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Surface charge induced ferroelectric semiconductor-to-metal transition in quintuple-layer Al2S3
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For two-dimensional (2D) polarized monolayers or type-II heterostructure semiconductors, the
semiconductor-to-metal transition (SMT) process usually occurs under doping engineering or external electric
field. In this work, we point out that the evolution of band offset, surface charge redistribution, and inner-layer
charge transfer are synergetic in polarized monolayer semiconductors. Taking quintuple-layer (QL) Al2S3 as an
example, the SMT process occurs by substituting the surface S atom with the O atom and applying external
electric field by two methods. Our results reveal that the SMT derives from the increased surface charge
on two-surface atoms. The SMT mechanism in polarized QL-Al2S3 is also applicable to other 2D polarized
monolayers and heterostructure semiconductors.
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I. INTRODUCTION

Recently, a family of group III-VI binary monolayers,
M2X3 (M = Al, Ga, In and X = O, S, Se, Te) consists of
five atomic sublayers stacking as X-M-X-M-X are proposed
and widely studied. Experimentally, various M2X3 systems
such as In2Se3 [1–3], In2S3 [4], and Ga2S3 [5,6] have been
fabricated. Theoretically, Ding et al. [7] reported a family of
two-dimensional (2D) intrinsic ferroelectric (FE) compounds
M2X3 (M = Al, Ga, In and X = S, Se, Te), in which the
asymmetric structure and out-of-plane ferroelectric proper-
ties suggest these monolayers are promising for photocatalyst
water splitting [8,9], ferroelectric tunnel barrier [10,11], data
storage devices [12–15], and optoelectronic devices [16–19].

Among these hexagonal III-VI binary monolayers, 2D alu-
minum monochalcogenide and Janus aluminum chalcogenide
monolayers with the chemical formula Al2X3 and Al2XY2

(X/Y = O, S, Se, and Te) has also been widely researched.
Experimentally, 2D quintuple-layer (QL) Al2O3 structures
comprised of tetrahedral and octahedral coordinated Al-O
units have been directly observed on AlN surfaces by aber-
ration corrected scanning transmission electron microscopy
(STEM) imaging and spectroscopy [20]. Theoretically, Meng
et al. [21] have explored the stability, crystal structure, me-
chanical, electronic, and optical properties of three kinds
of Al2O3 monolayers. Jin et al. [22] have found that QL
Al2O3 can be as a functional ferroelectric tunnel barrier in
a graphene/QL-Al2O3/Ru heterostructure. Tuan et al. [23]
investigated the electronic and transport properties of Janus
Al2XY2 (X/Y = S, Se, Te; X �= Y ) monolayers. They demon-
strated that all Al2XY2 monolayers exhibit high electron
mobility, suggesting that they are suitable for applications in
nanometer-sized electronic devices.

*yinwen@ihep.ac.cn

The semiconductor-to-metal transition (SMT) in 2D mono-
layer or heterostructure semiconductors are usually achieved
by doping or applying external electric field (Eext) [24–30].
The SMT phenomenon is also common in the group of
M2X3 monolayer. The substitution of aliovalent As for Se
in α-In2Se3 transforms it from a nonmagnetic semiconduc-
tor to a metal with ferromagnetism [31]. A similar situation
is reported in 2D X2NO2 (X = In, Tl) monolayers with O
substituted by an N atom [32]. In addition, QL Ga2S3 [8]
and QL Ga2O3 [33] are indirect-band-gap semiconductors
while the Janus QL Ga2SO2 is metallic [34]. Similarly, QL
Al2TeS2 [23] and QL In2TeS2 [35] are also metals, which are
different from QL Al2S3 and QL In2S3 [8] with indirect band
gaps. Coincidentally, in another III-VI binary compound, MX
(M = B, Al, Ga, In, and X = O, S, Se, Te) monolayers, the
SMT by constructing Janus M2XY (X/Y = O, S, Se, and Te)
configurations has also been reported [36–41]. Compared with
M2X3 (MX) monolayers, Janus M2XY2 (M2XY ) monolayers
possess a built-in electric field due to the electronegativity dif-
ference of the group-VI element [38,39]. Meanwhile, the SMT
also comes out by directly applying a perpendicular external
electric field (Eext) to InSe and In2Se3 monolayers [42]. The
fundamental reason for the evolution of band structures with
electric field (external or intrinsic polarization) in polarized
monolayer semiconductors is unclear.

For 2D type-II heterostructure semiconductors, the SMT
occurs under Eext with the band gap depending on the strength
and the direction of the Eext [43–51]. Interestingly, the band
gap decreases directly with increasing Eext along one direc-
tion, while the band gap increases first and then decreases
with increasing Eext along the opposite direction [49–51]. The
changes of band gap under the increasing negative direction
and positive direction Eext are different. Previous researches
have reported that not only do the band gaps but inter-
face charge transfer also change under Eext in 2D type-II
heterostructures. So, we assume that the evolution of band
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FIG. 1. (a), (b) The schematic diagram of interface charge transfer and energy transfer in 2D type-II semiconductor heterostructures.
(c), (e) The schematic diagrams of spatially separated charge distribution on the surfaces of polarized monolayer. The positive and negative
polarization (bound) charge center are labeled by “+” and “−” in the two surfaces. The blue arrow indicates the direction of the intrinsic
polarization electric field. The hole and electron are shown with thin yellow and green slab on the two surfaces. The higher yellow and green
slab in (e) compared with in (c) represent the increased hole and electron on two surfaces. (d), (f) The band offsets of polarized monolayer
correspond to (c) and (e). The nonpolar monolayer semiconductor and corresponding band structure without (g), (h) and with (i), (j) Eext .

alignment is related to the surface charge redistribution in
type-II heterostructures. The basis of this assumption is that
the shifting energy level and changing surface charge can
be connected through interface charge transfer. The unidirec-
tional interface charge transfer results in being more electron
(hole) and down (up) shifting conduction (valence) band in
the B (A) layer, as shown in Figs. 1(a) and 1(b). The separated
charge distribution is present in 2D polarized monolayers in
Figs. 1(c) and 1(e). We wonder whether the shifting energy
level in monolayers comes from the increased surface charge
induced by inner-layer charge transfer driven by increased
polarization electric field or Eext in 2D polar monolayer or
nonpolar monolayer semiconductors, as shown in Figs. 1(e)
and 1(f), and 1(i) and 1(j).

In this work, we propose that increased surface charge in-
duces the SMT in polarized monolayers. The premise for this
SMT mechanism is the spatial separated electron and hole,
which is one common phenomenon in 2D polarized mono-
layers and type-II heterostructure semiconductors. Choosing
QL Al2S3 as a model system, we reveal the native SMT
mechanism by the O substituted method (experimentally
feasible [52–54]) and applying the Eext method. The SMT
originates from the increased surface charge, which is also
suitable for other 2D polarized monolayer and heterostructure
semiconductor materials.

II. COMPUTATIONAL DETAILS

The atomic structure of QL-Al2S3 monolayer in Fig. 2(a)
is composed with octahedral coordinated S-Al-S trilayer and
tetrahedral coordinated Al-S bilayer [8,20]. In this work,
we adopt the ferroelectric wurtzite (FE-WZ′) [22] QL-Al2S3

phase, in which the S atoms are stacked in A-B-C sequences
and the Al atoms are located at octahedral (Aloct) and tetrahe-
dral (Altet) interstitial sites of S lattice atoms [55,56].

By substituting one S atom on the tetrahedral termination
surface or the octahedral termination surface in the unit cell
of QL Al2S3, we construct two kinds of Janus QL-Al2SxO3−x

alloy phases, QL-Al2S2Otet and QL-Al2S2Ooct, as shown in
Figs. 2(b) and 2(c). The configuration of the substituted O

atom on the tetrahedral termination surface is more energet-
ically favorable than the configuration of the substituted O
atom on the octahedral termination surface.

The geometric structures, stability, and electronic struc-
tures of these monolayers are performed using the VASP

(Vienna ab initio simulation) software package [57] based on
the density functional theory [58]. The projector augmented
wave approach [59] was used for describing the interac-
tion of electron and atom core. The exchange correlation
potential was the PBE potential in the generalized gradient
approximation (GGA) [60]. The electronic structures were
calculated using the HSE06 [61] functional with mixing pa-
rameter for the Hartree-Fock potential being set to 0.25. The
cutoff energy was set as 500 eV. The convergence criteria

FIG. 2. Top and side view of QL-Al2S3 (a), QL-Al2S2Otet (b),
QL-Al2S2Ooct (c) configuration. The red, yellow, and blue sphere
represents O, S, and Al atoms respectively. These configurations
are asymmetric and with out-of-plane polarization. The black arrow
indicates the direction of the intrinsic polarization electric field. (d)
Top and side view of paraelectric (PE) phase Al2S3 configuration
with symmetric atomic structure; Al atoms locate at the octahedral
interstitial sites of S lattice atoms.
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TABLE I. The calculated lattice constant (a), bond length (d), thickness of the QL-Al2S3 and O-substituted QL-Al2S3 monolayer.

[[AltetS(O)]] (Å) d[Aloct S(O)] (Å)
QL a = b (Å) d1 d2 d3 d4 Thickness (Å)

Al2S3 3.586 2.312 2.183 2.570 2.348 5.843
Al2S2Otet 3.313 1.968 2.206 2.446 2.288 5.449
Al2S2Ooct 3.336 2.245 2.164 2.501 2.014 5.503

for the Hellmann-Feynman force and energy were less
than 0.001eV Å−1 and 10−5 eV, respectively. The 5×5×1
�−centered k-point mesh was used for the geometry relax-
ations and 10×10×1 �−centered k-point mesh was used for
electronic property calculations.

A vacuum layer of 15 Å was applied to cancel the interac-
tion between layers. The dipole correction is included in the
calculations. The charge transfer between atoms is evaluated
on the basis of the Bader charge algorithm [62]. Phonon
spectra were calculated on the basis of density functional per-
turbation theory method by using the PHONOPY program [63].
The thermodynamic stability of free-standing QL-Al2S3 and
Al2S(O)3 structures was judged based on Ab Initio Molecular
Dynamic (AIMD) simulations [64]. The simulations lasted for
10 ps in the canonical ensemble controlled by a Nose-Hoover
thermostat (NVT) [65] with a time step of 2 fs at 300 K.
The electronic properties were analyzed with the VASPKIT [66]
package. The atomic configurations and charge density differ-
ence were visualized by the VESTA [67] package.

III. RESULTS

A. Geometry and stability

After structural relaxation, the optimized lattice parameters
and bond lengths of QL Al2S3 and O-substituted QL Al2S3

monolayers are tabulated in Table I. The lattice parameter
of QL-Al2S3 monolayer is 3.586 Å, which consist with the
previous theoretical values [8]. Structurally, the bond length
between Al-O (dAl-O) is shorter than that of Al-S (dAl-S) bond.
The thickness of an O-substituted QL-Al2S3 system becomes
thinner than that of QL-Al2S3 with more Al-O bonds. The
bond length of Al-O being shorter than Al-S corresponds to

the binding energy of Al-O being stronger than Al-S, which
originates from the electronegativity of O atoms being higher
than S atoms [38,39]. The electronegativity difference (�χ )
and charge transfer (�ρ) between the Al-O atom pair are
larger than those of the Al-S atom pair [38,39].

Figure 3(a) shows the phonon band structure and corre-
sponding phonon density of states (PHDOS) of QL Al2S3.
Since no negative frequency phonon can be observed, the
QL-Al2S3 monolayer is dynamically stable. After 10 ps
simulation, no distinct structural destruction is observed in
Fig. 3(b), and the total energy fluctuation is small. This finding
indicates that the QL-Al2S3 monolayer is thermally stable at
300 K. For QL-Al2S2Otet and QL-Al2S2Ooct configurations,
the phonon band structures and corresponding PHDOS of S,
O, and Al atoms are shown in Figs. S1(a) and S1(b) of the
Supplemental Material [68]. Although no negative frequency
phonon can be observed, the AIMD results [Figs. S2(a)–S2(d)
of the Supplemental Material [68]] reveal that these structures
deform at 300 K, indicating that they are thermodynamically
unstable at elevated temperature. That is because the shorter
Al-O bond on the QL-Al2S3 surface will break and the broken
Al-O bonds will reconstruct to form Al-O clusters.

B. Band structure variation with different O atoms substituted

The band structures of three configurations shown in
Figs. 2(a)–2(c) evaluated by the PBE and HSE06 approaches
are almost the same profile, as shown in Figs. 4(a)–4(c). These
monolayers are nonmagnetic materials. It is interesting to find
that the QL-Al2S3 and QL-Al2S2Ooct monolayers are indirect
band-gap semiconductors, while the QL-Al2S2Otet monolayer
is metal. The conduction band minimum (CBM) and valence

FIG. 3. (a) The phonon spectra and corresponding PHDOS of QL-Al2S3 monolayer. (b) The AIMD simulations of QL-Al2S3 monolayer.
The inset is the relaxed atomic structure of QL-Al2S3 monolayer after 10 ps.
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FIG. 4. Band structure of QL-Al2S3 (a), QL-Al2S2Otet (b), and QL-Al2S2Ooct (c) monolayers at the PBE (blue curves) and HSE06 (red
curves) levels. The Fermi level is set to zero and depicted by the gray line.

FIG. 5. (a), (b) Band structure and the layer-resolved PDOS of QL Al2S3. The Fermi level is set to zero. The blue, yellow, and red color
coding represent the contribution weights from Al, S, and O atoms, respectively. (c) The planar-averaged electrostatic potential for QL Al2S3

along the z axis. �φ depict the potential difference across the monolayer. The corresponding electronic properties of QL-Al2S2Otet (d)–(f) and
QL-Al2S2Ooct (g)–(i) monolayer. The blue arrow indicates the direction of the intrinsic polarization electric field.
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FIG. 6. Side and top views of (2×2) supercell QL-Al2S3 monolayer with different substituted O atoms on tetrahedral termination surface
(a)–(c). The band gap, �V, and �φ as functions of the number of O atoms are summarized in (d). (e)–(g) The band structures of (2×2) QL
Al2S3 with surface O atoms from 1 to 3. (h)–(j) The layer-resolved PDOS of Al atoms along the z axis. All Fermi energy levels are shifted to
zero. (k)–(m) The planar-averaged electrostatic potential for O-doped QL Al2S3 along the z axis.

band maximum (VBM) of QL-Al2S3 and QL-Al2S2Ooct

monolayers are located at the M point and near the � point
along �-M in the Brillouin zone, respectively. The band gaps
of QL-Al2S3 and QL-Al2S2Ooct monolayers are 1.90 (2.74)
and 1.407 (2.295) eV at the PBE (HSE06) level, respectively.

Our calculated result for the band gap of QL-Al2S3 is
comparable with the previous DFT calculations [8].

Next, the detailed electric properties of three monolayers
are analyzed based on the PBE level. The valence bands of
QL-Al2S3 are mainly contributed by the S atoms while the Al
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TABLE II. Bader charges of QL-Al2S3, QL-Al2S2Otet, and
QL-Al2S2Ooct monolayers. Positive and negative values represent the
electron depletion and accumulation.

Bader S(O) Aloct S(O) Altet S(O)

QL Al2S3 −1.392 +2.197 −1.493 +2.179 −1.491
QL Al2S2Otet −1.340 +2.243 −1.524 +2.312 −1.691
QL Al2S2Ooct −1.574 +2.364 −1.485 +2.190 −1.495

atoms dominate the conduction bands in Fig. 5(a). Different
from the band structure of QL Al2S3, the lowest conduction
band and highest valence band in the band structure of QL
Al2S2Otet pass through the Fermi level (EF) in Fig. 5(d). In
the layer-resolved projected density of states (PDOS) of these

two configurations, it is worth noting that all the conduction
band minimum (CBM) is from the Altet-S(O) bilayer on tetra-
hedral surface termination and all the valence band maximum
(VBM) is from the S-Aloct-S trilayer on octahedral surface
termination.

Compared with QL Al2S3, the layer-resolved PDOS
clearly shows that the metallicity in QL Al2S2Otet originates
from the shifted CBM (down) and VBM (up), which come
from two separated surfaces. As we know, doping in the semi-
conductor affects the Fermi level. It is important to assume
that the shifted VBM and CBM to EF represent the increased
surface charge (hole and electron) on two surfaces. It is worth
noting that there are two sets of spatially separated surface
charge in the FE QL Al2S3: One is the intrinsic polariza-
tion charge and the other is the induced (free) charge. In

FIG. 7. Evolution of the band structure of QL Al2S3 under the different external electric fields points to the negative direction (a) and
positive direction (b). (c), (d) The band gap evolution of QL Al2S3 under the different external electric fields.
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FIG. 8. (a), (b) The planar-averaged electrostatic potential distribution as a function of positive Eext in QL Al2S3. (c)–(e) The charge
density difference of QL Al2S3 under positive (0.2, 0.6, 0.8 V/Å) electric field. The blue and yellow regions represent electron depletion and
accumulation respectively. The isosurface values are set at 0.0003 e/Å.

addition, the induced (free) charge, electron and hole, always
accompanies the polarization (positive and negative) charge
in FE materials [69,70]. The number of polarization charge
is positively correlated with the total electrostatic potential
difference (�φ) in 2D ferroelectric materials [56,71]. Next,
we will focus on the distribution of electrostatic potential and
the �φ across these polarized monolayers.

The electrostatic potential of Aloct termination is higher
than that of Altet termination by 2.129 eV in QL Al2S3 in
Fig. 5(c). It is necessary to point out that the Aloct termination
with higher potential is equivalent to the center of negative
polarization (bound) charge. By contrast, the Altet termination
with lower potential is equivalent to the center of positive po-
larization (bound) charge. The electrostatic potential of Aloct

termination is higher than that of Altet termination by 3.237
and 1.160 eV in QL Al2S2Otet and QL-Al2S2Ooct in Figs. 5(f)
and 5(i).

It is worth noting that the larger �φ derives from the
decreased potential of the Altet atom in QL Al2S2Otet than that
in QL-Al2S3, which is due to the stronger electronegativity of
the O atom than of the S atom [38,39]. The larger �φ in QL
Al2S2Otet than in QL Al2S3 means more polarization charge
on surfaces. In contrast, the decreased �φ in QL Al2S2Ooct

than in QL Al2S3 is due to the decreased potential of Aloct

atom termination. Different from type-II heterostructures, in
which the shifting of CBM and VBM originates from the
interface charge transfer between two layers, in monolayer

the shifting is from the inner-layer charge transfer [72]. It is
interesting to find that the internal potential difference (�V)
between the Aloct and Altet atoms becomes larger in QL
Al2S2Otet than in QL-Al2S3 in Figs. 5(c) and 5(f). In contrast,
the internal potential difference (�V) between the Aloct and
Altet atoms decreases to zero in QL Al2S2Ooct in Figs. 5(c)
and 5(i). The increased �φ and �V of QL Al2S2Otet than in
QL-Al2S3 correspond to more charge transfer toward the Altet

termination. The decreased �φ and �V of QL Al2S2Ooct than
in QL Al2S3 correspond to fewer charge transfer toward the
Altet termination or increased charge transfer toward the Aloct

termination inside monolayers.
From the Bader charge analysis (see Table II), we can

clearly see the increased surface charge of the O atom on
tetrahedral termination and the decreased surface charge of
the S atom on octahedral termination in QL Al2S2Otet. The
charge of Aloct and Altet atoms in QL Al2S2Otet is larger than
in QL Al2S3. In addition, the effective charge value and charge
increment of Altet are larger than that of Aloct, meaning more
electron transfer from Altet to surface O atoms, which is con-
sistent with the lower potential of Altet atoms. On the contrary,
the increased surface charge of the O atom on octahedral
termination and the charge of Aloct mean more transferred
electrons from Aloct to surface O atoms in QL-Al2S2Ooct.

The variable band structures of oxidized QL Al2S3 depend
on the change of surface charge (electron and hole) on two
surface atoms. To further verify this point, by changing the
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TABLE III. Bader charges of QL-Al2S3 monolayer under nega-
tive and positive direction Eext . Positive and negative values represent
the electron depletion and accumulation.

Eext (V/Å) S Aloct S Altet S

−1.2 −1.442 +2.199 −1.489 +2.183 −1.451
−0.8 −1.424 +2.199 −1.493 +2.182 −1.464
−0.3 −1.406 +2.198 −1.493 +2.273 −1.482
0.0 −1.392 +2.197 −1.493 +2.179 −1.491
0.3 −1.379 +2.195 −1.493 +2.178 −1.501
0.8 −1.355 +2.194 −1.492 +2.176 −1.523
1.1 −1.335 +2.193 −1.490 +2.176 −1.544

number of surface substituted O atoms in (2 × 2) supercell
QL Al2S3 monolayer, we study the connection between band
offset, electrostatic potential difference, and surface charge
redistribution.

C. Band offset with increased surface charge

The atomic configurations of substituted O atoms on
tetrahedral termination surface from 1 to 3 are shown in
Figs. 6(a)–6(c), respectively. When one to three O atoms are
introduced into the supercell, the concentration of the doped O
atom is 5% (at. %), 10% (at. %), and 15% (at. %) in QL Al2S3,
respectively. Structurally, with increasing surface O atoms,

the short Al-O bonds make the O-doped surface termination
bulked. The corresponding band structures are depicted in
Figs. 6(e)–6(g), respectively. With the surface O atom being
from 1 to 2, the CBM and VBM move gradually to cross the
EF. The band gap decreases from 0.79 eV (indirect) to 0.21
eV (direct). When three O atoms are on the surface, the band
gap disappears.

In order to clearly understand the band offset, the
layer-resolved PDOSs of three configurations are shown in
Figs. 6(h)–6(j). Since the PDOS of S(O) and Al atoms have
nearly the same distribution [56], we only list the PDOS of
four representive Al atoms [labeled in Fig. 6(a)]. Note that
the CBM is contributed by Al4 atoms on surface tetrahedral
termination in the three cases. From the atomic configuration,
only the O-Al4 bond is increased synchronously with increas-
ing surface O atoms. In addition, the conduction band from
the Al2 atom also shifts down to EF with increasing surface
O atoms and O-Al2 bonds. With the number of the surface
O atoms being from 1 to 3, the shifting CBM (n doping) and
VBM (p doping) to the EF means electrons are transferred
to surface tetrahedral termination and holes are transferred to
surface octahedral termination.

With the increasing surface O atoms, the �φ enlarges
gradually with the potential of Altet atoms becoming lower
as shown in Figs. 6(k)–6(m). By changing the type of the
group-VI element with different electronegativity, the elec-
trostatic potential distribution also changes. The total �φ in

FIG. 9. (a), (b) The planar-averaged electrostatic potential distribution as a function of negative Eext in QL Al2S3. (c)–(e) The charge
density difference of QL Al2S3 under negative (−0.3, −0.8, −1.2 V/Å) electric field. The blue and yellow regions represent electron depletion
and accumulation respectively.
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FIG. 10. Schematic diagram illustrates the separated bound charge (σ ′) distribution in QL Al2S3 under the negative (a)–(d) and positive
(e), (f) Eext. The schematic diagrams illustrate the synchronous change of �φ and band offset from two surface atoms.

QL Al2S2Otet consists of two parts: One is from the struc-
tural asymmetry and another is from the electronegativity
difference between S and O atoms. The increased �φ reflects
that more electrons are transferred from Altet atoms to the
surface substituted O atom than the initial S atom (stronger
electronegativity of the O atom than the S atom). It is worth
noting that the total �φ across QL Al2S3 increases gradually
to a limit value [56,73,74].

Compared with QL Al2S3, QL Al2S2Otet turns into metal
with enlarged �φ and increased surface charge, while QL
Al2S2Ooct is still a semiconductor with the decreased �φ and
surface charge in Figs. 5(g) and 5(h). We also calculate the
evolution of electric properties of QL Al2S3 with substituted
O atoms on octahedral termination surface from 1 to 3; the
band structures and PDOS show that they are still indirect
band-gap semiconductors (see Fig. S3 in the Supplemental
Material [68]). Our results fully show that the changed band
offset and potential difference connect with the change of
surface charge. More surface charge corresponds to the larger
�φ and smaller band gap in the Janus QL-Al2SxO3−x alloy
phase.

D. Effect of external electric field on electronic properties

With the increasing intrinsic polarization electric field
(or �φ) in QL Al2S3 by O doping, directional charge transfer
is formed. As electron and hole move to two separate surfaces,

n-type and p-type doping occur on the two surfaces of QL
Al2S3, resulting in the semiconductor-metal transition in the
system. The SMT mechanism induced by surface increased
charge is verified through three evidences (shifting VBM and
CBM, increased �φ, changed Bader charges) in the oxidized
QL Al2S3 system. The premise for this SMT mechanism to
work is the spatial separation of electron and hole. As we
know, the separate surface charge (electron and hole) is one
main characteristic in type-II heterostructure semiconductors.
For type-II heterostructure semiconductors, previous research
has reported its band structures may be easily changed by
applying Eext [43–51]. Next, by applying Eext and directly
changing the surface charge distribution on QL Al2S3, we
investigate the evolution of band structures of QL Al2S3 and
explain the connection between tunable band structures with
surface charge distribution.

The band structures of QL Al2S3 with a series of different
Eext are shown in Figs. 7(a) and 7(b). The variable band gaps
of QL Al2S3 as a function of Eext are summarized in Figs. 7(c)
and 7(d). When the Eext points to the negative direction from
0 to −0.8 V/Å, the band gaps of QL Al2S3 increase gradually.
When the Eext continues to increase from −0.8 to −1.3 V/Å,
the gaps decrease gradually to zero with the Eext being above
−1.3 V/Å. When the Eext points to the positive direction from
0 to 0.8 V/Å, the gaps of QL Al2S3 decrease gradually to
zero. When the Eext continues to increase from 0.8 to 2.0 V/Å,
the band gaps tend to be constant at zero. The tunable band

235307-9



WANG, XU, LIU, WANG, AND YIN PHYSICAL REVIEW B 107, 235307 (2023)

FIG. 11. (a), (b) The band structure and layer-resolved PDOS of S and Al atoms in PE Al2S3. All Fermi energy levels are shifted to zero.
(c) The planar-averaged electrostatic potential of PE Al2S3 along the z axis. (d), (f) The band structure of PE Al2S3 under −1.0 V/Å and
+1.0 V/Å electric field. (e) The band gap of PE Al2S3 as function of different external electric fields.

structures and SMT phenomenon of QL Al2S3 are surely
present by applying Eext.

From the above results, it is seen that the reduced band
gap corresponds to the increased �φ, meaning that there is
more surface charge in the oxidized QL-Al2S2Otet system.
Does the change of band gap and �φ still connect in QL
Al2S3 by applying Eext? The variable �φ across QL Al2S3

under different Eext is shown in Figs. 8(a) and 8(b). When the
Eext points to the positive direction from 0 to 1.0 V/Å, the
potential of the Altet atom is gradually lower than the Aloct

atom termination, resulting in the larger �φ across the QL
Al2S3.

We have known that larger �φ corresponds to the in-
creased surface charge distribution and inner-layer charge
transfer. To further clarify the transferred charge inside polar-
ized monolayer, the planar-averaged charge density difference
(�ρ) is defined as �ρ = ρ ∗ −ρ0, where ρ* represents the
charge density of QL Al2S3 under external electric field and
ρ0 represents the charge density of QL Al2S3 without elec-
tric field. Under the increasing positive direction Eext, the
amounts of transferred electron from the left Aloct surface
termination to the right Altet surface termination increase
in Figs. 8(c)–8(e). The electron flow from high-potential
(octahedral termination) to low-potential (tetrahedral termi-
nation) surface under the increasing Eext is seen in Figs. 8(a)
and 8(b) [56,71]. In addition, from the Bader charge analysis
in Table III, we can clearly see the increased surface charge

of the S atom on the tetrahedral termination and the decreased
surface charge of the S atom on the octahedral termination
under the increasing positive direction Eext.

When the Eext points to the negative direction from 0 to
−0.8 V/Å, the potential of the Aloct atom is gradually lower
than the Altet atom termination. The total �φ across QL
Al2S3 is gradually reduced to zero as shown in Fig. 9(a).
This is also consistent with the previous calculation results
[in Fig. 5(i)]. When the Eext continues to increase from −1.1
to −1.6 V/Å, the potential of the Aloct atom is still gradually
lower than the Altet atom termination, which results in the
total �φ across QL-Al2S3 increasing gradually in Fig. 9(b).
From the planar-averaged charge density difference, it is clear
that the amounts of transferred electron from the right Altet

surface termination to the left Aloct surface termination in-
crease with increasing Eext in Figs. 9(c)–9(e). From the Bader
charge analysis in Table III, we can clearly see the increased
surface charge of the S atom on octahedral termination and
the decreased surface charge of the S atom on tetrahedral
termination.

Actually, the QL Al2S3 under Eext is similar to the di-
electric in the parallel-plate capacitor in Fig. 10. Under the
increasing positive direction Eext, the surface bound and in-
duced charge also increase. The increased surface charge
(electron or hole) will drive the energy level (CBM or VBM)
projected on two surface atoms to shift toward EF. The in-
creased surface charge is also reflected as the enlarged �φ,
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FIG. 12. (a) The layer-resolved PDOS of S and Al atoms and (b) the planar-averaged electrostatic potential of PE Al2S3 along the z axis
under negative (−1.0 V/Å) electric field. (c) The charge density difference of PE Al2S3 along the z axis with and without negative (−1.0 V/Å)
electric field. The blue and yellow region represents electron depletion and accumulation respectively. (d)–(f) The layer-resolved PDOS,
planar-averaged electrostatic potential, charge density difference of PE Al2S3 under positive (1.0 V/Å) electric field.

since �φ across the system reflect the strength of polariza-
tion electric field, which will drive charge transfer to the
surface [56].

Under the increasing negative direction Eext, first, the na-
tive surface (bound) charge decreases to zero. The reduced
surface charge is also reflected as the reduced �φ and in-
creased band gap. Then, the new surface (bound) charge,
opposite to the initial surface charge distribution (meaning po-
larization reversal), appears and increases with the increasing
Eext. With the increasing surface charge under the negative
direction Eext, the SMT also appears. The schematic diagram
in Fig. 10 illustrates the changing surface (bound or induced)
charge distribution with shifting CBM and VBM from two
surface atoms and �φ across monolayers under the Eext.

IV. DISCUSSION

Two phenomena widely reported in previous research are
summarized here: (1) The evolution of band offset, surface
charge distribution (potential distribution), and inner-layer
charge transfer are synergistic in 2D polar materials by tuning
the polarization electric field or Eext [71]. (2) The change of
band gap in 2D polar materials under the increasing negative
direction and positive direction Eext are different [49–51].
For the first phenomenon, the increased surface charge dis-

tribution comes from the inner-layer charge transfer driven
by increased electric field of polarization. In addition, the
increased surface induced charge and polarization charge are
consistent. For the second phenomenon, that is because of the
existence of native surface polarization charge in QL Al2S3

with asymmetry structure. In other words, the native charge
distribution of 2D monolayers plays an important role in de-
termining the charge redistribution under Eext.

For polar monolayers, the function of applying positive
direction Eext is equal to the increase of the native polarization
electric field by oxidizing the tetrahedral termination in QL
Al2S3. The function of applying negative direction Eext is
equal to decreasing the native polarization electric field (or
increasing the opposite polarization electric field) by oxidiz-
ing the octahedral termination in QL Al2S3. The direction of
electron motion is opposite to the direction of the polarization
of the electric field, which means the driving force of electron
motion is the increased polarization of the electric field. It is
important to make sure that Eext drive the motion of charge
(electron, hole) through the monolayer.

For nonpolar monolayers, the native surface charge distri-
bution is symmetric whether or not the surface charge shows
different distribution by applying positive and negative direc-
tion Eext in nonpolar monolayers. Next, taking the paraelectric
phase Al2S3 monolayer (PE Al2S3) with symmetric structure
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TABLE IV. Bader charges of PE-Al2S3 monolayer under nega-
tive and positive direction Eext . Positive and negative values represent
the electron depletion and accumulation.

Eext (V/Å) S Aloct S Altet S

−1.0 −1.458 +2.190 −1.540 +2.190 −1.382
0.0 −1.420 +2.188 −1.539 +2.193 −1.422
1.0 −1.378 +2.183 −1.537 +2.192 −1.460

[in Fig. 2(d)] as example, we study the evolution of band
offset, surface charge distribution (potential distribution), and
inner-layer charge transfer by tuning the Eext.

The band structure of PE-Al2O3 shows that it is an indirect
band-gap semiconductor. The layer-resolved PDOS clearly
shows that the CBM and VBM are equally distributed on the
two separated surfaces of PE-Al2S3. The electrostatic poten-
tial of two surfaces termination is also the same, which means
there is an even (nonpolar) charge distribution on the two
surfaces of PE Al2S3. The variable band gaps of PE Al2S3 as
a function of Eext are summarized in Fig. 11(e). The change of
band gap under positive and negative direction Eext is nearly
the same. The band structures of PE Al2S3 under negative and
positive direction 1.0 V/Å electric field show the same shape,
as shown in Figs. 11(d) and 11(f).

Although the band structure of PE Al2S3 under nega-
tive and positive direction 1.0−V/Å electric field is the
same, the surface charge distribution is opposite, as shown in
Figs. 12(a)–12(c) and 12(d)–12(f). Compared with the layer-
resolved PDOS without Eext in Fig. 11(b), the layer-resolved
PDOS under the negative direction Eext (−1.0 V/Å) clearly
show that the VBM located at the right surface termination
has passed the EF in Fig. 12(a). The shifted VBM toward
EF represents the p doping and increased surface hole on
the right surface of PE Al2S3. With the increase of negative
direction Eext, the potential of the left Aloct atom is gradually
lower than the right Aloct atom termination; the larger �φ

across PE Al2S3 means more transferred charge through PE
Al2S3, which behaves the same as in PE-Al2S3 in Fig. 9(b).
The charge density difference clearly shows that the electron

is depleted on the right surface and accumulated on the left
surface, which means the electrons flow from the right PE
Al2S3 surface (higher potential) to the left surface (lower
potential). From the layer-resolved PDOS, the CBM does not
pass through the EF under Eext. Actually, the accumulated
electrons on the left surface of PE Al2S3 spill out under Eext,
as shown in Figs. 12(b) and 12(c) [75]. From the Bader charge
analysis in Table IV, we can clearly see the increased surface
charge of the S atom on the left termination and the decreased
surface charge of the S atom on the right termination in PE
Al2S3.

Compared with the layer-resolved PDOS without Eext in
Fig. 11(b), the layer-resolved PDOS of PE Al2S3 under the
positive direction Eext (1.0 V/Å) clearly shows the VBM lo-
cated at the left surface in Fig. 12(d), which represents the
p doping and increased surface hole. With the increase of
positive direction Eext, the potential of the right Aloct atom
is gradually lower than the left Aloct atom termination, which
behaves the same as in QL Al2S3 in Figs. 8(a) and 8(b). The
larger �φ across PE Al2S3 means more transferred charge
through PE Al2S3. The charge density difference clearly
shows that the electron is depleted on the left PE-Al2S3 sur-
face and accumulates on the right PE-Al2S3 surface, which
means the electrons flow from the higher potential to the lower
potential. From the Bader charge analysis in Table IV, we can
clearly see the increased surface charge of the S atom on the
tetrahedral termination and the decreased surface charge of
the S atom on the octahedral termination in PE Al2S3.

From the above results, we know that the SMT phe-
nomenon in 2D polar or nonpolar monolayers under Eext

originates from the increased surface charge. There is one
question here: Is the direction of transferred electron inside the
monolayer parallel or antiparallel to the direction of the ap-
plied Eext? The direction of transferred electron is the same
as the direction of Eext in QL Al2S3 and PE Al2S3, since
the transferred electron inside the monolayer is induced by
Eext. The monolayer under Eext is like a power source in the
electric circuit in Figs. 12(a) and 12(b). Moreover, for polar
monolayer, it is also similar to the PN junction being under
forward bias or under illumination, as shown in Figs. 13(c)

FIG. 13. (a), (b) The schematic diagram of inner-layer charge transfer inside nonpolar monolayer under external electric field. The
schematic diagrams of spatially charged transfer of PN junction under forward bias (c), (d) and under illumination (e), (f).
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FIG. 14. (a) The two-step pathways of polarization reversal of QL Al2S3 with the O lattice atoms unmoving. (b), (c) The energy evolution
of QL Al2S3 under negative and positive direction Eext per unit cell. (d) The transition barrier of polarization reversal under positive direction
Eext per unit cell.

and 13(d) and 13(e) and 13(f). The essence of applying
external electric field to a 2D system is applying extra poten-
tial difference through the system [76], which will redistribute
the charge and drive the electron to flow from high potential
to low potential.

We then investigated the effective kinetic pathway of the
polarization reversal of QL Al2S3, as shown in Fig. 14: The
initial state with the intrinsic polarization field E moves to-
wards the left. The final state with the intrinsic polarization
electric field E moves towards the right. The two-step path-
ways with the O lattice atoms are unmoving. First, the Altet

(initial state) atom shifts from the A site to the C site. Second,
the Aloct (initial state) atom shifts from the B site to the A
site.

The calculated polarization reversal barrier of QL Al2S3

is 0.155 eV per unit cell without Eext. In order to illustrate
the tunability of the reversal transition, the effect of the Eext

on the reduction of the transition barrier was studied. When
the Eext points to the negative direction from 0 to −0.5 V/Å,
the transition barrier is gradually increased as shown in
Fig. 14(b). When the Eext points to the positive direction from
0 to 0.5 V/Å, the transition barrier is gradually reduced in
Fig. 14(c). The change of transition barrier under positive and
negative direction Eext are symmetric. Our results reveal that

FE QL Al2S3 with operable polarization is an important and
desired material for device applications.

V. CONCLUSIONS

In summary, we systematically investigate the
semiconductor-to-metal transition in polarized QL Al2S3 by
O substitution and applying external electric field. Our results
have shown that both the band gap and electrostatic potential
difference change with O-substituted and external electric
field. The fundamental reason can be ascribed to the changed
positive and negative surface charge at two sides in polarized
QL Al2S3. The band alignment of type-II heterostructures
means the interfacial charge transfer. The shifting band offset
of polarized monolayers means the charge transfer inside
the monolayer. The simple dielectric model clearly explains
the connection between changing band structure and surface
charge distribution, which is also applicable to other polarized
2D monolayer and heterostructure semiconductors.
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