a material. By contrast,
strain tuning of phase transitions is of more fundamental interest, leading to profound modification of
properties and phase engineering in 2D materials.

2D ferroelectricity (FE) has been observed in a number of layered materials of ultrathin film thickness
with either in-plane [5–7] or out-of-plane polarization [8–16], such as monolayer SnTe [5], CuInP2S6

[8,9], mul-
tilayer WTe2

[12], etc. The discovery of 2D FE brought about a set of unprecedented physics [17], including
interface sliding FE [18,19] and switchable ferroelectric metal [12]. Among 2D FE materials, of particular
interest are FE semiconductors, which themselves may compose field-effect transistor (FET) channels,
nevertheless with the capability of data storage, as expected in In2Se3

[20,21]. The memory in computation
architecture, circumventing the bottleneck of von-Neumann frame, may help to break through Moore’s
limit upon Si-based industry.

Here, we demonstrate a strain engineering of FE transition in a high-performance (HP) semiconductor,
Bi2O2Se (BOS) thin films. To our knowledge, strain induced FE transition in 2D layered semiconductors
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is yet to be explored. It was exclusive to quantum paraelectrics (QPE e.g. SrTiO3 (STO) [22,23] and
KTaO3

[24]), which are perovskite insulators with 3D nature. BOS is a layered semiconductor, deemed as
a highly competitive material for next-generation electronics [25] and optoelectronics [26–28], on account of
environment stability, high mobility and robust band gap (4 = 0.8 eV) [25]. The room temperature (room-
T ) Hall mobility µH is up to 450 - 500 cm2.V−1.s−1 [25] and low-T µH is larger than 105 cm2.V−1.s−1 [29],
surpassing that of MoS2

[30,31]. For BOS transistors, the on-state current density amounts to 1.3 mA
µm−1 [29] with the leakage current below 0.015 A cm−2, fulfilling the criteria of low-power HP electronic
devices in the International Roadmap for Devices and Systems (IRDS) [32].

Density functional theory (DFT) calculations predicted that upon moderate in-plane uniaxial/biaxial
tensile strains, BOS evolves from body-centered tetragonal phase, space group I4/mmm to FE orthorhom-
bic phase, accompanied by the induction of giant in-plane lattice polarization 56.1 µC/cm2 [33]. Parts of the
authors predicted a giant modulation of electron mobility when approaching to the transition [34]. Surpris-
ingly, in BOS nanoplates, room-T ferroelectricity was observed [35], in stark contrast with the micro-scale
thin films (non-FE), probably induced by lattice distortion.

Hereby, we present a study of FE transition on a micro-scale insulating BOS films by piezoelectric force
microscopy (PFM) and optical second harmonic generation (SHG) measurements. Particularly, PFM was
performed under a moderate loading force (FL), that is distinct from a variety of literature. With FL & 400
nN, PFM signals evolve from trivial non-hysteretic curves to typical butterfly curves on amplitude and
180o switching on phase, which is compared with STO: a QPE and SiO2: a common insulator. By carefully
ruling out extrinsic contributions, the signals are attributed to intrinsic FE transitions. This is further
corroborated by SHG measurements. SHG signals are negligible at ambient, while, exhibit a sharp peak
upon uniaxial tensile strains. Combining theoretical simulations and DFT calculations, we unveil that FE
emerges with in-plane polarization at FL & 150 nN. This is comparable with experimental observations. In
the end, two-terminal memristive measurements are performed, which show a giant switching ratio about
106 (on-state current (Ion) about 1 µA and off-state current (Ioff) about 1 pA). Our findings highlight a
critical role played by strains in FE transitions of 2D materials. This phase engineering offers a venue for
the study of a variety of emerging physics and appealing functionalities.

2 Results

2.1 Sample characterizations

Figure 1a presents the optical image of square BOS films with a large size about 200 × 200 µm2, grown
on fluorophlogopite-mica (f-mica). The sharp atomic-resolution image along [001] zone axis from high-
resolution scanning transmission electron microscopy (HRSTEM) is presented in Figure 1b. The inter-
plane distance along [110] direction is about 0.285 nm, close to previous reports [25,36]. The inset shows
the selected area electron diffraction (SAED) pattern with sharp reflections. In Figure 1c, the uniform
distribution of Bi, Se, and O elements is verified by energy-dispersive X-ray spectroscopy (EDX) element
mappings.

The crystal structure of BOS is shown in Figure 1d, in which [Se]2n−n and [Bi2O2]2n+
n blocks stack

alternately via weak electrostatic interactions [37]. While under moderate nanoindentation, the lattice is
distorted. The top layers experience inhomogeneous biaxial tensile strains, tangent to the tip surface. As
a sequence, Se ions are expected to displace off-centering along [110] direction above a critical strain for
paraelectric to FE transition [33]. In common sense, the long range dipole interaction and switchable dipole
orientation would be smeared by Thomas-Fermi screening from mobile electrons in highly-conducting
samples as in previous reports [25,26]. Thus, we prepared three insulating specimens [38], as seen in Figure 1e.
All three specimens (B1, B2 and B3) exhibit non-Ohmic I-V curves with channel resistance altered by four
orders of magnitude. The insets are AFM images indicating the thickness around 10 nm.
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Figure 1: Sample characterization of insulating films. a) Optical image of BOS films on f-mica. b) Atomic-resolution HRSTEM
image. The inset is the SAED pattern. c) High angle annular dark-field (HAADF) image in a large scale and the corresponding
elemental mapping for Bi, O and Se. d) Upper panel: crystal structure of BOS thin films. The lattice is distorted under
tip indentation. Low panel: top view of BOS unit cell. The lattice is centrosymmetric in undistorted region (A) and non-
centrosymmetric in distorted region (B). e) I-V curves for three high resistance specimens. The insets are AFM topographic
images, showing the thicknesses of three specimens.

2.2 PFM characterizations under nanoindentation

Figure 2 presents the off-field PFM measurements on the most insulating specimen B1, in comparison
with STO bulk single crystals and 300 nm single-crystalline SiO2 films. More PFM signals are presented
in Figure S1 and S2. As seen in Figure 2a, at ambient tip loading force (FL ≈ 70 nN), both amplitude
and phase are almost constant without apparent hysteresis when switching bias voltage between 8 V and
-8 V. Under pressing with moderate force FL & 700 nN (400 nN in Figure S1), a butterfly loop emerges,
accompanied by 180o phase switching with a hysteresis width about 8V. Note that for the standard
hysteresis measurement above, a triangular voltage waveform is applied, seen in Figure 2b. The off-field
signal is measured at the interval between two pulsed biases.

In Figure 2c, similar signals, but at much smaller FL, are observed in highly insulating STO (See more
data in Figure S3). This result is in accordance with the fact that STO inclined to be FE upon small
tensile strains (ε . 1%) [22,23]. While, as a contrast, PFM signals remain flat and non-hysteretic through
indentation on a common non-FE insulator SiO2 in Figure 2d. It is intriguing to attribute the observation
in BOS and STO to strain induced PE to FE transition. Though strain engineering of FE transition and
polarization was predicted in several materials like Bi2Se3, Bi2Te3, etc. [39,40], to the best of our knowledge,
such a transition, with PE at ambient and FE under strain, is scarce, exclusively proved in few systems,
including QPE (e.g. STO [22,23] and KTaO3

[24]).
Before pinning FE transition down, we should figure out that the phenomena on PFM are not due to

several external factors. First, surface effect associated with absorbed molecules [41] and surface electro-
chemical reaction induced by water dissociation would cause hysteretic PFM signals [42,43]. However, in this
case, PFM response should be similar at ambient and forced conditions. Second, current effect in leakage
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Figure 2: PFM measurements on off-field mode for BOS (B1) in comparison with STO and SiO2. a) PFM signals for BOS under
different tip forces. b) Triangular voltage waveform with frequency 0.2 Hz for PFM measurements. The off-field and on-field modes
are measured at zero and finite dc voltage (Vdc), respectively. The ac voltage (Vac) amounts to 0.8 V. c,d) PFM signals for STO
and SiO2, respectively. e,f) The evolution of PFM response at various Vdc for BOS and STO, respectively. The measurements
were performed at a constant force in FE phase.

materials is another possible cause, which is nevertheless eliminated on off-field mode [44]. We also note that
Joule heating at ambient atmosphere led to hysteretic current switching in highly conducting BOS films [45].
This process is irreversible, caused by oxidation, resulting in large modification of morphology. In contrast,
our specimen is highly insulating and Joule effect is small. Moreover, the morphology is unchanged after
PFM measurements (See Figure S4). Third, ion motion is a significant cause for a fake PFM-like signal
with a butterfly loop (even on off-field mode) [46]. This process is slow with the relaxation time longer
than the measuring time (Vdc waveform 0.2 Hz). The distinction between ion motion and intrinsic FE is
the following: the switching threshold voltage is field dependent in the former, while independent in the
latter (coercive field - Vc). When Vdc becomes smaller than Vc in FE, the polarization switching is not
allowed accompanied by the absence of PFM loops, which is exactly what we find in Figure 2e and f, in
stark contrast with that from slow processes in which the loops remain [46]. The ac voltage (Vac) amplitude
dependent signals are presented in Figure S5. In the end, electrostatic interaction will significantly modify
PFM responses, especially on on-field mode. While, on off-field mode, this modification is mild and will
be discussed in detail below.

Putting Figure 2a and c under scrutiny, we find that butterfly loops become more asymmetric by further
increasing FL. More data is presented in Figure S1-S3, according to which the displacement of Vc for
STO is positive, while, for BOS, is nonmonotonous. This phenomenon is similar to what is caused by
electrostatic effect [47,48]. Therefore, we present the expression of the first harmonic PFM response as the
following:

Dac = dzzVac + k−1dC

dz
(Vdc − VSP)Vac (1)

dzzVac is the intrinsic term with dzz the piezoelectric coefficient. The second term is from the electrostatic
effect, where k is the contact stiffness of the cantilever, C is the capacitance between tip and surface
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Figure 3: SHG measurements on BOS. a) Sketch of SHG apparatus. b) Unpolarized SHG signals at ambient and under moderate
uniaxial tensile strain. The wavelength of incident light is 1064 nm. c,d) Polarized SHG measurements under strain. I2ωx and
I2ωy correspond to parallel and perpendicular modes, respectively. See more in Figure S7. The solid lines are fits from mm2 point

group [33,34].

junction, and VSP the surface potential. Finite VSP is a conspicuous source of butterfly asymmetry on
off-field mode. VSP is sensitive to charge accumulation close to the surface, which, we argue, could be
accounted by two possibilities: First, trapped charge injection during the sweeping; Second, intrinsically,
the formation of flexoelectric polarization (PFL) under strain gradient generated by FL (See more discussion
below). To differentiate two terms, we performed multi-loop PFM sweeping at a constant FL, as seen in
Figure S6. The loops of BOS present a negative displacement as loop number grows, while for STO, the
loops are unshifted. This highly implies that PFL dominates the asymmetry in STO, while in BOS, both
terms are important.

2.3 Second harmonic generation

For more information, we performed SHG measurements on BOS films under uniform uniaxial strain in
a reflection-mode SHG apparatus, seen in Figure 3a. In Figure 3b, no SHG peak is detected at ambient,
in accordance with the centrosymmetry of lattice. By exerting moderate tensile strain, a sharp peak
emerges, a manifestation of transition to noncentrosymmetric phase. Figure 3c and d show the angular
dependence of polarized SHG signals for parallel-I2ω

x and perpendicular-I2ω
y modes respectively. The data

is well fitted from mm2 point group by assuming the polar axis along the in-plane strain direction [49] (See
more in Figure S7 and Supporting Information.) The result demonstrates a breaking of C4 symmetry
to C2 symmetry of orthogonal phase, as expected by DFT calculations [33,34]. The combination of PFM
and SHG measurements and the distinct evolution of signals under strain provide a firm evidence for FE
transition in BOS.
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Figure 4: Spatial distribution of strain gradients and strains at a tip loading force 800 nN obtained from theoretical simulation.
a,b) Derivative of strains (εzz and εxx) with respect to z. c) Spatial distribution of flexoelectric field (EFL). d) Distribution of
radial strain (εxx) in zx plane. e) Distribution of radial strain at sample surface. f) Distribution of ferroelectric field (EFE). The
dashed circles mark weak FE region at surface. Polarization is along the radial direction. Note that x and y are in-plane axes; z is
the axis normal to surface.

2.4 DFT calculations

To give a deep understanding of these phenomena, we performed theoretical simulations and present the
spatial distribution of strain gradients and strains under nanoindentation in Figure 4 (See Supporting
Information). In Figure 4a and b, the strain gradient is as large as 107 m−1 under a tip loading force
FL = 800 nN, inducing apparent local inversion symmetry breaking in a centrosymmetric system, which
is dubbed flexoelectricity. As seen in Figure 4c, such an effect generates a large electric field with a
maximum 10 MV/cm within a narrow region close to the tip/sample interface. Its consequence, coined
flexoelectronics, has become a focus of recent research [50,51].

For BOS, things are more intriguing, as seen in Figure 4d-f. In addition to flexoelectricity, we observe
a bullet-like area right beneath the center of the contact region, corresponding to FE phase with radially
distributed polarization. Moreover, a weak FE order occurs at surface close to the tip, marked by dashed
circles in Figure 4f. According to DFT calculations, FE phase transition occurs in BOS with a in-plane
biaxial tensile strain about 1.7%, as seen in Figure S8. In the tip-force model, this corresponds to 150
nN, above which FE phase emerges under nanoindentation. The calculation is in conformity with our
observation that FE signals are absent at ambient and appear at FL & 400 nN. See more in Figure S9 and
Supporting Information.

2.5 Memristive measurements

Having unveiled the fundamental ferroelectric properties, let us investigate the behaviors of ferroelectric
memrisitive devices based on BOS. Figure 5a-c present the measurements of dc current (I) on B3 under
moderate indentation. I is substantially adjusted by poling the device prior to measurements. As seen in
Figure 5a, positive poling (8 V) turns the device to a high resistance state (HRS) with negligible current
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Figure 5: Memristive measurements on B3 at nanoindentation. a) I-V curves at low resistance state (LRS) and high resistance
state (HRS), respectively. The upper inset presents the voltage waveform during the measurements. The lower inset is the semi-log
plot. The resolution of the apparatus is at the level of pA. b) Current hysteresis loops. Referring to PFM measurements, the
positive and negative maximum sweeping voltage are set asymmetrically. c) Switching ratio calculated from loop 3 in b at positive
bias. d) Illustration of the set-up. e-h) Band alignment at tip/BOS interface under nanoindentation. Ec: conducting band; Ev:
valence band; EF: Fermi level; PFL: FL polarization and PFE: FE polarization.

of pA-level, while negative poling (-8 V) wakes up the device and µA level current is observed at the
low resistance state (LRS). The inset is a semi-log plot and it is clearly resolved that the switching ratio
between LRS and HRS (Ion/Ioff at 0.5 V) is extremely high, approaching to 106. Note that Ioff is at
the noise floor that sets the up bound of the signal, thus the real ratio can be higher if the instrument
hosts better resolution. In spite of that, the switching ratio is already orders of magnitude higher than
what was found in other ferroelectric semiconductors [21,52] and is among the highest value of sophisticated
ferroelectric tunneling junctions based on ferroelectric insulators [53] (e.g. BaTiO3

[54,55]).
In Figure 5b, the current hysteresis loops present a typical feature of memristors. For the measurements,

the dc bias (Vdc) sweeps from zero to Vmax, then to V-max and back to zero. The hysteresis window gradually
expands with increasing Vmax, implying an enlarged switching ratio. In Figure 5c, Ion/Ioff ratio at sweeping
peaks to 4×105 at V ≈ 1 V. We note that the current at HRS slightly levels up as the loop number grows,
which might be caused by trapped charge injection that supplies a partial screening of local FE dipoles.

Below, we present a qualitative interpretation of the electric switching in terms of band modulation
induced by mutual alignment of PFL and FE polarization (PFE) . Figure 5d presents the illustration of
the set-up: in which the side electrode was made of Cr/Au forming Ohmic contacts [38] and the ground
is connected to Pt/Ir coated tip. As illustrated in Figure 5e, a Schottkey barrier forms at the interface
between the tip and BOS, owing to the mismatch of work functions (ΦPr/Ir > ΦBOS). In Figure 5f, PFL

emerges towards BOS by slight indentation, bending up the bands. By further indentation into FE phase,
PFE appears, providing barrier engineering through FE switching as shown in Figure 5g and h. Note that
PFE is parallel to the surface according to calculations, which is hardly switched by the tip electric field in
common cases. However, as seen in Figure 5d, the bending of lattice under indentation and the asymmetry
of the contacts render more components of external electric field parallel to PFE and allow for FE switching.
The bands are mostly modified within the bullet-like area beneath the tip, since the FE phase at surface
is rather weak.

At LRS, PFE points opposite to the tip and introduces a kink-like structure to the bands. The conducting
and valence bands cross the Fermi level, generating a Zener-like tunneling between each other. This effect
leads to an enhanced conductance. When PFE is switched, a reversed ’kink’ is introduced onto the bands,
resulting in the absence of intersection between the Fermi level and the bands. Therefore, the tunneling
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conductance is vastly suppressed giving rise to HRS.

3 Conclusion

In summary, we performed strain engineering of FE transition in a centrosymmetric HP semiconductor.
Memristive measurements unveil a giant FE switching ratio of 106. For practical implications, FE adds a
new dimension to an existing HP electronic and optoelectronic semiconductor. The built-in polarization
expands the functionality of BOS to a broad range of exciting fields, of benefit to bulk piezophotovoltaics,
nondestructive FE nonvolatile memories, strain-tuning optoelectronic logic devices, neuromorphic compu-
tation, etc. Fundamentally, adding FE degree of freedom to BOS renders this material a hunting ground
of emerging physics, including spintronics, non-reciprocal transport, polar metal and even polar supercon-
ductivity.

4 Experimental Section

Sample fabrication and characterization: Highly-insulating BOS films were grown by chemical vapor de-
position (CVD) in a two-zone furnace with Se and Bi2O3 as precursors. The optical image was obtained
from ZEISS AXIO, ZOOM.V16 optical microscopy. The aberration-corrected high-angle annular dark-field
(HAADF) images were obtained by using a FEI Titan G2 80-200 ChemiSTEM operated at 200 keV, and
energy dispersive X-ray spectroscopy (EDX) mapping was performed by using a Super-X EDX system with
four silicon drift detectors for high sensitivity and capability. The electrical measurements were made on
a Lakeshore CRX-4k probe station equipped with Keithley 4200A-SCS Parameter Analyzer.
AFM measurements: PFM were performed by using Asylum Research MFP-3D and conductive AFM

(cAFM) were done on Asylum Research Cypher ES. Pr or Pr/Ir-coated tips with a radius < 25 nm and a
spring constant of ∼ 2 N m−1 were utilized as probes. Each probe was calibrated by thermal calibration to
obtain preciser spring constant and better inverse optical lever sensitivity (InvOLS). In contact modules
(PFM and cAFM), the forces applied on tips are obtained by spring constant×InvOLS×∆deflection.

For switching spectroscopy PFM measurements, the tip contacts sample surface at a small preset force.
At the tip, dc bias (Vdc square wave) steps over time, accompanied by a detecting ac voltage (Vac sin
wave). For off-field mode, Vac is applied to detect piezoresponse signals at the interval between two steps
(Vdc = 0), as seen in Figure 2b, which effectively weakens the contribution of electrostatic interaction. In
our measurements, PFM signals were detected at various tip forces. cAFM measurements were performed
in ORCA module with a dual gain ORCA cantilever holder. The compliance current is 10 µA, and the
noise floor is about 3 pA.
SHG measurements: SHG was performed in a confocal microscope (WITec, Alpha300RAS) under 1064

nm laser excitation (NPI Rainbow 1064 OEM). The angle dependent measurements for parallel-I2ω
x and

perpendicular-I2ω
y geometry are operated by locking the mutual direction of incident and output polarizers

at 0o and 90o, respectively. For exerting uniaxial strain, the films were transferred to a flexible substrate
(PI), then stretched by a homemade stretcher.
First-principles calculations: The flexoelectric tensor is performed within the DFT local-density approxi-

mation (LDA) [56] using norm-conserving pseudopotentials as implemented in the ABINIT package [57]. For
the calculation of BOS, we use a tetragonal ten-atom unit cell of lattice constants (a = b = 7.3 bohr,
c = 22.86 bohr) with a plane-wave cutoff of 60 Ha and a 7 × 7 × 2 Monkhost-Pack mesh of k points [58].
The unit cell is relaxed until atomic forces are smaller than 5 × 10−5 Ha/bohr. The dielectric constant
and Born effective charge (Z∗) are calculated by density functional perturbation theory. The ferroelectric
polarization PFE was obtained from PFE =

∑
Z∗

i Di/V , where the summation is over the atomic index i,
D is the displacement of atom, and V is the volume of unit cell.
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Notes
We are aware that most recently, a paper (DOI: 10.1002/adma.202210854 ), appearing in Advance Materi-
als, claimed the discovery of spontaneous out-of-plane polarization on as-grown Bi2O2Se films at ambient
conditions. The result is in contradiction with our work and all the literature. After scrutinizing this
paper, we believe that their data interpretation is misleading.
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