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ABSTRACT

A database-driven approach combined with ab initio density functional theory (DFT) simulations is used to identify and simulate alternative
ferroelectric materials beyond Hf(Zr)O,. The database-driven screening method identifies a class of wurtzite ferroelectric materials. DFT sim-
ulations of wurtzite magnesium chalcogenides, including MgS, MgSe, and MgTe, show their potential to achieve improved ferroelectric (FE)
stability, simple atomistic unit cell structure, and large FE polarization. Strain engineering can effectively modulate the FE switching barrier
height for facilitating FE switching. The effect of the piezoelectric property on the FE switching barrier heights is also examined.

Published under license by AIP Publishing. https://doi.org/10.1063/5.0028611

Ferroelectric (FE) materials have extensive applications in mod-
ern nonvolatile memory technologies, RF switches, actuators, and sen-
sors. Compared to perovskite ferroelectric materials, HfO, and
HfZrO,(HZO)-based ferroelectric materials’ enjoy excellent compati-
bility with the CMOS process and have been investigated as ferroelec-
tric memory material for the last decade or so. While the HfO,
ferroelectric materials have attractive properties, certain drawbacks,
such as stability of the ferroelectric phase and difficulty to maintain
low leakage and ferroelectricity for ultrathin films, limit their potential
for applications. Identifying alternative ferroelectric materials beyond
HfO, and HZO that can address these limitations is called for. In this
Letter, we report a group of binary ferroelectric materials beyond
HfO, and HZO, identified by a database-driven screening approach.
Ab initio density functional theory (DFT) simulations are subsequently
applied to calculate the ferroelectric material properties of the wurtzite
class of identified FE materials.

We first examine the features and limitations of the Hf(Zr)O, fer-
roelectric materials. A methodology to screen and identify alternative
FE materials is discussed next. Finally, the ferroelectric properties of
several identified binary wurtzite magnesium chalcogenide materials
are investigated and benchmarked. The materials identified here are
beyond the FE material candidates suggested in previous studies.””
Furthermore, important material properties, including the FE

switching barrier height, FE stability, and material structural simplic-
ity, are investigated in the material selection process.

To calculate the ferroelectric material properties, ab initio density
functional theory simulations were performed. The ferroelectric
material properties of the wurtzite phase magnesium chalcogenides
are calculated by using the Vienna ab initio simulation package
(VASP) codes.” The calculation was performed by using the projector
augmented-wave (PAW) pseudopotential, and the generalized
gradient approximation (GGA) method was used with a Perdew—
Burke-Ernzerhof (PBE) exchange-correlation functional. The
Brillouin zone was sampled by a 6 x 6 x 6 Monkhorst-Pack scheme.”
The ferroelectric polarization is calculated by using the Berry phase
theory. The cutoff energy for the wave-function expansion is set to
600 eV. Nudged elastic band (NEB) simulations are used to determine
the ferroelectric switching barrier height.

Both HfO, and HZO have a rich set of crystalline phases, and
only a small fraction of phases are ferroelectric. Out of dozens of possi-
ble crystalline phases, only three have been shown to be ferroelectric,
which include orthorhombic Pca2;, Pmn2;° and rhombohedral R3m
phases.7 Furthermore, the antiferroelectric characteristics of HfO, are
attributed to the tetragonal P4,/nmc phase.” In addition, there is one
case of the Pbca systems that has two anti-aligned polarization unit
cells of Pca2;, which could also form an antiferroelectric material
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system. In HfO, and HZO, the Pca2; phase is postulated to be the fer-
roelectric phase in technologically relevant applications. At the atomic
level, there are at least 6 possible atomic pathways for the polarization
reversal mechanism.” However, only one of them, which switches
through the Pbcm phase,'” aligns the electric dipoles to the applied
electric field and reduces the potential energy, as shown in Figs. 1(a)
and 1(b). Figure 1(c) shows the atomic structures of this pathway in
the FE switching process. Five other mechanisms imply an antialign-
ment of the electric dipoles with the electric field, which does not cor-
respond to the definition of the ferroelectric switching. However, all
these mechanisms are still relevant for the material breakdown. These
mechanisms can follow the first electric switching event at very high
electric fields or in the wakeup/fatigue regimes, where the crystalline
phase transforms into non-ferroelectric phases.'’

Because in HfO, and ZrO,, many other phases are more stable
than the FE phases, achieving the FE phases requires special processing
for stabilization.'” Strain, special thermal treatments, and doping have
been used to stabilize the ferroelectric phases. For example, in terms of
doping, one can use dopants including Si, Al, Y, La, or Gd to stabilize
the FE phase. The extrinsic dopant atoms, even in relatively low per-
centage, can result in local strain, so that further local atomic rear-
rangement toward the most stable monoclinic phase is delayed. This
effect is beneficial for stabilizing the ferroelectric phase.'” However,
the presence of strain at the material interfaces and grain boundaries
can result in lattice deformation and impact the energy stabilization of
phase transformation. Furthermore, the piezoelectric response of the
materials due to the applied electric field can result in additional lattice
deformation with an applied electric field in HfO, and HZO.

(

Q
-

Nucleation

Potential energy

G
=

Polarization

©

FIG. 1. (a) Schematic evolution of the potential energy during the polarization rever-
sal process in a configuration with the starting negative field, positive polarization.
(b) FE polarization evolves with the negative slope during the propagation phase,
therefore aligning with the electric field. (c) Atomic pathway for polarization reversal
in the FE switching process of HfO,. The directions of the electric field and polariza-
tion are denoted as E and P, respectively.
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In order to examine the stability of the FE phase with the defor-
mation of the lattice parameters, Fig. 2 plots the simulation results of
the potential energy surface by scanning the unit cell lattice parameters
in the simulation. Instead of observing one basin feature typical to one
phase, the results indicate two basins with a small energy potential
barrier between them, upon changing the unit cell length parameters.
As shown in the figure, one basin corresponds to the FE phase and the
other corresponds to a non-FE phase. As shown in Fig. 2, Hf(Zr)Oy
does not have large kinetic barriers to lose the ferroelectric phase, and
there are rich features in potential energy surface. As a result, a small
strain relaxation can push relatively easy the FE phase into another
(non-FE) phase. At certain applied strain, the barrier for phase trans-
formation is small at 20-40 meV/atom, which is comparable to or
below the polarization switching barrier of 100-200 meV/switching
atom.”"” It has also been previously shown that in FE Hf(Zr)O,, the
phase transformation and polarization rotation barriers are low and
strain relaxation can lead to phase transformation.'*'”

Due to these limitations, it is desirable to have alternative ferro-
electric material choices beyond Hf(Zr)O,. Hence, to find alternative
materials, we employed a systematic database-driven screening
approach as outlined in Fig. 3. The procedure screens ~125000
structures available in the Materials Project Database (materialsprojec-
torg).'” Among the materials screened, the following criteria are
imposed to identify the FE materials of interest: (i) the FE materials
belong to non-centrosymmetric polar lattice space groups; (ii) the
semiconductor fabrication process requires certain elements to be
excluded, which includes those in the first and seventh columns of the
period table, Pb and Cd, radioactive elements, and Actinides; (iii) the
energy above Hull, which is defined as the energy above the most
stable (i.e., lowest-energy) crystalline phase at the same chemical com-
position, is required to be <50meV for stability of the FE phase; in
comparison, ferroelectric HfO, has an energy above Hull of 29 meV;
(iv) the energy bandgap, which is computed by the DFT calculations
with the bandgap underestimation problem, is required to be larger
than 2.3 eV. A larger bandgap makes a material closer to an insulator
and leads to a larger barrier and lower intrinsic leakage current. In
comparison, FE BaTiO; has a bandgap of 2.56 ¢V in the trigonal phase
and a bandgap of 2.3eV in the orthorhombic phase. The value of

FIG. 2. Potential energy surface in HfO, per atom upon in-plane strain variation
(polarization along the out-of-plane b axis, a/c is fixed, and b/a and a are varying)
for a window of a between 5.05 and 5.30 A and the b/a ratio between 0.96 and
1.01.
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~ 120 ferroelectric
crystals

Binary and ternary
materials are
considered

Simple structure:
atoms/u.c.<16

Electronic structure: low
leakage Eg>2.3eV (PBE)

Stability: Hull energy <50meV

Process requirement: No 1%t & 7t column elements, no Pb,
Cd, Radioactive/Actinides

Symmetry: non centrosymmetric lattice groups
~125,000 structures in materialsproject.org database

FIG. 3. FE material down selection methodology: The selection criteria are shown,
which identifies ~120 FE candidates out of ~125 000 structures in the material-
sproject.org database.

2.3 eV ensures that BaTiOs, which is a known FE material, meets the
criterion. It is, however, not a sufficient condition for guaranteeing small
leakage, especially if the coercive field of a candidate FE material is con-
siderably larger than that of BaTiOs; (v) the unit cell structure needs to
be simple enough, so that the number of sites per unit cell is < 16,
which is preferred for ease of material synthesis and fabrication; and
(vi) only binary and ternary FE materials are searched for simplicity.
Applying the above database screening criteria, we found 120
candidates out of ~125 000 structures screened, which are shown in
Fig. 4. Each material is represented by a labeled data point in the
bandgap vs the energy above the Hull plot. The FE material selection
process described above identifies the common FE materials including
BaTiO;, HfO,, and ZrO,, which are highlighted in the plot.
Furthermore, a class of Wurtzite lattice materials in the space group
P63mc are identified as candidate FE materials, which include (i) BeO;
(ii) Nitride materials, AIN, BN, and AlGaN,; and (iii) wurtzite magne-
sium chalcogenides, including MgS, MgSe, and MgTe. Because Be and
its compound shall be avoided in the semiconductor process due to
health-hazardous consideration and BeO has an excessively high
switching barrier, it is not further investigated. For nitride materials, it
has been demonstrated that Sc doping can result in ferroelectric
Nitride material based on AIN.'” For magnesium chalcogenides, Mg$,
MgSe, and MgTe, identified from the database-driven screening proce-
dure, are highlighted in Fig. 4. These wurtzite lattice materials have the
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FIG. 4. The material bandgap vs energy above Hull for the candidate FE materials
coming out from the down selection methodology as shown in Fig. 3. Each data
point denotes a candidate material. The area of interest is highlighted, which has a
bandgap larger than that of BaTiO3 and the energy above Hull smaller than that of
ferroelectric HfO,.

feature of a simple unit cell structure with a small number of sites per
unit cell, which is advantageous for simplifying material synthesis, and
they are further investigated by using DFT simulations.

The stability of the wurtzite phase can be assessed from its energy
above the Hull and number of competing phases. The identified phase
of wurtzite MgS (w-MgS) belongs to the hexagonal space group
P63mc, whose energy is 7meV above the lowest phase in the cubic
space group Fm3m, which is the only phase with lower energy than
the FE phase. For wurtzite MgSe (w-MgSe), in the space group, P6;mic
is 42 meV above the lowest crystalline phase, and there are two phases
with energies lower than the FE P6;mc phase (i.e., the cubic F43m and
Fm3m phases). For wurtzite MgTe (w-MgTe), the wurtzite phase is
the lowest energy phase. In comparison, as shown in Table I, the FE
phase of HfO, is 29 meV above the lowest phase with a monoclinic lat-
tice, and there are at least 5 phases (i.e., P2;/c, Pbcal, Pbca2, P4,/mnm,
and Pbcn) with energy lower than the FE phase. Therefore, compared
to FE HfO,, the wurtzite phase of MgS and MgTe is energetically
more stable and preferred over other crystalline phases, with one or
zero competing lower-energy phases, respectively. Despite of higher
energy above Hull for w-MgSe, it has a smaller number of two com-
peting non-ferroelectric crystalline phases.

The ferroelectric polarization and switching barrier properties are
examined next. Figure 5 shows the simulated energy per switching
atom or formula unit (f.u.) as a function of ferroelectric polarization in

TABLE |. Comparison of material properties between HfO,, MgS, MgSe, and MgTe. Bandgap values are from the materialsproject.org database, which is computed with GGA.

HfO, MgS MgSe MgTe
Bandgap (eV), GGA 4.361 3.388 2.585 2.361
P, (uC/cm?) 70 54 50 43
N 12 4 4 4
Energy above Hull (meV) 29 7 42 0
Number of phases below the FE phase 5 1 2 0

Barrier height (meV/f.u.) 198 (fixed) 189(relaxed) 343 (fixed) 65(relaxed) 360(fixed) 90(relaxed) 392 (fixed) 162(relaxed)
Piezoelectric modulus (C/m?) 2.61 0.48 0.46 0.27

Appl. Phys. Lett. 117, 262903 (2020); doi: 10.1063/5.0028611 117, 262903-3
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FIG. 5. Energy vs polarization in the FE switching path for (a) MgS and (b) MgSe
with different biaxial tensile strain values of 0%, 1%, 2%, and 3%. The inset of (a)
shows the structures, and arrows illustrate atom movement in FE switching. The unit
cell sizes are set to be fixed throughout the switching path in the NEB simulation.

w-MgS and w-MgSe. The two minimum energy points have opposite
electric polarization with a magnitude of approximately 50uC/cm?.
The kinetic path of ferroelectric switching in the lattice is identified as
the two sublattice atoms vertically move against each other. The top of
the energy barrier point corresponds to a centrosymmetric structure.
The switching barrier computed from the NEB simulations with GGA
is 343meV for MgS, 360 meV per switching atom for MgSe, and
392 meV for MgTe for a fixed size of the unit cell, as shown in Table I.
Appling a biaxial strain in the horizontal hexagonal plane of the lattice
lowers the barrier height. A 3% tensile strain lowers the barrier height
to 230 meV and 250 meV for MgS and MgSe, respectively, whereas the
polarization remains approximately unchanged. A similar trend is also
observed for MgTe. Compared to the switching barrier height of
~200 meV per switching atom computed by using the same method
for HfO,, the switching barriers for magnesium chalcogenide FE mate-
rials are relatively high without strain, and the application of biaxial
strain reduces the barrier height.

Furthermore, the FE switching barrier heights of magnesium
chalcogenides can be reduced significantly, if the unit cell size is fully
relaxed in the switching process, as shown in Fig. 6. For MgS, a local
minimum point is developed at the centrosymmetric point, and the
switching barrier height reduces to 65 meV. For MgSe, no local mini-
mum point is developed, and the switching barrier height reduces to
90 meV. The switching is accompanied by an expansion of the in-
plane lattice constant of the hexagonal lattice structure, as also illus-
trated in Fig. 6. For MgTe, the switching barrier height reduces to
160 meV if the unit cell is fully relaxed in the FE switching process.

As also shown in Fig. 6, the lattice deforms considerably in the
FE switching process of w-MgS and w-MgSe. To understand the large
lattice deformation in the fully relaxed structure associated with
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FIG. 6. Energy vs polarization in the FE switching path (left axis) and the in-plane
|attice constant (right axis) in the FE switching path for (a) MgS and (b) MgSe. The
unit cell is fully relaxed throughout the switching path in the NEB simulation.

ARTICLE scitation.org/journal/apl

ferroelectric switching of magnesium chalcogenide materials, their pie-
zoelectric properties are compared. For non-centrosymmetric polar
materials, a mechanical strain can induce ferroelectric polarization,
and the ratio between the polarization and strain can be quantified by
the piezoelectric tensor and modulus values, which are compared in
Table 1. The comparison indicates that the piezoelectric modulus of
HfO, is over 5 times larger than that of either MgS or MgSe, and it is
approximately an order of magnitude larger than that of MgTe. As a
result, to induce a similar amount of polarization, a significantly large
strain is necessary for the wurtzite magnesium chalcogenide materials,
compared to FE HfO,. While the polarization values of magnesium
chalcogenides are about 2/3 of that of HfO,, the much smaller piezo-
electric modulus values of magnesium chalcogenides lead to signifi-
cantly larger lattice distortion in the FE switching process, if the unit
cells are fully relaxed. For the FE magnesium chalcogenide materials,
the difference in the FE switching barrier heights between the fixed
and fully relaxed unit cells is also considerably larger than that for FE
HfO,, as shown in Table I.

As a result, for device applications, the ferroelectric switching
barrier height can be sensitive to the flexibility of the contact electrode
material in a device with a magnesium chalcogenide layer sandwiched
between two electrodes. For the FE layer between conventional metal
electrodes that are not flexible, the deformation of the FE layer in the
switching process is suppressed. On the other hand, if the electrode is
flexible (e.g., with graphene or two-dimensional metallic materials, as
recently demonstrated in a vertical van der Waals heterojunction fer-
roelectric tunnel junction device'®) the electrode can be deformed in
the FE switching process. In this case, the FE switching barrier height
could be reduced significantly to facilitate FE switching.

It is noted that for porous and grained MgSe thin films, p-type
conductivity has been reported,'””’ which could be due to uninten-
tional doping. While defects and doping effects need to be investigated
in future experimental and theoretical studies, in the first step, we
focus on the intrinsic properties of the materials here for materials
screening and selection. Improvement of the material quality is likely
to be necessary for the reduction of the leakage current due to uninten-
tional doping, grain boundaries, and defects.

In summary, by using a comprehensive crystal selection algo-
rithm, we identified a class of wurtzite materials that should have
promising properties for ferroelectric applications, which include sim-
ple atomic structure, few crystals that are more stable, promising elec-
tronic bandgap, and appropriate barriers/polarization values. While
AIN would need a third dopant to reduce the reversal barrier,”"””
MgS, MgSe, and MgTe show a lower kinetic barrier for the polariza-
tion reversal, especially if there is an in-plane tensile strain from the
electrodes or the electrodes are flexible.

J.G. acknowledges the support from National Science
Foundation Award Nos. ECCS-1809770 and 1904580.
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