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Computational understanding role of vacancies
and distortions in wurtzite ferroelectric memory
materials: implications for device miniaturizationt
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The ever-increasing importance of applications based on machine-learning has driven the need to

develop delicate energy-efficient electronic hardware. Compared to traditional von-Neumann
architectures, which contain separate main-memory and storage units, nonvolatile edge computing
utilizes the same device structure for data storage and rapid operations, therefore promising to decrease
the energy costs of data-centered computing significantly. Although various research has focused on
exploration of new device architectures, engineering material systems suitable for these device designs
remains challenging. Ferroelectric materials (FEM) are leading contenders for these systems because of
their excellent materials and electronic properties. Here, we demonstrate how the role of composition
and distortion in structural signatures of FEM can be studied using density functional theory (DFT). The
previously unreported origins of vacancies and distortions are revealed, and we show that the stable
AlIScN model with wurtzite structure is described by small/negligible vacancy concentrations and
minimal localized distortions. Additionally, the low vacancy populations formed can be explained by the
need to remove energetically-unfavorable anti-bonding Al-N and Sc—N interactions near the Fermi
level. Theoretical studies elucidate a vacancy-facilitated decrease in leakage currents. These results

provide deeper insights that can help to rationalize the design of next-generation low-power electronic

rsc.li/materials-advances systems.

Introduction

The ever-increasing demand for more data intensive applications
in areas such as machine-learning and internet-of-things requires
energy-efficient hardware for tasks including speech recognition,
autonomous driving and image processing.' As these applica-
tions need energy-efficient and high-performance computations,
the memory and power limitations imposed by conventional
von-Neumann computers, using separate main-memory and
storage units, limit the ability of traditional processors to meet
optimized requirements for these applications.* Thus, the
development of next-generation hardware has been an important
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area of research.”” Among them, edge computing, utilizing the
same device structure for rapid operations and data storage, is
presenting itself as an excellent hardware design to tackle porta-
ble, data intensive applications.® The success of this approach
depends on finding an excellent material platform capable of
utilizing the full potential of this design.

Ferroelectric materials (FEM) are considered as a candidate
material platform for achieving next-generation edge computing
thanks to their minimized thickness and enhanced electrical
control. FEM are also promising candidates for important
applications, such as three-dimensional (3D) cross-point
memories,”'® hardware-based neural networks,"’ in-memory
computing,’>"® as well as optical and optoelectronic devices,
including optical waveguides'* and piezoelectric sensors.'®
Ferroelectric (FE) memory operations, based on the reversible
switching between one orientation state to another in a nitride/
oxide-based material, showing marked contrast in electrical
resistivity, generally requires less energy and offers shorter
switching times as well as larger maximum switching
endurance.'® However, a technological challenge arises from
decreasing the leakage current (weak depolarization process
for long-term data retention), and at the time, minimizing

© 2022 The Author(s). Published by the Royal Society of Chemistry
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the thin-film thickness (thin active layer for facilitating
device downsizing).'” This has prevented widespread FEM
commercialization.

Experiments have demonstrated that reactively sputtered FE
thin films grow with microscopic inhomogeneities and defects
such as vacancies.'®'® Moreover, microscopic models of FEM,
e.g., AlScN-based systems, have recently been achieved by
simulations.?*>* Additionally, calculations have demonstrated
that AIN models with nitrogen vacancy at the interior/subsurface
locations showed larger formation energies than AIN models
with nitrogen vacancy at the surface location, because the
formation of nitrogen vacancy at the surface location involves
the breaking of a smaller number of AI-N bonds than that for the
formation of nitrogen vacancy at interior or subsurface
locations.”* However, very little is known about the role of
distortions (e.g., the effects of structural relaxation on bonding/
formation-energy properties) and vacancies in FE thin films.
Besides, there could be a connection between the leakage
current and change in bonding/electronic character for different
defect concentrations. Herein, we examine the role of composi-
tion and distortion in structural signatures of FEM through
computational strategy, i.e., via examining models with different
concentrations of Al, Sc and N vacancies and with distortions,
and characterizing their electronic/bonding characters using ab
initio density functional theory (DFT). The models can elucidate
previously unrevealed origin of the vacancies and distortions,
and they demonstrate that the stable AIScN models with wurtzite
structure is characterized by small/negligible concentrations of
vacancies and minimal localized distortions. In addition, the low
vacancy populations formed can be explained by the need to
remove energetically-unfavorable anti-bonding Al-N and Sc-N
interactions near the Fermi level. These calculations are also
extended to a previously unconsidered one-hundred-and-twenty-
eight-atom AIScN model to enhance the quality of the findings
on atomistic nature of vacancies. Furthermore, theoretical stu-
dies reveal a vacancy-facilitated decrease in leakage currents,
providing deeper insights to further enhance the performance of
low-energy systems using FEM.

Method

DFT calculations

The first-principles calculations were performed using the pw.x
code of Quantum Espresso software.”* The Perdew-Burke-
Ernzerhof (PBE) exchange-correlation functionals were
utilized.*® Projector augmented wave method (PAW)-type pseu-
dopotentials for Al, N and Sc atoms were used. The crystal
model was built by the special quasi-random structure (SQS)
method,?”*® using the mcsqs code implemented in the alloy
theoretic automated toolkit (ATAT) package.>® Brillouin-zone
integrals for the 32-atom models were evaluated on a Mon-
khorst-Pack mesh of 6 x 6 x 4 k-points with a Gaussian
smearing of 0.01 Ry. For calculations of total energies, a finer
8 x 8 x 5 k-point grid was employed. In defect-formation
energy (Egorm) calculations, the convergence threshold was set
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to 107° Ry. The cutoff energy of the plane-wave basis set was
chosen to be 40 Ry. The 128-atom models were calculated using
a Monkhorst-Pack mesh of 2 x 4 x 2 k-points for the relaxed
processes. For calculations of the total energies and partial
density of states (PDOS), a 3 x 6 x 2 k-point grid was harnessed.
The structures were relaxed with the Broyden-Fletcher-Gold-
farb-Shanno algorithm. Pair-correlation-function (PCF) analysis
of structural features of the AIScN models were generated using
an open visualization tool (OVITO).>* The models with N vacan-
cies were created via removing N atoms from different interior
locations (sites surrounded by 3 Sc and 1 Al atoms, 2 Sc and 2 Al
atoms, or 1 Sc and 3 Al atoms) (Fig. S1 and S2, ESIf). Similar
formation energies and electronic structures were disclosed by
models with a specified N vacancy concentration. The model
with a targeted N vacancy concentration showing the lowest
formation energy was utilized for detailed discussion.

COHP analysis and electronic-structure calculations

The crystal-orbital-Hamilton-population (COHP) was computed
using the local-orbital-basis-suite-towards-electronic-structure-
reconstruction (LOBSTER) software.’’*> The COHP data were
obtained from PAW functions via analytical projection onto an
atomic-like basis sets utilized in the software. The software
subsequently rebuilds the entire PAW function through the
linear combination of atomic orbitals methods. Bunge basis
sets*® (Al, 3s and 3p; Sc, 4s, 3p and 3d; N, 2s and 2p) were
utilized. The electronic-structure computations were performed
by non-spin-polarized techniques with more than 8 x 8 x 5
k-points in the irreducible Brillouin zones of the model.
Visualizations of the model structures were performed using
the Xcrysden®* and VESTA software.*

Results
Model structure and validation of AlScN system

The AlScN has been considered as a contender material platform
for next-generation FE hardware. AIScN materials have been
utilized for developing nonvolatile FE memory devices and
frequency-tunable acoustic resonators.*® Recently, experiments
have demonstrated, for the first time, ferroelectricity in AlScN
thin films, which show larger remanent polarizations compared
to perovskite/fluorite-based FEM.'® Moreover, increasing Sc
alloying levels lead to ferroelectric switching observed under
small electric fields.*” Additionally, experiments have focused on
improving piezoelectric properties of aluminum-nitride through
incorporating different concentrations of Sc atoms.*®

We have examined the role of vacancies in AlScyo.3N,.
Studies have demonstrated that Al,-gScy.,N exhibits a N
vacancy concentration of ~3.3-3.5 x 10" vacancies per cubic
centimeters/20-25% N vacancies.” Based on these results and to
understand structural and electronic signatures that may be
associated with small leakage currents, we performed simulations
of AIScN models with 6.3-25% N vacancies. To perform this,
we have utilized a pristine Aly;5Sco,sN model with a wurtzite
structure and using 32 atoms (12 atoms of Al, 4 atoms of Sc and
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Fig. 1 Waurtzite structure and defect formation energies of the AlIScN systems with vacancies. (a) Top and (b) side-view snapshots of the AIScN system.
Sublattice A contains N atoms (magenta), and sublattice B comprises Sc atoms (yellow) and Al atoms (cyan). (c and d) Formation energies for different
concentrations of Al, Sc and N vacancies for the (c) unrelaxed and (d) relaxed models. Inset in (d) shows the plot of percentage decrease in defect

{Eform,relaxed - Eform.unrelaxedl

formation energy (AEfO,m.% =

Efbrm‘unrelaxed

X 100%) as a function of vacancy concentrations. There is no data for the models with Al and

Sc vacancy concentrations between 18.8% and 25.0% because these models can show large structural changes.

16 atoms of N) in the computational model (Fig. 1). The lattice
parameter a of the model was calculated based on a statistical
distribution of Al and Sc atoms on one sub-lattice of the wurtzite
system, where the second sub-lattice contained the N atoms. This
results in the lattice parameters, ie., a = 3.22 A and ¢ = 5.07 A,
which agrees well with the experimental data and theoretical
calculations.*®*! Moreover, the Sc concentration dependent lattice
parameters of the model agree well with the experimental data
and theoretical calculations (Fig. S3, ESIt).

Defect formation energy of AIScN models with vacancies

Experiments and theoretical studies have demonstrated that
the wurtzite AIScN structure is characterized by distortions
around the ideal atomic positions of wurtzite system in
Aly 5Sco sN.*° Nevertheless, in this work, all of the energies were
compared with the energy of wurtzite structure of Alj ;5Scg 55N.
In the computations, an increased number of Al, Sc or N atoms
were removed from the Alj ;5S¢ 5N supercell. The formation
energies of the resultant compositions were computed via

Eform (x) = Eiot(X) — Etot(Alo.75Sc0.25N) — Zn,—ﬂ, (1)

where E,(Aly ;5S¢0.25N) and E(x) denote the total energies of
the models with the pristine composition Al ;5S¢ 25N and of
the composition that results from the removal of Al, Sc or
N atoms. Moreover, y; is the energy of the respective crystalline

5534 | Mater. Adv,, 2022, 3, 5532-5539

reservoir of Al, Sc or N, and n; denotes the number of vacancies
generated upon the removal of atoms. Therefore, n;u; is the
energy of n; atoms in the elemental, crystalline reservoir.*>

Fig. 1c and d shows the results of the E,,,, upon the removal
of Al, Sc and N atoms for the structurally unrelaxed and relaxed
(distorted) wurtzite AIScN structures. We find that the Egyp
of Aly 755¢o.,5sN models increases after removing N atoms from
Aly55S¢o.5sN models, such that the removal of N atoms
from Alj,5Sco,sN  systems is not energetically favorable.
Additionally, Fig. 1c and d discloses that it is unfavorable to
remove multiple N atoms from Al ;5S¢ ,5sN models. Another
point from Fig. 1 is that lattice distortions play a role
(see change in Egopy, as the Alg 555¢ 55N crystal is changed from
the unrelaxed state to relaxed state). They also lead to a
decrease in E¢,,. Moreover, the removal of N atoms is favored
over removing the Al/Sc atoms. In subsequent computations,
we have calculated the change in Ef,, upon the removal
of Al atoms. Similar to the case of N removal, the E¢,, of
Aly 75S¢0.25N models is increased by the removal of Al atoms.
The E¢,m also decreases upon structural relaxation. Further-
more, removal of Sc atoms increases the Efm Of Aly 555Co.05N
models.

Thus, the analysis of Aly ;5S¢ 5N reveals that the Egyr Of
AlIScN structures can be controlled by (1) removal of N, Al or Sc
atoms and (2) localized distortions of the wurtzite system,
which increases and decreases the E¢,m, respectively. Motivated

© 2022 The Author(s). Published by the Royal Society of Chemistry
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by the finding that Al, ;5S¢ 25N models with N vacancies show a
small E¢orm, we will discuss the findings in Fig. 1 and role of
these phenomena for the Aly ;5S¢ .25Ng.93—Alp 755¢€0.25Np.75 Series.
This could be understood in a conceptual framework based on
bonding/anti-bonding states and their related energies.

COHP bonding analysis of AIScN models with N vacancies

To investigate the bonding character of AlScN systems,
quantum-chemical computations were utilized. Studies have
shown that phase-change-materials (PCM-) based models, e.g.,
GeTe-, InTe- and Sb,Te;-based systems, demonstrate strong
antibonding states at the Fermi level for different bonds via
COHP analyses.”*** Additionally, decreasing antibonding
states close to the Fermi level with an increase in vacancy
concentration is disclosed by GeSbTe-based models.*® Fig. 2
shows the COHP curves of the Sc-N and AI-N interactions in
the systems of Alg 755¢¢.25No.03, Alo.755C0.25No.g1 and Alg 755¢¢.25-
Ny.»5 under relaxed state. The model Aly;55¢y.,5Ng935 iS char-
acterized by negligible/low antibonding Sc-N and AI-N
interactions near the Fermi level E; (shaded region just below
the horizontal line E = 0 eV), which indicates a negligible/small
concentration of free carriers/valence electrons.”” Valence elec-
tron concentrations increases with a decrease in material
stability,”” for instance, upon the removal of N atoms. In
Aly 75S¢0.25Np g1, the population of anti-bonding states is simi-
lar/increased, whereas for Al, 55Sc, 5Ny 75, it increases further
such that the COHP shows a large population of antibonding
states in the vicinity of Fermi level.

We further examined the bonding character of AIScN sys-
tems using the integrated-crystal-orbital-Hamilton-population
(ICOHP). The numerical bond-strength ICOHP analysis yields
that, for the relaxed structures, in going from original
Al 755¢.25Np.93 to Alg-55Cy.05Np.75, the Sc-N bonds weakens
on average by ~11.27%. The AI-N bonds also weakens on
average by ~8.69% as the structure is changed from
Aly 755¢0.25Ng.03 to Alg,5S¢o25No75 (Tables S1 and S3, ESIt).
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This is because antibonding states are occupied.*® Thus, the
energetic gain by occupying antibonding states results in a
N-poor composition such as Al ;55¢ 5Ny ;5. Moreover, after
structural relaxation, the Sc-N bonds strengthens on average by
~0.014% and 1.61% for the compositions Al 755¢.25Np.03 and
Aly 755¢0.25Np 75, respectively. In the structures of Aly ;5S¢ »s-
No.o3 and Aly 75S¢o.25Np 75, the AI-N bonds also strengthens on
average by ~1.40% and 0.067% (Tables S1-S5, ESIt). This may
be due to the emptying of antibonding-states.*®

Local structural features of AIScN models with vacancies

In the following, we discuss the phenomenon that drives
further changes in bonding characters of the AIScN system
for different concentrations of vacancies. To understand its
behavior, Fig. 3 and Fig. S5 (ESIf) disclose the PCF for N-N,
Al-Al, Sc-N, Sc-Sc and AI-N bonds for two different AlScN
models (Aly;55¢025Np.03, Aly755C025Np75) in the relaxed state.
The models exhibit bonding character changes with composi-
tion for N-N bond, which results in the splitting into shorter and
longer N-N bonds (the first peak for N-N bond broadens as the
model is changed from Aly55¢25No.05 to Alg755C025No75). A
similar finding is observed for the Al-Al, Sc-N, Sc-Sc and Al-N
bonds, although with different degrees of splitting into shorter/
longer bonds. These results indicate an interplay between
vacancies and bonding-character-changes in AlScN models.

Theoretical studies

A binding model can be utilized to describe the origin of
bonding-character-change for AIScN systems. Sc is a group-III
transition element and show an oxidation state of +3. The Sc is
similar to Al, i.e., it is isovalent. Thus, replacing the Al atoms
with Sc would maintain the insulating behavior of AIN. The
outermost electrons of Sc, which are in d-orbitals rather than
the s and p-orbitals of Al, could lead to a difference when it is
incorporated in the crystals. Since there are 5d-orbitals: d,, d,.,
dzx, dy2 and di2_ye, the crystal field can split the energy levels of

Alo.755€0.25No 03 Alo.755C0 25No 81 Alo.755€0.25No 75
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Fig. 2 COHP analysis of AISCN models with N vacancies. The COHP of average values of Al—N (blue regions) and Sc—N (red regions) interactions in the
Alp.755€0.25N0.93, Alg 755C0 25N 81 and Alg 755¢ 25N 75 for the relaxed structures. The Fermi levels E¢ were to set to zero energy. The right and left sides of

the plot show bonding and anti-bonding interactions, respectively.
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d-orbitals of Sc atom into t,, and e,, orbitals. Therefore, the
stable structure of ScN is cubic-rocksalt, and not wurtzite. Since
the crystal structure of ScN is cubic, it is expected that the
effects of incorporation of Sc into AIN would be to distort the
lattice structure from wurtzite system (unrelaxed state) towards
cubic structure (relaxed state). A qualitative conclusion could
also be achieved without electronic structure computation: the
low-coordination number of elements in the models under
relaxed/distorted state leads to non-bonding electronic
states.’® Scandium, for example, has 1 valence 3d electron,
an indication of instability of the wurtzite structure. Thus, 1 d-
orbital can be represented as a non-bonding orbital occupied
by 1 electron. N has 3 p-orbitals. This is because its 2p electron
fill 1 p-orbital each based on the Hund’s rule. In a possible
interpretation, adding N to Sc-based system can reduce the
population of non-bonding states (as N has 3 p-orbitals in 2p
subshell) because the bonding between the one Sc orbital
and three N orbitals leads to an energetically favorable
configuration compared with a model that shows non-
bonding states. Therefore, adding N to Alj 755¢o.25Ng. 75 System
is energetically favorable, as it decreases the population of non-
bonding Sc states.

The energetic course seen in Fig. 1c and d for AIScN
structures occurs because of driving forces: (1) the model
needs to decrease its overall electron concentration to remove
anti-bonding Sc-N/AI-N states, for instance, by adding
N atoms, which favors a more N-rich composition, such as
Aly 755¢0.25Ng.03 and (2) at the same time another energetic loss
(decrease in Egopy) is obtained by a distortion of the system, and
the local source being the Sc atom. These phenomena are
related because the Sc atom influences both of them.

5536 | Mater. Adv, 2022, 3, 5532-5539

Modeling a 128-atom AlScN model with N vacancies and its
partial-density of states

The E¢orm of the 128-atom AlScN system (Fig. 4a and b) for
different vacancy concentrations, shown in Fig. S7 (ESIT),
reveals an associated trend with a close resemblance to that
shown in 32-atom model. It can be observed that the E¢,., also
increases and decreases with increasing concentration of
vacancies and after structural relaxation, respectively. Thus,
the E¢orm calculations of 128-atom wurtzite models support the
findings of 32-atom Alj,5Sco,5sN models, since from them,
similar changes in Ef,, were observed for different vacancy
and structural conditions. Moreover, the number of atoms
utilized for the model (128-atom system) can be larger than
the average of ~40 atoms used for current AIScN models under
relaxed conditions (Fig. S8, ESIt).

Until now, the leakage current passing through the ferro-
electric AlScN films is large and the physical reason is not well
understood. Experiments have demonstrated an increase in
leakage currents because of microstructural changes in high-
temperature grown AlIScN films.*® Moreover, a high leakage
current is also observed for low-temperature-deposited AIScN
films.”® The large leakage current causes problems in the
ferroelectric extraction/measurement methodologies, such as
the two-frequency technique and pulse-up/pulse-down strategy,
which are harnessed to minimize the leakage currents.>'>”
Moreover, the trade-off between decreasing leakage current,
and simultaneously, minimizing thin-film thickness represents
an impediment to fulfilling the promise of FEM.>* Hence,
clarification of possible origin of the high leakage current is
needed. Possible solution to this problem is shown in Fig. 1d,
which discloses that Alj ;5Scy.sN models have a more stable

© 2022 The Author(s). Published by the Royal Society of Chemistry
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wurtzite state with decreasing concentration of N vacancies.
Fig. 4c shows the partial density of states (PDOS) of the AlScN
models for different N vacancy concentrations. When the
number of N vacancies decreases, the bandgap of the
Aly 755¢o05N system becomes larger (Fig. 4c). This indicates
that the Al ;5S¢ 25N crystal has a weaker electrical conduction
with a decreased amount of N vacancies, which should lead to a
smaller leakage current.

Discussion

Currently, applications such as energy-efficient system design
through FEM is challenging because of several requirements:
(1) excellent understanding of origin of vacancies and distor-
tions, and (2) small leakage current. Currently, a limited
number of FEM fulfill these requirements. The examples
shown in this work indicate that existing state of the AIScN
model can offer a guide to achieve these requirements with
sufficient accuracy in terms of atomistic modeling. The key
enhancement in AIScN systems to enable these applications is
the investigation of models with different concentrations of
vacancies and with distortions, and characterization of
their bonding/electronic characters, achieved by ab initio DFT
calculations. As a result, the previously unknown origins of
vacancies/distortions are revealed, as well as relation between
the leakage current and change in electronic/bonding characters
for different defect concentrations. These provide insights to

© 2022 The Author(s). Published by the Royal Society of Chemistry

avoid the previous impasse between small leakage current and
minimized thin-film thickness for facilitating long-term data
retention, and at the same time, maintaining excellent device
downscaling. Moreover, utilization of the one-hundred-and-
twenty-eight-atom model enables a more accurate computation
of the electronic characters for enhancing modeling accuracy.

Conclusion

In conclusion, understanding structural origin of vacancies and
distortions in FEM is of vital importance for the development of
delicate energy-efficient hardware. The atomistic modeling
presented in this work enables a detailed characterization of
the bonding/electronic characters in AlScN systems, e.g., the
delicate interplay between anti-bonding states, p/d electron-
band filling and distortions. These findings can provide
significant insight, as well as a prospect of mitigating leakage
currents in FE memories by suitable materials engineering to
control the concentrations of vacancies in AIScN materials with
wurtzite structure, thereby facilitating the achievement of
energy-efficient hardware based on FEM for internet-of-
things, machine-learning and edge computing.
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