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ABSTRACT: α-In2Se3 is a promising two-dimensional (2D) ferroelectric
semiconductor with unique phase transition behaviors and intrinsic n-type
conductivity. However, the origin of this conductivity and the impact of
defects on the phase transition remain unclear. In this study, we employed
the WLZ method to calculate vacancies’ formation energy and ionization
energy in monolayer α-In2Se3 and identified the defect-bound band edge
states. Our results reveal a strong polarization−defect coupling effect, where the bottom-layer selenium vacancy drives intrinsic n-
type conductivity in the sample with upward polarization while reversing the polarization-induced deep p-type defect. Furthermore,
we demonstrate that a vacancy stabilizes the ferroelectric phase and reduces the phase transition rate to the paraelectric phase.
Finally, we propose a defect-engineered ferroelectric field-effect transistor model that controls the resistance by leveraging the
polarization−defect coupling effect. This work highlights the significant roles of vacancy defects in 2D α-In2Se3, offering strategies to
design In2Se3 electronic devices at the nanoscale.
KEYWORDS: Polarization−defect coupling, n-type monolayer α-In2Se3, Defect-engineered FeS-FET, WLZ method,
First-principles calculations

Ferroelectric materials, characterized by their retentive and
switchable electric dipoles, are ideal candidates for

building nonvolatile memory devices with low power
consumption and ultrafast logic operations. These materials
hold the potential to address the bottleneck arising from the
separation of processing and storage units in traditional von
Neumann computing architectures.1,2 The utilization of two-
dimensional (2D) ferroelectric materials significantly reduces
device size, thus lowering the write or erase voltages required
for polarization switching, making the realization of low-power
memory devices feasible.3−5 In 2017, Ding et al. first predicted
that the 2D monolayer material In2Se3 exhibits at least two
typical phases: the ferroelectric α and the paraelectric β.6 The
transition from α to β phase is driven by a highly coherent
motion of shear phonon mode, which can reduce the potential
barrier to 0.066 eV per unit cell.6 α-In2Se3, with its asymmetric
structure, could maintain stable ferroelectricity at the atomic
scale, potentially breaking through the critical size limitations
of traditional ferroelectric materials.7 Additionally, it features
high carrier mobility,8 a strain-driven bandgap spanning the
entire visible to near-infrared wavelength range,9 and stable
room-temperature in-plane and out-of-plane ferroelectricity
within a single layer,6 making it a strong candidate for
widespread applications in ferroelectric tunnel junctions
(FTJs),10,11 ferroelectric field-effect transistors (FeFETs),12,13

ferroelectric semiconductor field-effect transistors (FeS-
FETs),8,14,15 and storage and neuromorphic computing
systems.1,16,17

In traditional FeFETs, the semiconductor channel and the
ferroelectric gate are separated. The polarization of the
ferroelectric α-In2Se3 regulates the carrier type and density in
the semiconductor channel layer, offering high scalability and
nondestructive readout associated with polarization switching.
However, practical application is hindered by issues such as
charge trapping and electrical breakdown.12,13 In FeS-FETs, by
exploiting the ferroelectricity and semiconductor properties of
α-In2Se3, the polarization switching process can occur within
the channel material itself rather than in the gate dielectric
layer. This configuration potentially solves the issues of charge
trapping and leakage current found in conventional FeFETs,
offering a large memory window, high on/off ratio, long
retention time, and substantial on-state current.8,14,15

α-In2Se3 consistently displays robust intrinsic n-type
conductivity, as evidenced by numerous experiments.18−21

Several studies have also concentrated on how defects
influence the electronic properties of the material. In 2020,
Hou et al. reported the displacement damage caused by
neutron radiation, mainly examining the impact of indium
vacancies.22−24 Additionally, it was observed that a selenium
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vacancy can also be generated through Ar2+ ion irradiation,
enhancing the photodetection properties of the material.25 In
2021, Tang et al. explored the electrical properties of five
single-vacancy defects in 2D α-In2Se3, identifying appropriate
donor and acceptor defects from the energy band diagrams
related to these defects, but they did not quantify their
ionization energies.26 Although these studies have contributed
to the development of 2D α-In2Se3, the origin of its intrinsic n-
type conductivity, the identification, and the effect of defects
on its phase transition remain unclear. Understanding these
aspects is essential for the design and functionality of
ferroelectric and electronic devices utilizing α-In2Se3.
In this work, we systematically evaluate the ionization energy

(IE) using the WLZ method, exploring the origin of intrinsic n-
type conductivity in 2D α-In2Se3 and the impact of vacancy
defects on carriers and the phase transition. We also provide
simulated scanning tunneling microscopy (STM) images to
support future experimental identification of these defects.
Building on the polarization-defect coupling, we propose a new
design of a defect-engineered ferroelectric field-effect transistor
with α-In2Se3 containing vacancy defects as the channel
material. By adjustment of the gate voltage, the defect
structures of α-In2Se3 change corresponding to different
polarization directions, and then their resistance states would
change accordingly. This work not only advances our
understanding of the defect properties in 2D α-In2Se3 but
also paves the way for developing nonvolatile electronic
devices based on defect engineering in nano-ferroelectric
materials.
We performed first-principles calculations based on density

functional theory (DFT) within the Vienna Ab initio
Simulation Package (VASP).27,28 The Perdew−Burke−Ernzer-
hof functional (PBE) of the generalized gradient approxima-
tion (GGA) was selected.29 The cutoff energy of the plane
wave basis is 275 eV, and a 3 × 3 × 1 Monkhorst−Pack mesh
grid is used for k-point sampling. The effect of spin
polarization was taken into account in all of the calculations.
The valence electrons of pseudopotentials30 are indium (In,
4d105s25p1) and selenium (Se, 4s24p4). We calculated the
formation energies and the ionization energies of five vacancies
using eq S1 and eq S2 in the Supporting Information (SI) for
lateral dimensions LX × LY = 4 × 4, 5 × 5, and 6 × 6, with a
vacuum thickness (LZ) of 60 Å. The ionization energies were
then extrapolated to infinite size using eq S3 in the SI to obtain
the converged ionization energy according to the WLZ
method.31,32 STM scans were simulated with constant height
mode, and the results were shown by VASPKIT.33 For the
molecular dynamics (MD) simulations, we chose the indium
atomic pseudopotential with valence electrons of 5s25p1 and a
plane-wave basis with the cutoff energy of 250 eV. We
performed the MD simulations using an NVT ensemble and a
supercell containing 245 atoms.34 The Brillouin zone was
sampled with a single Γ point, and the MD time step was set to
1 fs. The energy barriers for domain wall motion were
evaluated using the climbing image nudged elastic band (CI-
NEB) method,35 where electronic minimization was carried
out with a tolerance of 10−6 eV, and ionic relaxation was
performed with a force tolerance of 0.04 eV·Å−1 per ion.
Figure 1(a) shows the atomic structure of monolayer α-

In2Se3, consisting of five atomic sublayers with alternating In
and Se atoms. The calculated PBE bandgap of α-In2Se3 is 0.79
eV, consistent with the previous theoretical studies.6 Given the
diverse chemical environments of the five atomic sublayers, we

explore five different types of vacancy defects. The formation
of defects is closely related to the experimental conditions of
growth or annealing, such as In-rich or Se-rich environments or
conditions intermediate between these. Moreover, to prevent
the formation of the popular secondary phase InSe,36,37 it is
crucial to ensure that the sum of the chemical potentials of In
and Se in a 1:1 ratio is less than the formation energy of the
InSe phase, i.e., μIn + μSe < ΔH(InSe), as depicted in Figure
1(b). Similarly, the avoidance of elemental phases such as pure
indium or selenium also necessitates that the relative chemical
potentials of In and Se be less than zero. Ultimately, only the
points along the solid blue line align with all of the
requirements. The end points of this line correspond to In-
rich and Se-rich extreme conditions, with the formation
energies for five types of vacancy defects presented in Figure
1(c).
In the conventional case for the neutral state, it is evident

that In vacancies have lower formation energies under Se-rich
conditions, while Se vacancies show lower formation energies
under In-rich conditions. This is expected because under Se-
rich conditions the scarcity of In promotes the formation of In
vacancies, whereas under In-rich conditions, the abundance of
In favors the formation of Se vacancies. Among all studied
defects, VSe‑3 has the smallest neutral formation energy at 0.25
eV under In-rich conditions, indicating that the middle-layer
Se atomic vacancy of α-In2Se3 forms readily. Conversely, the
neutral formation energies for In vacancies exceed 2 eV even
under Se-rich conditions, indicating that these vacancies are
relatively difficult to form. One interesting point is that the
formation energies of VSe‑3 and VSe‑5 remain low even under
Se-rich condition, and this phenomenon of abnormally low Se
vacancy formation energy can also be observed in other
selenide research.38 In our analysis of charged defects at the +1
and −1 charge states, we observe that VSe‑3 and VSe‑5 establish

Figure 1. (a) Schematic atomic structure of 2D α phase In2Se3 and
the name of the atom in each sublayer. (b) The ambient chemical
potentials of the In and Se atoms must be carefully controlled to
prevent the formation of a secondary phase (e.g., InSe) and to ensure
the production of α-In2Se3. (c) Formation energies of various vacancy
defects in α-In2Se3 under In-rich and Se-rich conditions.
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thermodynamic transition levels of (0/−1) and (+1/0) within
the bandgap, respectively. Meanwhile, VSe‑1, VIn‑2, and VIn‑4
demonstrate both (0/−1) and (+1/0) transition levels within
the bandgap. For these three defects, the energy difference
between the (+1/0) level and conduction band minimum
(CBM) is greater than the energy difference between the (0/−
1) level and the valence band maximum (VBM), indicating
that these defects predominantly act as acceptor-type defects.
The shallowest donor and acceptor defects are VSe‑5 and

VIn‑2 with ionization energies of 0.21 and 0.25 eV, respectively.
Despite these ionization energies being significantly higher
than the thermal energy at room temperature, they remain
promising for contributing to the conductivity of 2D α-In2Se3
via defect-bound band edge states.39 Figure 2 displays the
projected band structures of pristine α-In2Se3 alongside In2Se3
with VIn‑2 and VSe‑5. The band structures of other defects are
shown in the SI (Figure S1). In Figure 2(a), the proportions of
the contributions to the bands are projected individually for
each of the five sublayers, where the valence band is
contributed mainly by Se-3 and Se-5 atoms, and the
conduction band is primarily contributed by Se-1 and In-2
atoms.40 The charge density distributions of the defect states
are also provided in Figure S2 to help confirm the specific
atoms contributing to these states. Compared with the band
structure of pristine In2Se3, the removal of the bottom-layer
selenium atom (VSe‑5) creates a defect level within the
conduction band. Electrons occupying this defect level can
spontaneously transfer to the lowest conduction band with no
energy cost, as evidenced by the fact that the lowest
conduction band is lower than the Fermi level in Figure
2(c). Due to the weakened screening, the electron is bound by
the positively charged VSe‑5+ defect despite reaching the lowest
conduction band, as evidenced by the corresponding charge
density plot shown in Figure S3, which demonstrates the
localization of the electron. Although these electrons are not
free carriers, the occupied lowest conduction band, termed the
defect-bound band-edge (DBBE) state, is reported to be able
to facilitate carrier transport through wave function overlap at
optimal doping densities.39 In the DBBE state, the ionization
energy can be described as IE0 = IEi + Edb, where IEi

corresponds to the energy required to ionize the defect state
to the band edge, specifically, the conduction band minimum
or the valence band maximum. The term Edb accounts for the
additional energy necessary to overcome the exciton-like
binding energy, enabling the formation of free carriers. For
VSe‑5, the defect level is above the conduction band edge with
IEi = 0 eV, and since the calculated ionization energy IE0 is
0.21 eV, Edb = IE0 − IEi = 0.21 eV. Similarly, we also identified
the DBBE state in the system with VIn‑2, where the highest
valence band in the spin-down channel is partially occupied,
indicating the presence of a hole bound by the negatively
charged VIn‑2

−, as depicted in Figure 2(b). In terms of binding
energy magnitude, VIn‑2 and VSe‑5 in the monolayer of In2Se3
are comparable to ReMo in a monolayer of MoS2, which is
known to be the source of n-type conductivity of MoS2.

39 This
implies that VSe‑5 could be responsible for the observed n-type
conductivity in α-In2Se3, while VIn‑2 emerges as a promising
candidate for the p-type defect. In the band structures of other
defects (Figure S1), VSe‑1 and VSe‑3 are deep-level defects, while
VIn‑4 is a shallow acceptor defect but with a larger formation
energy than VIn‑2.
We also found that VSe‑3, the most energetically preferred

vacancy defect in α-In2Se3, can enhance the ferroelectric
stability of the material. Figures 3(a), 3(c), and S4(a)−(d)
demonstrate that the pristine ferroelectric α-phase rapidly
converts to the paraelectric β-phase within the first 5 ps of a
total 20 ps simulation at 750 K, which is consistent with
findings reported about the rapid phase transition of defect-
free systems in the literature.41 The atomic displacements in
the x and y directions indicate that the upper two layers and
the lower three layers move in opposite directions,
demonstrating that the α-to-β transition is driven by a highly
coordinated movement among these atomic layers. This
observation aligns with previous research suggesting that
such atomic motion is linked to shear phonon mode.42 In
contrast, the presence of the VSe‑3 defect introduces local
structural distortions, which interfere with the uniform slipping
of atomic layers, thus decelerating the α-to-β transition to 9 ps,
as depicted in Figures 3(b), 3(d), and S4(e)−(h). A similar
deceleration effect is also observed in the system containing

Figure 2. PBE band structures of (a) perfect α-In2Se3 and (b, c) the vacancy of In-2 and Se-5 in α-In2Se3, along with the projection of the sum of
the contribution (to the energy bands) of the bond-breaking atoms around the defect. The size of the symbols represents the proportion of the
atomic contribution. For a clear observation of defect states, the size of their symbols is enlarged by a factor of 3. The Fermi level is set to 0 eV.
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another vacancy defect such as VSe‑5, as shown in Figure S5.
The presence of VSe‑5 results in the phase transition being
delayed to around 18 ps. This finding suggests that such a
vacancy defect disrupts the shear phonon mode critical for the
phase transition, ultimately slowing the transition rate and
enhancing the stability of the ferroelectric state.
To bridge the gap between theoretical predictions and

experimental validations, we simulated the STM images of the
five vacancy defects, as shown in Figures 4(a)−(j).
Considering that α-In2Se3 has a quintuple-sublayer structure,
we simulated the STM images for vacancies in the first three
atomic layers from the top-down direction and for vacancies in

the bottom three atomic layers from the bottom-up direction
(the middle third layer is simulated from both perspectives).43

At the same bias voltage, the bright and dark spots in the STM
images of the perfect system appear similar in style from both
the top view and the bottom view [VBM comparison in
Figures 4(a) and 4(f), CBM comparison in Figures 4(e) and
4(j)], with only slight differences in shape due to the overlap of
the positions of Se-1 and Se-5 in the x and y directions. For
defective systems, the STM images can be linked to the defect
states of the corresponding systems so that even though α-
In2Se3 is not a single-atom-layer material, the STM images
corresponding to vacancies in different layers can still be
distinguished. For example, for VSe‑1, the impurity state is close
to the CBM, with its band structures shown in Figure S1(a),
while for VIn‑2 and VSe‑3, the impurity state is near the VBM,
with their band structures shown in Figures 2(b) and S1(b),
respectively. Therefore, under a positive bias voltage, VSe‑1 is
relatively easier to observe in the STM image in Figure 4(d),
while VIn‑2 and VSe‑3 are more easily observed under a negative
bias voltage, as shown in Figures 4(b) and 4(c). For the most
easily formed VSe‑3, compared to the top view [Figure 4(c)],
the STM image contains more information about the host
In2Se3 when viewed from the bottom [Figure 4(g)] because
the Se-5 atoms contribute more in the VBM of the perfect
system than Se-1 atoms do. For the source of n-type
conductivity (VSe‑5) in Figure 4(i), since the Fermi level
enters the conduction band, a smaller bias can be used to
clearly observe the contribution of the defect. As an acceptor
defect, VIn‑4 also exhibits significant brightness differences in
the STM image [Figure 4(h)], which will be easily identifiable.
We expect that the effort of STM analyses can help to identify
the critical defects in 2D α-In2Se3 in future experiments.
Leveraging experimental evidence that a vertical electric field

can induce polarization reversal in α-In2Se3,44 and inspired by
our computational insights revealing polarization-defect
coupling effect, where VSe‑1 acts as a deep-level acceptor
defect with downward polarization and VSe‑5 as a shallow-level
donor defect with upward polarization, here we propose a
ferroelectric-controlled field-effect transistor based on 2D α-
In2Se3 with defect engineering. As illustrated in Figure 5(a), α-
In2Se3 with the VSe‑5 defect under upward polarization is used
as the electronic channel material, and the device initially
operates in a low resistance state due to easily forming n-type
conductivity by VSe‑5. When the gate bias shifts from positive to
negative, the polarization of the channel material will change
from upward to downward with an interesting result of VSe‑5
simultaneously transitioning to VSe‑1 and the device moving to
a high resistance state due to the deep defect level of VSe‑1.
Similarly, when the channel material containing the VSe‑5 defect
presents downward polarization, a change in bias direction can
simultaneously switch its polarization direction and induce a
transformation in its defect structure to VSe‑1, thereby
facilitating the transition between low and high resistance
states in the device, as shown in Figures 5(c) and (d). The
polarization-induced transition from VSe‑5 to VSe‑1 in α-In2Se3
significantly reduces the carrier concentration due to the weak
ionization of VSe‑1 and the negligible hole conductivity,
resulting in a substantial increase in resistance. We also
calculated the CI-NEB barrier for domain wall motion in
perfect and defective α-In2Se3 9 × 5 × 1 supercells to evaluate
the effect of defects on ferroelectric polarization switching, as
shown in Figure S6. This result indicates that while defects can
locally increase the switching barrier, their impact on the

Figure 3. Molecular dynamics simulations of the ferroelectric-to-
paraelectric (α-to-β) phase transition of 2D In2Se3. (a) Schematic
illustrations (the side view) of the initial, superimposed, and final
states of the transition in the perfect system (without defects) and the
top view of the phase transition process. (b) Schematic diagram of the
initial, intermediate, and final states in the system with a VSe‑3 defect.
(c) and (d) show the atomic displacements of perfect and defective
2D In2Se3, respectively, along the x- and y-axis during the transition.

Figure 4. Simulated STM images of perfect and defective α-In2Se3
with constant-height mode. (a−e) Top-view STM images of perfect
α-In2Se3 and that with defects. The overlaid atomic structure models
on the STM images include the top two atomic layers, as the STM
can more easily reveal the electron distribution of up to two surface
atomic layers. (f−j) Bottom-view STM images of perfect α-In2Se3 and
that with defects. The overlaid atomic structure models on the STM
images include the bottom two atomic layers.
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macroscopic switching behavior of the system is relatively
limited. To investigate the potential effects of unintentional
defects on the device design, we analyzed the band structures
of a monolayer α-In2Se3 system containing both VSe‑5 and VSe‑3
defects, as VSe‑3 is the most likely to form according to
formation energy calculations. The results, as shown in Figure
S7, indicate that the band structure of this double defect
system closely resembles that of a system containing only VSe‑5,
suggesting that the presence of unintended defects, like VSe‑3,
may have little impact on the performance of the proposed
device. Note that here the resistance change induced by
polarization switching does not imply a change in carrier type,
since the high ionization energy of VSe‑1 makes the observation
of p-type (hole) carriers less likely. This capability is
particularly significant in applications such as data storage,
where the ability to switch between different resistance states
enables nonvolatile memory function, or in logic circuits where
such switching enhances the efficiency of digital computing.
In summary, we have systematically investigated the

properties of vacancy defects in monolayer ferroelectric α-
In2Se3. Using the WLZ method, we established that when α-
In2Se3 is polarized upward, the bottom-layer selenium vacancy
(VSe‑5) possesses a donor ionization energy as small as 0.21 eV,
which could potentially account for the origin of n-type
conductivity experimentally observed in α-In2Se3 through
defect-bound band-edge states. Similarly, the second-layer
indium vacancy (VIn‑2) emerged as a promising candidate for
p-type doping, with an ionization energy of 0.25 eV.
Furthermore, the middle-layer selenium vacancy (VSe‑3), the
most readily formed defect, significantly bolsters the ferro-
electric stability of α-In2Se3 by decelerating the phase
transition to paraelectric β-In2Se3. We also provided simulated
STM images of all defects to facilitate further experimental
verification. Finally, we proposed a ferroelectric-controlled
field-effect transistor based on α-In2Se3 that modulates the
resistance state through alterations in polarization direction
and defect configuration. This study significantly deepens our
understanding of the polarization-defect coupling effects in 2D
α-In2Se3, while also presenting innovative approaches for
leveraging defect engineering in the design of advanced
electronic and memory devices at the nanoscale.
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