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Depolarization induced III–V triatomic layers with
tristable polarization states†
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The integration of ferroelectrics that exhibit high dielectric, piezo-

electric, and thermal compatibility with the mainstream semi-

conductor industry will enable novel device types for widespread

applications, and yet there are few silicon-compatible ferroelectrics

suitable for device downscaling. We demonstrate with first-

principles calculations that the enhanced depolarization field at

the nanoscale can be utilized to soften unswitchable wurtzite III–V

semiconductors, resulting in ultrathin two-dimensional (2D) sheets

possessing reversible polarization states. A 2D sheet of AlSb consisting

of three atomic planes is identified to host both ferroelectricity and

antiferroelectricity, and the tristate switching is accompanied by a

metal–semiconductor transition. The thermodynamic stability and

potential synthesizability of the triatomic layer are corroborated

with phonon spectrum calculations, ab initio molecular dynamics

simulations, and variable-composition evolutionary structure

search. We propose a 2D AlSb-based homojunction field effect

transistor that supports three distinct and nonvolatile resistance

states. This new class of III–V semiconductor-derived 2D materials

with dual ferroelectricity and antiferroelectricity opens up the oppor-

tunity for nonvolatile multibit-based integrated nanoelectronics.

Ferroelectricity, as an extensively studied dipolar ordering state
of insulators, is characterized by electrically switchable polar-
ization. The strong coupling between polarization, strain, and
electronic degrees of freedom of ferroelectrics has made them
critical components in numerous devices such as sensors,
actuators, and nonvolatile memories.1,2 The continuing
demand for miniaturized electronics has imposed stringent
requirements on ferroelectrics. In particular, to incorporate
ferroelectric functionalities into integrated circuits via the
current semiconductor manufacturing process, materials with

nanoscale switchable dipoles and silicon compatibility are
essential.3

Two-dimensional (2D) ferroelectrics with long-range dipolar
ordering in atom-thick crystalline layers are promising materials
for ferroelectric-based nanoelectronics because of their various
merits such as the uniform atomic thickness for high-density
integration and the easy preparation of high-quality interface in
van der Waals heterostructures.4 However, similar to perovskite
ferroelectrics, most 2D ferroelectrics also suffer from the depo-
larization effect such that they often have the polarization
developed in-plane,5,6 a feature that is inconvenient for lateral
downscaling. Atomically thin monolayers with out-of-plane
polarization (POP) are rare, and few notable examples confirmed
experimentally are CuInP2S6,7 a-In2Se3,8–13 MoTe2,14 and WTe2.15

Additionally, it remains unclear how to integrate these 2D
ferroelectrics with the mainstream semiconductor technology.

A strategy to obtain new ferroelectrics suitable for integrated
systems is to ‘‘soften’’ silicon-compatible piezoelectrics to make
them switchable by applying appropriate ‘‘stressors’’.16 For example,
by substituting Sc into a well-known nitride piezoelectric,
AlN, Fichtner et al. realized a giant switchable polarization
(80–110 mC cm�2) in Al1�xScxN.17 More recently, starting with
another widely used piezoelectric, ZnO, Ferri et al. synthesized
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New concepts
The strong coupling between polarization, strain, and electronic degrees
of freedom of ferroelectrics has made them critical components in
numerous devices, but it remains challenging to integrate ferroelectrics
with the mainstream semiconductor industry as few ferroelectrics are
silicon compatible. Here, the depolarization field that is often considered
detrimental to ferroelectric properties is employed as a physical stressor
to soften unswitchable III–V wurtzite piezoelectrics, creating switchable
two-dimensional (2D) polar materials with promising silicon
compatibility. Moreover, the delicate competition between different
energy terms at the nanoscale and under open-circuit boundary
conditions leads to a new class of 2D materials with dual
ferroelectricity and antiferroelectricity, opening the possibility for
nonvolatile multibit-based integrated nanoelectronics.
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thin films of Zn1�xMgxO and reported even larger switchable
polarization of 4100 mC cm�2 and coercive fields below
3 MV cm�1 at room temperature.16 In both cases, the essence
is to destabilize an unswitchable piezoelectric by applying a
chemical stressor.

We propose to ‘‘physically soften’’ silicon-compatible piezo-
electrics represented by III–V wurtzite piezoelectrics via dimen-
sion reduction. Products based on III–V semiconductors have
been widely employed in mobile devices, wireless networks,
satellite communications, and optoelectronics.18–20 For exam-
ple, 4th-generation (4G) wireless networks depend on thin-film
bulk acoustic resonators consisting of piezoelectric wurtzite AlN.
At present, the industry of III–V semiconductor manufacturing is
well established. Several approaches such as direct growth of III–V
on Si, III–V on lattice engineered substrates, and III–V on Ge–Si
templates have been developed to integrate III–V compounds with
the cutting-edge modern complementary metal oxide semicon-
ductor (CMOS) technology.21,22 Therefore, III–V semiconductor-
based 2D ferroelectrics, if available, will reduce the barrier of
integrating ferroelectric functionalities with silicon-based technol-
ogy and lower the cost of commercialization.

The physical stressor we employ is the enhanced depolariza-
tion field at the nanoscale. The depolarization field (Ed) arising
from the incomplete screening of surface polarization bound
charges scales inversely with the film thickness (Ed p Ps/d with
Ps being the remnant polarization and d the film thickness).23

In thin films of conventional perovskite ferroelectrics such as
PbTiO3, the intrinsic double-well energy landscape of a ferro-
electric will eventually be flattened out by the pronounced
depolarization field in thin films below a critical thickness,
leading to a nonpolar paraelectric ground state (Fig. 1a, top
panel). In contrast, some piezoelectrics such as wurtzite AlN are
unswitchable in bulk because the barrier (DU) separating two
polar states is prohibitively large such that the switching field
exceeds the dielectric breakdown limit. Utilizing the increased
depolarization energy (fd) with reduced dimension (fd p Ps

2/d)
to compensate DU, we suggest it is feasible to soften piezo-
electrics to 2D ferroelectrics with switchable POP. Another
competing phase that could emerge in thin films is an anti-
polar phase with neighboring antiparallel dipoles that has zero
depolarization energy. It is expected that the neighboring
dipoles in bulk wurtzite piezoelectrics strongly favor the paral-
lel alignment with a coupling strength characterized by J;
forming an antipolar phase thus comes with an energy cost,
fc p zJ, with z being the coordination number of a local dipole.
Heuristically, the competition between DU, fd, and fc deter-
mines the ground state (polar, antipolar, or paraelectric) in
free-standing thin films. Moreover, a triple potential well may
emerge by engineering the relative magnitudes of competing
energy terms (Fig. 1a, bottom panel).

We explore our design principle with first-principles density
functional theory (DFT) calculations, focusing on ultrathin 2D
sheets of wurtzite III–V compounds (III = Al, Ga, In; V = N, P,
As). We discover a nonpolar diatomic layer (2L) and a triatomic
layer (3L) with spontaneous local inversion symmetry breaking.
Specifically for 3L sheets, it can adopt a high-energy polar state

with POP and a low-energy antipolar state with neighboring
antiparallel dipoles. Interestingly, the polar and antipolar
states in 3L AlSb are both dynamically stable, as confirmed by
phonon spectrum calculations and ab initio molecular
dynamics (AIMD), and these two states are comparable in
energy, making 3L AlSb an unusual tristable system that sup-
ports both ferroelectricity and antiferroelectricity. Moreover,
the electronic degree of freedom is directly coupled to the polar
ordering in 3L AlSb, and the tristate switching is accompanied
by a metal–semiconductor transition. We propose a 2D homo-
junction field effect transistor (FET) consisting of 2L and 3L
AlSb. The carrier type and density in the semiconducting
channel of 2L AlSb can be effectively regulated by the polariza-
tion state of 3L AlSb, leading to three distinct and nonvolatile
resistance states. The deterministic ferroelectric domain engi-
neering at the nanoscale could be used to pattern the 2L–3L
homojunction as high-density periodic arrays of p–n junctions
and p–i–n junctions. The proposed 2D sheets of III–V com-
pounds supporting tristable polarization states offer promise
for experimental investigation and for the development and
design of nonvolatile multistate functional applications such as
high-density memory and synaptic electronics.

DFT calculations are performed using Vienna ab initio
Simulation Package (VASP).24,25 The interaction between the
core ion and electrons is described by the projector augmented
wave (PAW) method.26 The PBEsol functional is chosen as the
exchange–correlation functional.27 The vacuum layer along
the c axis is thicker than 15 Å in the slab model, and dipole
correction is employed to remove the spurious interaction
between different periodic images. We use an energy cutoff of
700 eV, an 8 � 8 � 1 Monkhorst–Pack k-point mesh, and an
energy convergence threshold of 10�8 eV for electronic self-
consistent calculations. The convergence criterion for an opti-
mized structure is 10�7 eV in energy. The structural stability at
finite temperatures is studied by NVT AIMD simulations using
G-point sampling with the temperature controlled using a
Nosé–Hoover thermostat.28,29 The phonon spectrum is com-
puted using the frozen phonon approach as implemented in
Phonopy30 in conjunction with VASP. The key input and output
files have been uploaded to a public repository.31

The 2D sheet is constructed by cutting the bulk along the c
plane, and the thickness of the film is defined as the number
(nL) of atomic planes (Fig. 1b). In the case of monolayers
(nL = 1), we find that all nitrides favor the planar structure,32

whereas monolayers of other III–V compounds are buckled
honeycomb structures characterized by the presence of POP

and small values of DU (o0.2 eV, Fig. 1c). We note that III–V
buckled honeycomb monolayers have been studied previously
with DFT,33–35 though the 2D ferroelectricity was not appre-
ciated. The formation energy per formula unit (f.u.) of an
isolated 2D sheet with respect to the bulk counterpart is
defined as Ef

vac = E2D/nL � E3D/N3D, where E2D is the energy of
the 2D sheet consisting of nL atomic planes and E3D is the
energy of a cell in bulk containing N3D atomic planes. Although
several III–V monolayers are potential 2D ferroelectrics featur-
ing small switching barriers, their formation energies are
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rather large (40.8 eV per f.u., Fig. 1d), hinting at the difficulty
of synthesis in experiments.

When the thickness increases to nL = 2, for III–V compounds
(III = Al, Ga, In, V = P, As, Sb), the initial wurtzite-like
configuration is no longer stable, and the optimized diatomic
layer denoted as 2L acquires the inversion symmetry, thus
being nonpolar (Fig. 1b). Further increasing the thickness to
nL = 3 surprisingly revives POP. The triatomic layer labeled as 3L
has a buckled central layer that breaks the out-of-plane inversion
symmetry (Fig. 1b), and the magnitude of the polarization is
E0.12 � 10�10 C m�1 (see the values in Fig. S1 of the ESI†),
which is comparable to those of the out-of-plane polarization of
typical 2D ferroelectrics such as a-In2Se3 (0.12� 10�10 C m�1)8,36

and Co2CF2 (0.117� 10�10 C m�1).37 Structurally, both 2L and 3L
have group-V anions being the outermost surface layers. We note
that 3L sheets have much lower formation energies than mono-
layers albeit with higher DU (Fig. 1c and d). This seems to
suggest III–V compounds in the 3L form are easier to synthesize
but remain unswitchable.

Following the design principle, we investigate the possible
competing antipolar phases in 3L sheets. We identify an anti-
polar phase that has an energy consistently lower than that of
the polar phase (Fig. 1e and Fig. S2 in the ESI†). Based on
Shirane’s energetic criterion on antiferroelectricity, an antifer-
roelectric is an antipolar crystal with free energy comparable to
that of the reference polar crystal that has aligned sublattice

local dipoles.38 Therefore, we suggest that 3L sheets of AlSb and
GaSb likely host antiferroelectricity as their polar and antipolar
phases are close in energy. Below, we demonstrate that 3L AlSb is
an unusual tristable system that supports both ferroelectricity
and antiferroelectricity.

Fig. 2a presents the phonon spectra of 3L AlSb in polar and
antipolar phases, respectively. Since the phonon spectra have
no imaginary vibrational frequencies in the whole Brillouin
zone, polar and nonpolar phases are dynamically stable and
each locates at a local minimum of the potential energy surface.
We perform AIMD simulations at elevated temperatures to
check the structural stability against larger atomic distortions
due to thermal fluctuations. The evolution of the total energy
at 400 K during AIMD simulations is shown for both phases
in Fig. 2b, revealing no sign of structural destruction or
reconstruction. This serves as a strong proof to corroborate
the room-temperature stability of 3L AlSb. A defining feature of
(anti)ferroelectricity is polarization reversibility. As depicted in
Fig. 2c, the barrier separating the polar and antipolar phases
obtained with the nudged elastic band (NEB) method is 0.1 eV
which is lower than the barrier in conventional perovskite
ferroelectrics such as PbTiO3 (0.17 eV),39 indicating a switch-
able polarization by an external electric field. We note that NEB
calculations are performed with lattice constants clamped to
the ground-state values of the antipolar phase. In general, when
the lattice constants are allowed to relax during the search for

Fig. 1 (a) Utilizing the depolarization energy (fd) to soften unswitchable piezoelectrics with large barrier DU separating two polar states. The delicate
balance between DU, fd, and the energy cost (fc) to form antiparallel neighboring dipoles may lead to a triple well in thin films. (b) Construction of ultrathin
2D sheets by cutting wurtzite III–V piezoelectrics along the c plane. The thickness of the sheet is defined as the number (nL) of atomic planes. The right
panel shows the optimized structures of monolayer (1L), diatomic layer (2L), and triatomic layer (3L). (c) Energy barrier (DU) in bulk and 1L and 3L sheets.
(d) Formation energy (Ef

vac) of 1L, 2L, and 3L sheets. (e) Energy of antipolar (EAP) and polar (EP) phases in 3L sheets relative to the paraelectric (EPE) phase.
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the transition state, the identified switching barrier will be
lower than the NEB barrier because the material can explore a
wider range of configurations and may find lower energy paths.
Therefore, we believe the switching barrier computed with NEB
is a conservative estimate of polarization reversibility. We
conclude that 3L AlSb is a rare 2D material characterized by
tristable and electrically switchable polarization states and thus
hosts both ferroelectricity and antiferroelectricity.

In addition, we perform a structural search using the variable-
composition evolutionary algorithm as implemented in USPEX40–42

with a 6-atom slab model confined within 9 Å. Our search
algorithm starts with an initial population of 50 structures, and
each generation consists of 200 structures produced by heredity
(50%), random structure generator (10%), lattice mutation (20%),
and atomic mutation (20%); the total number of generations is 192.
Fig. 2d compiles the DFT formation enthalpies of all identified 2D
crystals for Al1�xSbx. We find that ferroelectric 3L AlSb has a convex
hull distance of zero, further supporting its thermodynamic stabi-
lity and synthesizability.

The emergence of POP in ferroelectric 3L AlSb can be under-
stood by determining the electric free energy (F) of wurtzite AlSb
under an open-circuit boundary condition (OCBC) that has D = 0
where D is the electric displacement. For an intermediate configu-
ration, l, obtained by linear interpolation of the ground-state
polar configuration (l = 1) and the high-symmetry nonpolar
configuration (l = 0, space group: P63/mmc), the free energy F(l)
under D = 0 can be estimated as43,44

FðlÞ ¼ UðlÞ þ OðlÞ
1þ 1

2
w1ðlÞ

0 1þ w1ðlÞ½ �2
P2ðlÞ (1)

where U(l), P(l), wN(l), and O(l) are the DFT total (internal)
energy per unit cell, electric polarization, high-frequency dielectric
permittivity along the polar direction, and the unit cell volume of
AlSb at configuration l, respectively, and e0 is the vacuum
permittivity. The internal energy U(l) becomes the electric free
energy under short-circuit boundary conditions (SCBC, E ¼ 0) and
the second term is the depolarization energy fd associated with
the depolarization field under OCBC. All quantities required to
evaluate F(l) are bulk values easily accessible via conventional
DFT calculations. This analytical formation of F(l) has been used
to understand the origin of hyperferroelectricity43 in thin films
under OCBC.

As shown in Fig. 3a, the potential well of U(l) is rather deep
under SCBC. After introducing the depolarization effect under
OCBC, the well becomes shallower and the ground state
remains polar as F(l) reaches the minimum at l = 0.7. It is
noted that eqn (1) does not consider the impact of surface
reconstruction or the change in wN(l) with reduced dimension.
Nevertheless, the simple analytical model of eqn (1) predicts
that AlSb has a low-energy polar state under OCBC, resembling
a hyperferroelectric.45 We also plot the DFT energy profile for
the ferroelectric–antiferroelectric transition in 3L AlSb in
Fig. 3a. By comparing the analytical and DFT results, we suggest
the surface reconstruction of 3L AlSb that has group-V anions
becoming the outmost surface layers strongly stabilizes the polar
phase (l = 1.1), while the emergence of a low-energy antiferro-
electric phase (not captured by the analytical model) is critical
for the polarization switchability.

We now consider the electronic properties of 3L AlSb. Semi-
local density functionals such as PBE often underestimate the
band gap due to the remnant self-interaction error. To obtain

Fig. 2 (a) Phonon dispersion relationships of 3L AlSb in the polar phase (left) and antipolar phase (right). (b) AIMD simulations. The top panel shows the
energy evolution as a function of time at 400 K. The bottom panel shows the distribution of out-of-plane local displacements (Dz) of Al atoms in the
central layer. (c) Minimum energy path obtained with NEB connecting the polar and antipolar phases. (d) Convex hull of AlxSb1�x from the variable-
composition evolutionary structure search.
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accurate electronic structures of 3L AlSb, we employ a newly
developed pseudohybrid Hubbard density functional, extended
Agapito–Curtarolo–Buongiorno Nardelli (eACBN0).46–48 The
eACBN0 function is a DFT+U+V method with self-consistently
computed Hubbard U(V) parameters that account for the onsite
(intersite) Coulomb interactions, thus capable of capturing the
local variations of Coulomb screening. Particularly for low-
dimensional materials, eACBN0 yields better descriptions of
the electronic structures than hybrid density functionals such
as HSE0649 which assumes fixed dielectric screening.36,47

Fig. 3b and c presents the eACBN0 band structures for 3L AlSb

in ferroelectric and antiferroelectric phases (see the compar-
ison of eACBN0 and HSE06 band structures in the ESI†). We
find that the ferroelectric phase is a semimetal, while the
antiferroelectric phase is a semiconductor with a band gap of
0.7 eV. The semimetal nature of the ferroelectric phase is due to
the built-in depolarization field that induces band bending50,51

such that the valence band maximum (VBM) and the conduc-
tion band minimum (CBM) are dominated by the states of P�

and P+ surfaces, respectively (Fig. 3b). Moreover, we compute
the field-induced forces (Fig. 3b, inset) and find that nearly all
atoms are affected by an applied field. This indicates the
(semi)metallic ferroelectric 3L AlSb remains electrically switch-
able, similar to 2D metallic WTe2.15 In contrast, the antiferro-
electric phase has null depolarization field and the band gap is
mostly determined by the hybridization of Al-3p and Sb-5p
states. The strong coupling between the polarization state and
the band gap in 3L AlSb enables an intrinsically voltage-
switchable metal–semiconductor transition,52 a useful feature
to realize on–off states for device applications.

The ferroelectric field effect transistor (FeFET) comprising
a semiconductor as the channel material and a ferroelectric
as the gate insulator is an attractive architecture to realize
low-power, high-speed, and high-density nonvolatile memory.
Our DFT calculations show that 2L AlSb is a nonpolar semicon-
ductor with a band gap of 0.5 eV. Taking advantage of the
semiconducting properties of 2L AlSb and the tristable polariza-
tion states afforded by 3L AlSb, we propose a 2D homojunction
FET using 3L AlSb as the gate insulator and 2L AlSb as the
channel material (Fig. 4a). The design based on a homojunction
could simplify the fabrication process and improve the device
performance over the heterojunction-based device by reducing
interfacial defects.

We compute the eACBN0 band structures of a 2L–3L homo-
junction with 3L AlSb adopting different polarization states.
The contributions from the states of 2L AlSb are highlighted in
the band structures to reveal the electrical properties of the
channel. As shown in Fig. 4d–f, the conductivity of 2L AlSb is
readily regulated by the polarization state of 3L AlSb. Specifically,
when 3L AlSb adopts the antiferroelectric state, the channel
consisting of 2L AlSb is a semiconductor with a band gap of
E0.6 eV (Fig. 4d). When the polarization of 3L AlSb is switched
toward 2L AlSb, the band structure of the homojunction reveals
an n-type doped 2L AlSb (Fig. 4e). This can be understood from
the band diagram (right before the charge transfer) illustrated in
Fig. 4b. Because the VBM of 3L AlSb is higher in energy than the
CBM of 2L AlSb, the high-energy electrons in 3L AlSb naturally
relax to the conduction bands of 2L AlSb, effectively n-type-
doping the channel. Finally, in the case where 3L AlSb has the
polarization pointing away from 2L AlSb, the channel becomes
hole-doped as the electrons in 2L AlSb relax to the CBM of 3L
AlSb that is lower in energy (Fig. 4c). Therefore, the tristable
polarization states of 3L AlSb create three resistance states of the
channel, suitable for nonvolatile multistate functional applications.

In addition, the nanoscale deterministic ferroelectric
domain engineering can be employed to configure the 2L–3L
homojunction into high-density p–n junction arrays as well as

Fig. 3 (a) Electric free energy F(l) of AlSb under SCBC (E = 0) and OCBC
(D = 0). The DFT minimum energy pathway (blue line) connecting the
ferroelectric (FE) and antiferroelectric (AFE) phases in 3L AlSb is plotted for
comparison. Electronic band structures of (b) ferroelectric and (c) anti-
ferroelectric 3L AlSb computed with eACBN0. The ferroelectric phase is a
semimetal and the projected band structure has atomic orbital contribu-
tions from P� and P+ surfaces colored in blue and red, respectively. The
inset in (b) shows the atomic forces induced by an electric field applied
against POP, showing that nearly all atoms are affected by the applied field
despite the ferroelectric phase being a semimetal.
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p–i–n junction arrays where the tristable polarization states of
3L AlSb control the carrier type and density in 2L AlSb, as
shown in Fig. 4g. The voltage-configurable multidomain pat-
tern offers a platform to design energy-efficient, high-density
synaptic electronics and neuromorphic systems.

In summary, we propose a strategy to obtain switchable 2D
polar materials with promising compatibility with the main
stream semiconductor industry. The depolarization field that is
often considered detrimental to ferroelectric properties is used
as a physical stressor to convert unswitchable bulk III–V
semiconductors to 2D materials with reversible polarization.
The delicate competition between the local polarization energy,
the global depolarization energy, and the neighboring dipolar
coupling in 2D gives rise to a thickness-sensitive phase compe-
tition. The triatomic layer of AlSb is demonstrated to exhibit
tristable polarization states, thus hosting both ferroelectricity
and antiferroelectricity. We have explored the functionalities of
AlSb-based 2D homojunctions consisting of diatomic and

triatomic layers and predicted the emergence of three distinct
and nonvolatile resistance states characterized by different
carrier types and densities. The readily regulable doping by
the tristable polarization states potentially enables facile fabri-
cation of high-density periodic p–n and p–i–n junctions at the
nanoscale for nanoelectric and optoelectronic devices.
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Fig. 4 (a) Schematic of a 2D homojunction field effect transistor consisting of semiconducting 2L AlSb and tristable 3L AlSb. (b) Band bending diagrams
of the 2L–3L homojunction. The depolarization field Ed in ferroelectric 3L AlSb creates a potential step DF across the sheet. When POP points toward 2L
AlSb, the high-energy electrons transfer from 3L to 2L, making 2L n-type-doped. The polarization reversal will lead to a p-type doped 2L AlSb. Projected
electronic band structures and density of states of the 2L–3L homojunction with 3L adopting (d) antiferroelectric, (e) upward polarization, and (f)
downward polarization, showing atomic orbital contributions from 2L AlSb. (g) Schematic of voltage-configurable multidomain-determined high-density
p–n and p–i–n junction arrays.
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