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Sliding ferroelectric materials present a promising avenue for achieving out-of-plane ferroelectricity in two-
dimensional systems, yet further research is imperative to elucidate their intricate microscopic mechanisms.

Here, we investigated the charge doping effect on sliding ferroelectricity by first-principles calculations. We
found that the ferroelectric polarization and conductivity can coexist at low doping concentrations. The fer-
roelectric polarization decreases with increasing doping concentration when introducing electrons/holes into
the bilayer sliding ferroelectricity with semiconducting character. The rate of decrease is determined by the

occupancy ratio of each layer in the conduction and valence bands.

DOI: 10.1103/PhysRevB.109.235426

I. INTRODUCTION

Ferroelectric materials with switchable spontaneous elec-
trical polarization under the Curie temperature hold signifi-
cant promise for nonvolatile memory devices with advantages
such as fast read/write speed, high-density storage, and low
power consumption [1-5]. However, the rapidly growing de-
mand for miniaturized devices poses significant challenges
for conventional bulk ferroelectric materials like BaTiO3 and
PbTiO3. As their thickness decreases to a certain size, the
ferroelectric polarization will be difficult to remain stable due
to the finite-size effect and depolarizing electrostatic field,
which poses a significant bottleneck in the application of
ferroelectric nanodevices [6,7].

In recent years, scientists have conducted a signifi-
cant number of research on two-dimensional (2D) van
der Waals ferroelectric materials, among which compounds
from groups IV-VI [8,9], CIPS [10,11], In,Se; [12,13] and
d1T-MoTe, [14] exhibit intrinsic ferroelectric properties.
However, such materials remain relatively scarce due to lim-
itations imposed by lattice symmetry. In 2017, Wu et al.
proposed the concept of sliding ferroelectricity, which is
designed by artificially stacking nonpolar two-dimensional
materials [15]. Stacking breaks the symmetry of the orig-
inal monolayer structure, leading to out-of-plane ferroelec-
tric polarization, and the two polarization states can be
switched through in-plane interlayer shear motion without
any necessary atomic displacements in out-of-plane directions
[5,16,17]. This greatly expands the candidate materials for
two-dimensional ferroelectrics. Verification has been achieved
in sliding ferroelectric materials such as BN [15,18-22], M X,
(M = Mo and W, X = S and Se) [15,23-26], 1T'-WTe,
[27-30], ReS; [31], and multilayer graphene [32-34].

“Contact author: thu@njust.edu.cn
fContact author: ekan @njust.edu.cn

2469-9950/2024/109(23)/235426(8)

235426-1

Although sliding ferroelectricity has brought some new
perspectives for low-dimensional ferroelectricity, further in-
depth research is imperative to comprehensively elucidate its
underlying microscopic mechanisms. What are the key fac-
tors that influence the strength of ferroelectric polarization?
How does interfacial ferroelectricity coexist harmoniously
with in-plane conductivity? Especially, how does electrostatic
doping affect ferroelectricity when ferroelectric materials are
incorporated into devices? In this work, we investigated
the charge doping effect on sliding ferroelectricity through
first-principles calculations. We found that the ferroelectric
polarization decreases with increasing doping concentration
when introducing electrons/holes into the bilayer sliding fer-
roelectricity. The rate of decrease is related to the occupancy
ratio of each layer in the conduction and valence bands. The
greater the difference in the proportion occupied by each
layer, the faster the rate of decrease.

II. COMPUTATIONAL DETAILS

In this work, our all first-principles calculations based on
the density functional theory (DFT) were performed using the
Vienna Ab Initio Simulation Package (VASP) [35,36] within
the projected augmented wave (PAW) potentials [37] with
the generalized gradient approximation in the Perdew-Burke-
Ernzerhof (PBE) [38] to describe the exchange-correlation
potential. To accurately describe the interlayer van der Waals
interactions, we adopted the semiempirical correction method
presented by Grimme (DFT-D3) [39]. The plane-wave cut-
off energy for the wave function was set to be 500 eV, and
a large vacuum space was set in the vertical direction so
the nearest distance between two neighboring bilayer was
greater than 15 A to diminish interaction between adjacent
slabs. A I'-centered 9 x 9 x 1 Monkhorst-Pack [40] k-mesh
was used for Brillion zone sampling. Electronic minimiza-
tion was performed with an energy tolerance of 107> eV,
and ionic relaxation was performed with a force tolerance
of 0.005 eV/A on each ion. Spin-orbit interactions were
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FIG. 1. Polarization in AB stacked bilayer BN. (a) Top view illustration of the atomic arrangement for bilayer BN. To distinguish between
the top and bottom layers, the atoms in the bottom layer are represented by larger radius. Nitrogen and boron atoms are shown in silver and
green, respectively. (b) The side view of the differential charge density diagram. The yellow and cyan areas indicate the regions that gained
and lost electrons, respectively. (c) The plane-averaged difference charge density in the z-axis direction. The two vertical lines in the diagram

show where the two individual monolayers are located.

included in the calculation of transition metals. The Berry
phase theory [41] was employed to evaluate the values of ver-
tical polarization. The transition states of reactions were deter-
mined by the climbing image nudged elastic band (CI-NEB)
method [42].

III. RESULTS AND DISCUSSION

Hexagonal boron nitride (BN) is a layered compound with
a honeycomb lattice structure. Single-layer boron nitride can
be obtained from bulk boron nitride crystals using mechanical
exfoliation techniques, similar to graphene [43]. Figure 1(a)
shows the structure of AB stacked bilayer A-BN. It is observed
that the N atoms in the bottom layer are directly above the B
atoms in the top layer, while the B atoms in the bottom layer
sit at the center of the hexagon and do not align vertically
with the N atoms in the top layer. This stacking order breaks
the inversion symmetry and Mz symmetry, endowing it with
out-of-plane ferroelectricity. We calculated its ferroelectric
polarization Pz = 0.597 pC/m using the Berry phase method.
To further elucidate the origin of out-of-plane polarization, we
calculated the differential charge density between the bilayer
BN and two isolated monolayers. As shown in Fig. 1(b),
we observe the accumulation and depletion of charges be-
tween two monolayers. The inequivalence between the two
layers results in a net charge transfer, leading to out-of-plane
vertical polarization. This can be visualized by the differen-
tial charge densities Ap(z) = ppn(z) — Prop(2) — Pbottom (2)s
where pBN(2), Prop(2), and Ppoom(2) are the plane-averaged
charge densities of the bilayer BN and the isolated top and
bottom layers [44]. We can see in Fig. 1(c) that charges
near the top layer accumulate while charges near the bottom
layer deplete, indicating that charges mainly transfer from
the bottom layer to the top layer, resulting in out-of-plane
polarization.

Next, we performed doping calculations on the bilayer
sliding ferroelectric material BN to explore the influence of
electrostatic doping on ferroelectric polarization. Since the

doped system is not electrically neutral, we cannot directly
use the Berry phase method to calculate the ferroelectric
polarization. The bilayer structure lacks inversion symmetry,
allowing for net charge transfer between the top and bottom
layers, further generating interface dipoles accompanied by
the formation of an electrostatic potential difference A ® at the
interface. Therefore, we can reflect the changes in polarization
by calculating the interlayer charge difference Ap and A®
of the bilayer structure under different doping concentrations
in Figs. 2(e) and 2(f). For the system of polarization point-
ing downwards, we define the interlayer charge difference as
Ap(e) = Prop — Pbottom where Prop and pporom are the charges
of the top and bottom layers of the bilayer BN, respectively.
Prop Can be obtained by integrating plane-averaged differential
charge density from the center of the bilayer BN to the top
in Figs. 2(c) and 2(d): pwp = fé/z Ap(2)dz. Potom €an be
obtained by integrating from the center of the bilayer BN to
the bottom: Ppottom = S g/ 2 Ap(z)dz. To present a more intu-
itive visualization of the reduction in polarization intensity,
we adopt the initial structure as a benchmark, highlighting
the percentage changes in polarization intensity across vari-
ous charge doping concentrations. We find that both the Ap
and A® exhibit a decreasing trend with an increase in dop-
ing concentration, indicating that the polarization decreases
with increasing doping concentration. In order to explain the
reason for the suppression of the polarization, we analyze
the differential charge density diagram and planar-average
charge density difference at different doping concentrations.
As shown in Figs. 2(a)-2(d), we find that when electrons/holes
are introduced into the system, more electrons populate the
bottom layer compared to the top layer, while more holes
occupy the top layer. Therefore, for bilayer BN, electrostatic
doping decreases the charge difference between the layers,
leading to a decrease in net polarization.

The above analysis indicates that electrostatic doping has a
suppressive effect on the ferroelectricity of the bilayer BN.
However, the mechanism behind the trend of ferroelectric
polarization changing with doping concentration is not yet
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FIG. 2. Electrostatic doping in bilayer BN. The differential charge density diagram of (a) electron and (b) hole doping obtained by
subtracting the charge density of the undoped system from that of the doped system. The plane-averaged differential charge density profile at
difference (c) electrons and (d) holes doping concentrations in the z-axis direction; the doping concentrations are written in the labeling and
different doping concentrations are indicated by different color lines. Ap(z) = Pdoped(2) — Pundoped (2)s Where pgopea(z) and Pundoped (z) are the
planar average charge density for doped and undoped systems. The extent of the decrease in the top and bottom layer charge difference (black)
and electrostatic potential difference (red) with (e) electron and (f) hole doping concentration.

clear and requires further elucidation. Therefore, we analyzed
the band structure of bilayer BN and the projected band
structures at the top and bottom layer in Figs. 3(a)-3(c). We
observe that the band splits due to the built-in electric field
affecting the energies of the top and bottom electrons. Com-
paring Figs. 3(b) and 3(c), we find states from both layers

in conduction and valence bands, but the occupancy ratio
of each layer is different. The blue lines are darker at the
conduction-band minimum (CBM) and the red is darker at
the valence-band maximum (VBM). This indicates that the
CBM is mainly contributed by electrons in the bottom layer,
whereas the VBM is mainly contributed by electrons in the
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FIG. 3. Band structures in bilayer BN. The band structures of (a) AB-stacked bilayer BN. The illustrations on the left and right sides of
the diagram are the partial charge density in the CBM and VBM, respectively. The projected band structures of (b) top and (c) bottom layer.
Shades of color indicate the strength of the contribution of the top (red)/bottom (blue) layer.
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FIG. 4. (a) Bilayer sliding ferroelectric structure model with the red rectangles representing the top layer and the blue rectangles
representing the bottom layer. The bilayer structure possesses an upward builtin electric field. (b) Band model near the Fermi level in the
bilayer structure. The red and blue colors represent the bands of the top and bottom layers, respectively. The electron model represents the
electron filling situation in the top and bottom layers when doping electrons.

top layer. Therefore, during electrostatic doping, the bottom
layer is predominantly populated with electrons, while the top
layer is primarily occupied by holes.

Additionally, there is a significant difference in the
color intensity of the lines in the VBM, indicating a
larger contribution difference between the bilayers. The
insets in Fig. 3(a) show the partial charge density at
the CBM and VBM. The insets and the contributions of
each layer atom at CBM and VBM (see Supplemental
Material Table S1 [45]) reveal that the CBM is primarily
contributed by the p, orbitals of B atoms, with a slightly larger
contribution from the bottom layer, while the VBM is mainly
contributed by p, orbitals of N atoms in the top layer. So the
magnitude of this imbalance is larger for valence band states.
Owing to the larger imbalance, the response of bilayer BN to
hole doping is more pronounced at the beginning of doping
into the system. Simultaneously, we also calculated the partial
charge density within the energy range of Fermi level shifts
for different doping concentrations, and obtained the degree
of imbalance of the occupation of each layer in the conduction
(black) and valence (red) bands to determine the trend of fer-
roelectric polarization with doping concentration. We found
that the trend of the imbalance of the occupation of each layer
in Fig. S1(a) of the Supplemental Material [45] is consistent
with the trend of the influence of doping concentration on
the polarization strength in Figs. 2(e) and 2(f). Therefore, the
rate of suppression of ferroelectric polarization by doping is
related to the occupancy ratio of each layer in the conduction
and valence bands. At higher hole doping concentrations in
Fig. 2(f), the polarization intensity continuously decreases and
even changes direction. We analyzed the projected band struc-
tures of the higher doping concentration system and found
the occupancy ratio of the top and bottom layers at the VBM
changes (see Supplemental Material Fig. S2 [45]). The con-
tribution of the bottom layer becomes greater than that of the
top layer, leading to a change in the direction of polarization.

Based on the above analysis, we proposed the following
model to describe the effect of electrostatic doping on the
bilayer ferroelectric material. As shown in Fig. 4(a), an up-
ward built-in electric field is generated in the bilayer polar
material with downward polarization due to the interlayer
charge transfer, causing an increase in the potential energy of
the electrons in the top layer and a decrease in the potential
energy of the electrons in the bottom layer, leading to band
splitting. As depicted in Fig. 4(b), the energy bands of the
electrons in the top layer (red) correspond to relatively high

energies, and the energy bands in the bottom layer (blue) cor-
respond to relatively low energies. If electrons are doped into
this system, they will preferentially populate the bottom layer,
while hole doping will preferentially occupy the top layer.
Therefore, there are relatively more electrons/holes filled in
the bottom/top layer at low doping concentrations, reducing
the charge difference between the bilayers and suppressing net
spontaneous polarization. The different responses to electron
and hole doping are determined by the occupation ratio of
each layer in the conduction and valence bands. The greater
the difference in the occupancy ratio of bilayers, the more
pronounced the suppression of polarization.

In order to validate the accuracy of the above model,
we further performed calculations on the bilayer sliding fer-
roelectric MoS,, MoSe,, MoTe,, WS,, WSe,, and WTe,
systems. Initially, we computed the band and projected band
structures of the polar states of them (see Supplemental Mate-
rial Fig. S4). It was observed that these structures exhibit band
splitting phenomena at both the CBM and VBM. Additionally,
there is a more prominent contribution from the bottom layer
at the CBM and a clearer contribution from the top layer at the
VBM. Based on this observation, we hypothesized that adding
electrons to the conduction band would fill predominantly
in the bottom layer, while adding holes to the valence band
would fill predominantly in the top layer. Therefore, doping
reduces the interlayer charge difference and suppresses the
net polarization. However, the magnitude of the occupancy
of the two layers is different in different structures. Combin-
ing Fig. S4 and contributions of each layer and atom at the
CBM and VBM (see Supplemental Material Table S2), we
can conclude that the difference of occupancy ratio between
the two layers in the CBM is greater in the structures of MoS,,
MoSe,, MoTe,, and WS,, while the difference in the VBM
is greater in the structures of WSe, and WTe,. As a result,
adding electrons to the system has a faster inhibitory effect on
the polarization intensity in the first four structures. The net
polarization response to hole doping is more pronounced in
the latter two structures.

Next, we specifically calculated the effect of Ap on the
MX, structures with different doping concentrations to re-
flect the variation of the polarization. We can clearly see the
inhibitory effect of electrostatic doping on the polarization
of bilayer ferroelectric materials described above in Fig. S5.
Moreover, the extent of response to electrons and holes cor-
responds to the analysis above, consistent with the difference
of occupancy ratio between the two layers in conduction and
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FIG. 5. Polarization in bilayer 177-WTe,. (a) The side view of the differential charge density. The blue and orange spheres represent W
and Te atoms, respectively. The yellow and cyan areas indicate the regions that gained and lost electrons, respectively. (b) The plane-averaged
differential charge density between bilayer WTe, and two independent monolayers. Ap(z) = pwre, (2) — Prop(2) — Pootiom (2), Where pwre, (2),

Prop(2), and ppoiom (2) are the charge densities of the bilayer WTe,.

valance bands. This can be further validated by comparing
Fig. S1(b) with Fig. S5(a).

We found that the model proposed is generally applicable
to the semiconductor properties of the bilayer sliding ferro-
electric material. Naturally, the question arises of whether this
model can be extended to bilayer ferroelectric material with
metallic properties. To address this inquiry, we investigated
the doping effect on bilayer 17°-WTe,, which is experimen-
tally validated metallic ferroelectricity. First, we calculated
the differential charge density and planar average charge
density of the bilayer WTe,, demonstrating that the inter-
layer charge distribution is uneven in Figs. 5(a) and 5(b).
Subsequently, we calculated its band and projected band in
Fig. 6, finding that the band structure still exhibits layered
characteristics. We speculate that the effect of doping on fer-
roelectric polarization is also related to the occupancy ratio of
each layer near the Fermi level. However, the band structure
near the Fermi level is quite complex, and the situation of
each layer cannot be determined as easily as analyzing the

semiconductor system, so further calculations are needed to
verify this.

Next, we calculated the differential charge density and
planar-average differential charge density under different
doping concentrations and found that electrons still predom-
inantly occupy the bottom layer in Figs. 7(a) and 7(c), while
more holes are populated in the top layer in Figs. 7(b) and
7(d), indicating that doping still has an inhibitory effect on
ferroelectric polarization. We calculated A p and A® to reflect
the variation of ferroelectric polarization with doping concen-
tration in Figs. 7(e) and 7(f). We found that the polarization
decreases as the doping concentration increases. As shown
in Fig. S6, we find that in the calculated energy range, the
contribution from the bottom layer is still more prominent
above the Fermi level, while the contribution from the top
layer is still slightly higher below the Fermi level, and the
difference of occupancy ratio between the two layers is larger
for conduction band states. The difference follows the same
trend as the variation of polarization intensity with doping
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FIG. 6. Band structures of bilayer 177-WTe,. (a)—(c) The total band structure, the projected band structure on the top layer, and the
projected band structure on the bottom layer, respectively. In the projected band structures, the shading of colors indicates the strength of the

contribution of electrons from the top (red)/bottom (blue) layer.
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FIG. 7. Electrostatic doping of bilayer 177-WTe,. The differential charge density diagram of (a) electron and (b) hole doping obtained by
subtracting the charge density of the undoped system from that of the doped system. The plane-averaged differential charge density profile
at difference (c) electron and (d) hole doping concentrations in the z-axis direction; the doping concentrations are written in the labeling
and different doping concentrations are indicated by different color lines. Ap = pgopea(Z) — Pundoped (2)> Where Paopea(z) and Pungopeda (z) are the
planar average charge density for doped and undoped systems. The extent of the decrease in the top and bottom layer charge difference (black)
and electrostatic potential difference (red) with (e) electron and (f) hole doping concentration.

concentration in Figs. 7(e) and 7(f). This indicates that in the
metallic WTe, system, electrostatic doping continues to in-
hibit the polarization. However, it cannot be simply concluded
that this holds true for other metallic systems, and specific
analysis is required for each individual system.

IV. CONCLUSIONS

In conclusion, we have investigated the charge doping ef-
fect on ferroelectricity of bilayer sliding ferroelectric systems
with semiconducting or metallic properties by first-principles
calculations. We found that the polarization strength of sliding
ferroelectrics with semiconducting properties decreases with
increasing doping concentration and responds differently to
electron and hole doping. This is because the intrinsic built-
in electric field causes band splitting, resulting in different
occupancy ratio in the conduction and valence bands. The
greater the magnitude of imbalance occupied by the layers
for the conduction (valence) band states, the stronger the
inhibitory effect of electron (hole) doping on ferroelectric
polarization. However, the band structure near the Fermi level
is relatively complex for bilayer sliding ferroelectric mate-
rials with metallic properties, requiring a specific analysis

for each case. Charge doping remains inhibitory to its ferro-
electric polarization for bilayer 7-WTe; and the degree of
suppression is related to the occupancy ratio of each layer
near the Fermi level. This conclusion may be extrapolated to
additional bilayer sliding ferroelectric materials, facilitating
an in-depth analysis of the impact of electrostatic doping
on ferroelectric polarization. Such an investigation is instru-
mental in unraveling the nature of polarization within bilayer
sliding ferroelectrics, thereby propelling forward the sophis-
ticated design and pragmatic application of low-dimensional
nanoferroelectric materials.
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