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ABSTRACT

The 2019 report of ferroelectricity in (ALSc)N [Fichtner et al., J. Appl. Phys. 125, 114103 (2019)] broke a long-standing tradition of consider-
ing AIN the textbook example of a polar but non-ferroelectric material. Combined with the recent emergence of ferroelectricity in HfO,-
based fluorites [Boscke et al., Appl. Phys. Lett. 99, 102903 (2011)], these unexpected discoveries have reinvigorated studies of integrated ferro-
electrics, with teams racing to understand the fundamentals and/or deploy these new materials—or, more correctly, attractive new capabilities
of old materials—in commercial devices. The five years since the seminal report of ferroelectric (ALSc)N [Fichtner et al, J. Appl. Phys. 125,
114103 (2019)] have been particularly exciting, and several aspects of recent advances have already been covered in recent review articles
[Jena et al., Jpn. J. Appl. Phys. 58, SC0801 (2019); Wang et al., Appl. Phys. Lett. 124, 150501 (2024); Kim et al, Nat. Nanotechnol. 18,
422-441 (2023); and F. Yang, Adv. Electron. Mater. 11, 2400279 (2024)]. We focus here on how the ferroelectric wurtzites have made the
field rethink domain walls and the polarization reversal process—including the very character of spontaneous polarization itself—beyond the
classic understanding that was based primarily around perovskite oxides and extended to other chemistries with various caveats. The tetrahe-
dral and highly covalent bonding of AIN along with the correspondingly large bandgap lead to fundamental differences in doping/alloying,
defect compensation, and charge distribution when compared to the classic ferroelectric systems; combined with the unipolar symmetry of
the wurtzite structure, the result is a class of ferroelectrics that are both familiar and puzzling, with characteristics that seem to be perfectly
enabling and simultaneously nonstarters for modern integrated devices. The goal of this review is to (relatively) quickly bring the reader up
to speed on the current—at least as of early 2025—understanding of domains and defects in wurtzite ferroelectrics, covering the most relevant
work on the fundamental science of these materials as well as some of the most exciting work in early demonstrations of device structures.

© 2025 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution-NonCommercial 4.0
International (CC BY-NC) license (https://creativecommons.org/licenses/by-nc/4.0/). https://doi.org/10.1063/5.0249265
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I. INTRODUCTION

Ferroelectrics allow nonvolatile charge control by switching the
spontaneous polarization on a unit cell level through external electric
fields. This ability makes them one of the most self-evident approaches
for information storage in nanoelectronics. Unlike other purely charge
based nonvolatile solutions, ferroelectric memory is not inherently reli-
ant on defects such as trapped charges or mobile ions, thereby offering
potentially much improved endurance as well as reduced energy
demand. Equally important, ferroelectrics are truly multi-functional,
being necessarily pyroelectric and piezoelectric, as well as optically
non-linear. As ferroelectricity is the result of a polar (i.e., low symme-
try) unit cell, different crystal structures can behave vastly differently
in terms of their suitability for a particular application. The realization
of ferroelectricity in a crystal class previously considered non-
ferroelectric can therefore greatly enhance our technological possibili-
ties. Consequently, the 2019 discovery that thin films with wurtzite
structure can exhibit ferroelectric properties has further invigorated
research into ferroelectrics and their applications in micro- and nanoe-
lectronics. Together with the 2009 discovery of ferroelectric fluorite-
structured HfO, films and steadily growing sophistication with respect
to perovskite ferroelectrics, the field today is more diverse than it has
ever been.'”

The wurtzite structure served for a long time as a textbook exam-
ple of a polar, yet not ferroelectric, structure. Aside from the applica-
tion potential of wurtzite ferroelectrics, therefore, researchers are
intrigued by how ferroelectric switching occurs in this material class
previously assumed to be unswitchable—in particular, how does the
polarization inversion manifest on the atomic scale? In this paper, we
review the current understanding of how polarization switching is
enabled on unit- and supercell level in wurtzite-structured compounds
and alloys and how ferroelectric polarization switching progresses in
real thin films. In addition, we provide a brief overview of the emerging
applications that benefit from ferroelectricity in wurtzite thin films.

Section I1 starts with a general introduction to spontaneous polar-
ization Ps and how the lack of a uniquely defined expression from first
principles has complicated our understanding of Py in the wurtzite
structure in the past. This is followed by a discussion of the experimen-
tal evidence for domain formation during ferroelectric switching of
wurtzite materials. Subsequently, we review how the mechanisms of
ferroelectric polarization inversion are described based on density
functional theory (DFT) calculations, how these mechanisms differ for
different chemistries, as well as what determines the possibility of a
certain wurtzite material being ferroelectric and thus of interest for
future experimental studies. Section III discusses experimentally
derived ferroelectric properties and how these compare to more estab-
lished classes of ferroelectric thin film materials. Aside from the basic
polarization vs electric field dependency, this includes a discussion of
wake-up and imprint. Section I'V then summarizes current approaches
to harness the ferroelectric properties of wurtzite materials for new
and improved applications in the context of memory, resonators, opto-
electronics, and actuators.

REVIEW pubs.aip.org/aip/are

Il. SPONTANEOUS POLARIZATION AND DOMAINS
A. Spontaneous polarization in crystals

The polarization P of a dielectric material describes the charge
separation that occurs due to the presence of an external electric field
E. Together, they result in the dielectric displacement field D, accord-
ing to

D = ¢E + P(E) =K, (1)

for linear dielectrics

where € and €, are the vacuum and relative permittivity, respectively.
In addition to electric field-induced polarization, materials whose crys-
tallographic symmetry can be described by 1 of 10 polar point groups
exhibit a spontaneous polarization P. As such, materials with sponta-
neous polarization (pyroelectrics, because the magnitude of P varies
with temperature) are non-centrosymmetric, piezoelectric, and sym-
metrically indistinguishable from ferroelectrics—the latter being pyro-
electrics whose Ps can be switched by external electric fields. Thus,
ferroelectrics are simply an experimentally-determined subset of
pyroelectrics.

For a finite charge distribution p(r) as in a standalone molecule,
Py (or rather, the dipole moment) is given by its integral over the con-
sidered volume weighted by the position r

P= J p(r)rdr. )
v

In bulk crystals, the treatment of P is more complex. Nonetheless, the
quantity remains an intrinsic property of the material and can be cal-
culated using the modern theory of polarization (MTP).'”'" The com-
plexity in bulk crystals arises from the fact that the magnitude and
direction of Py cannot be uniquely defined. From an experimental
point of view, this is a moderate concern since only differences in Py
can be measured, and these differences are well-defined in the MTP
framework.

To illustrate why there is no unique definition for the value and
direction of P, while there is one for AP, we follow the intuitive graph-
ical explanation given by Spaldin:'* Fig. 1 gives a simple example of a
spontaneously polarized crystal in the form of a non-centrosymmetric
chain of charges. Clearly, the magnitude and direction of the P; depend
on the choice of the unit cell. This ambiguous P changes when we con-
sider, e.g., the displacement of one of the charges relative to the other,
i.e, induce a change in the lattice, while keeping the previous unit cell
definitions (Fig. 2). This situation is comparable to the direct piezoelec-
tric effect (strain induced displacement) or to an electric field induced
polarization change. While sign and magnitude of P; still differ for both
unit cell definitions after the displacement, the resulting change AP is
equal in both cases. Thus, AP is unambiguous in magnitude and sign.
For theoretical calculations in the framework of the MTP, this implies
that these calculations must always be performed relative to some refer-
ence structure. The choice of this reference structure is thus crucial for
defining the absolute Pg. This is not merely an academic question, as
such polarization is key to high electron mobility transistors (HEMTSs)
and other devices discussed in Sec. IV. This initial choice of reference
structure has caused significant misunderstanding in the case of the
wurtzite crystal structure, as corrected by Dreyer et al."”

Experimentally, the most common way to measure spontaneous
polarization is ferroelectric switching. Consequently, the polarization
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FIG. 1. Sketch of non-centrosymmetric one-dimensional crystal and two possible
choices for a unit cell to illustrate the ambiguous nature of Pg: The direction and
magnitude of P directly depends on this unit cell choice.
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FIG. 2. Sketch of the same crystal as in Fig. 1 using the same unit cell definitions,
after undergoing a constant displacement of the positive charges with respect to the
negative charges by Ad, e.g., due to strain or an electric field. While the magnitude
and the direction of P still differ, the resulting polarization change AP is equal and
thus well-defined for both definitions. Note that we here use the convention of polar-
ization being defined as negative-to-positive, though this convention occasionally
varies with technical community.

magnitude of wurtzite-type compounds was only determined accu-
rately once their ferroelectric characteristics became known." When
determining P from a polarization-vs-electric field loop, the reference
structure is usually the structure with opposite polarity, i.e., the unit
cell mirrored normal to the spontaneous polarization. According to
Eq. (1), a change in polarization is accompanied by a change in dielec-
tric displacement which in turn gives rise to a measurable current den-
sity j = 4 D. This current density can be integrated according to Eq.
(3) to receive the switching polarization Pg,, which one typically
assumes to be twice the remanent polarization P, which in turn can
be a good approximation of P. For a wurtzite-structured nitride hav-
ing only two polarization states (metal, M- and nitrogen, N-polar; Py
and Py; see Figs. 4 and 7 for illustrations), the integral for the determi-
nation of the switching polarization from the current density j would
take the following form:

tat Py

d
ZPS = Psw = PM - PN = J (j(t) — anE) dt, (3)
tatPy

when switching from N- to M-polarity. In case E(¢) is the same for
both integration limits, it can be neglected from the equation. The fact
that two integration constants are required to solve a definite integral
directly implies that polarization at any stage of ferroelectric switching
can only be measured relative to a reference. By substitution, Py, (E) can
be determined, which is commonly plotted symmetric around the electric
field axis, so that both negative and positive P, have the same magnitude.

REVIEW pubs.aip.org/aip/are

Since in parallel plate capacitor structures, both Py, and E are evaluated
along their 3- or out-of-plane direction, vector (component) notation is
uncommon for plotting polarization vs electric field (PE) loops.

B. Spontaneous polarization in the wurtzite structure

The spontaneous polarization lies along the c-axis of the wurtzite
structure, which is referred to as the polar axis. Wurtzite-type thin
films typically grow with preferred c-axis orientation, i.e., the polar axis
is aligned perpendicular to the film surface. For an electric field applied
directly normal to the film surface (again assuming a parallel plate con-
figuration), deviation of the polar axis from the out-of-plane direction
reduces the field applied along the polar direction to the cosine of the
total field. The magnitude of P; depends on both the atomic species
involved and the internal distortion of the wurtzite structure, which is
typically quantified by the internal parameter u. This value amounts to
the distance between the nitrogen and the metal atom along the c-
direction relative to the unit cell and correlates therefore to the magni-
tude of the dipole moment. Any increase in u (due to, e.g., alloying or
strain) reduces P until the wurtzite structure transforms at u = 0.5
theoretically into the non-polar (P; = 0) layered hexagonal structure.
This intermediate state is—at least conceptually, if not literally—con-
sidered to be the transition state when switching from one polarity to
the other. Thus, it is intuitive that an increase in u correlates with a
decrease in the energy barrier for polarization inversion. The as-grown
polarity (i.e., M- or N-polarity) of wurtzite-type materials such as
GaN, InN, and AIN can be tuned through growth conditions and/or
the substrate or layer onto which the initial film is grown. Because of
the direct link between polarity and functionality for many potential
III-N devices (e.g., the polarization discontinuity in HEMTs), growth
polarity is especially important for non-ferroelectric materials, as any
disturbance of the unipolar polarization state will degrade electrical
and/or optical performance. However, regions with opposing polarity
(inversion domains) are a common phenomenon in as-grown wurt-
zite-type materials such as GaN.

C. Ferroelectric polarization domains

Polarization domains in ferroelectrics can be defined as regions
with different directions of spontaneous polarization, yet otherwise
comparable structural and chemical properties. They can be formed
during material synthesis, through external electric fields during ferro-
electric switching, during phase transitions and/or through time- or
temperature-induced depolarization. Key questions about the nature,
structure, and dynamics of domains and domain walls remain open, as
do questions about the multiple potential effects of point and extended
defects and interfaces across all ferroelectrics, and additionally so in
the emerging fluorite and wurtzite ferroelectrics.

Even though nomenclature suggests otherwise, polarization
domains in ferroelectrics and their dynamics differ greatly from
domains in ferromagnets, as has been observed since the early days of
ferroelectrics:'* while domain walls in ferromagnets can have thick-
nesses in the range of tens of nm, domain walls in ferroelectrics are
often found to be very thin, even down to atomically sharp.'” "
Consequently, domains themselves in ferroelectrics can be substan-
tially smaller than domains in ferromagnets (down to a few nm’),
which implies that domain nucleation may occur much more fre-
quently in ferroelectrics."*"*

Appl. Phys. Rev. 12, 021310 (2025); doi: 10.1063/5.0249265
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The fact that spontaneous polarization can be readily screened by
often abundant monopoles (e.g., electrons, holes, or charged ionic spe-
cies) has the consequence that closure domains are often not required
to limit stray fields again, unlike in ferromagnets, where the absence of
monopoles leads to more complex surface domain patterns.'” The
compensation of polarization charge by screening charges has impor-
tant implications for the types of domain walls that can be observed in
ferroelectrics as well as the dynamic evolution of such domain
structures.

Intuitively, domain walls that are directly compensated by the
polarization of neighboring domains or are aligned parallel to the polar
axis should be most stable, as this does not require an additional elec-
trostatic energy contribution. However, charged domain walls are a
common occurrence' ' (see Fig. 3). These charged domain walls can
be screened locally through, e.g., electrons (head-to-head domain walls,
positive polarization charge), holes (tail-to-tail domain walls, negative
polarization charge), or potentially by charged ionic species. Screening
is sufficient to stabilize huge polarization sheet charges, which can, for
example, reach > 100u C/cm? (or more than 15 electrons per nm?) in
BiFeO;”’ as well as in wurtzite ferroelectrics, as discussed below.
Usually, compensation charges in ferroelectric domain walls are
mobile themselves, which essentially makes a charged domain wall
conductive, and thus of great interest for resistive switching
applications.' ™'

When discussing domains in wurtzites, it is tempting to start
from the more mature understanding of ferroelectricity in octahedrally
coordinated perovskites and related structures, but one must not force
an equivalence. For example, samples of the prototype ferroelectric
BaTiO; are (almost) always fabricated (deposited, sintered, etc.) at
temperatures above the BaTiO; Curie temperature (T¢) of ~125° C,
thus the material at room temperature cooled at some point in its
history from a nonpolar phase into the polar phase of interest, devel-
oping in the process a non-trivial domain structure to reduce excess
energy as best feasible given the particular electrical and mechanical
boundary conditions of the particular sample and its processing
history.

Wourtzites, however, are fabricated in their polar phase due to the
extreme temperature stability of this phase.”' As a consequence, elec-
trical compensation associated with any discontinuities due to the
spontaneous polarization can be present during fabrication rather than
appearing during post-fabrication cooling at a temperature where
long-range atomic mobility is quite limited. In addition, crystallo-
graphic symmetry of the 6mm point group to which AIN and other
wurtzites belong limits the spontaneous polarization to the *c axis,
eliminating the possibility for ferroelastic (and potentially flux-closing)

(a) (b) \
P

REVIEW pubs.aip.org/aip/are

non-180° domain walls. An important question arises, though: if polar
wurtzites never go through a Curie temperature (i.e., undergo a nonpolar
— polar phase transition), are polar domains necessary in such films?

A thought experiment can be illustrative. We imagine an ideal,
defect-free wurtzite lattice in which the polarization is oriented up rela-
tive to the page. For simplicity, we focus on cation-centered tetrahedra.
If the entire structure collectively and simultaneously became less polar
(i.e., the cations moved closer to the basal plane), attained a nonpolar
hexagonal boron nitride (hBN)-type phase, then proceeded to increase
polarization in the opposite polarity (i.e., the cations emerged below
the basal plane and gradually returned to their equilibrium location
within the now downward-pointing tetrahedra, as represented in the
left subfigure of Fig. 4), such a process would not necessarily require
the nucleation and growth of new domains or the formation of discrete
domain walls. In fact, studies have looked at the energetics of exactly
this process.””

Alternatively, the nucleation and growth of oppositely-oriented
domains requires—even if briefly—the formation of domain walls, of
which there are a minimum of two types. One we will refer to as verti-
cal domain walls because in our thought experiment they are oriented
vertically through the crystal, forming a lateral separation of up - down
polarities, originally described by Blank et al.*’ as shown in the right of
Fig. 4. The other minimal domain wall would extend laterally through
the crystal and would be described as either head-to-head or tail-to-tail
in ferroelectrics parlance depending upon whether the polarizations
both point toward or away from the wall. Of course, neither of these is
a purely hypothetical interface; they are the inversion domain bound-
aries (IDBs) that GaN (and other) growers try to avoid (Fig. 5).”""
Thus, the earlier question of whether or not domains are required is
essentially moot; whether required or not, they exist in real samples, so
a better understanding is warranted.

The purportedly high energetic cost of head-to-head or tail-to-
tail domain walls typically drives long needle or sharp ellipsoid-like
structures that grow rapidly along the polarization direction'* and
much more slowly in lateral directions, which results in cylindrical
domain shapes.””*” Occasionally, domain patterns have been reported
whose formation did not follow these simple models, for example,
forming broad cone-like domain shapes”*” and indicating a deviation
from the simple compensation models represented in Figs. 3 and 5.

We now know that the polarization of wurtzites can be inverted
through the application of an electric field, and we know how static,
as-grown boundaries between oppositely charged domains can be
structured. However, the structure and character of field-induced
polarization domain walls in wurtzites remains under investigation.
Recently, such electrically-induced domain walls have been directly

N
VAR

FIG. 3. Sketches to illustrate the concept of charged and uncharged domain walls in ferroelectrics: (a) uncharged 180° wall, (b) uncharged 90° wall, (c) charged tail-to-tail (neg-
ative sheet charge) 90° domain wall, and (d) charged head-to-head (positive sheet charge) 180° domain wall.
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FIG. 4. Schematic illustration of gleft) polarity inversion in a wurtzite via an intermediate nonpolar hexagonal structure. Reproduced with permission from Moriwake et al., Appl.

Phys. Lett. 104, 242909 (2014).

2 Copyright 2014 AIP Publishing LLC. Schematic illustration of (right) a stacking fault between regions of opposite polarity in an otherwise-

coherent wurtzite crystal, in other words, a domain wall. Reproduced with permission from Blank et al., Phys. Status Solidi (b) 7, 747 (1964).”> Copyright 2006 John Wiley and

Sons.

imaged, first in (ALB)N (Fig. 6)*" and soon after in (ALSc)N
(Fig. 7).”"""* While these TEM studies were conducted very differently
(ex situ with voltage applied through a capacitor vs in situ with elec-
tric voltage applied through beam induced charging), they clearly
demonstrate the existence and stability of domain walls induced
through ferroelectric switching in the wurtzite structure. In each
study, this stability is in spite of the presence of domain walls with
a horizontal component, and thus (due to the unipolar nature of
the wurtzite structure), strong polarization discontinuities.
Furthermore, particularly for (ALB)N, it was suggested that a non-
polar supercell is forming during the process of polarization inver-
sion, implying that the unit cells do not pass through the presumed
hBN intermediate structure after all.

The TEM specimens have significantly different boundary condi-
tions than the as-fabricated films, and both through-foil projection
artifacts and sampling statistics demand caution when extrapolating
quantitatively from such images. However, it is striking that both
Calderon et al.”’ and Schonweger et al.”' show domain walls that are
more complex than originally suggested by Fichtner et al." based upon
the earlier work from Moriwake et al.** In fact, recent computational
work has also suggested that the simple hBN-like switching mecha-
nism may be the lowest-energy inversion pathway for only a minority
of wurtzite ferroelectrics.

D. Switching pathways

The hBN-like structure is now broadly accepted as an appropriate
nonpolar prototype for wurtzite ferroelectrics from a polarization cal-
culation perspective, including not only the original Al,_,Sc,N," but
also Al,_,B,N,” Al,_.Y,N,” Zn;_MgO,” Ga;_,Sc,.N,"*”” and
Al,_,Gd,N,” with more chemistries sure to be added to the list in
coming months and years. It is important to remember, however, that
there is no requirement that the polarization reversal process in real
materials actually pass collectively through the prototype nonpolar
phase as an intermediate stage.

In parallel with recent direct experimental evidence of domain
walls in wurtzite-type AIN-based alloys, computational studies provide
insights into the inversion pathways at an atomic scale. While early

computational works'*** relied on symmetry analysis to deduce the

nonpolar intermediate structure along a hypothetical switching path-
way between positive (wz") and negative polarities (wz~) of the wurt-
zite structure, recent computational studies have utilized the nudged
elastic band (NEB) method, to find the minimum energy path (MEP)
between wz " and wz """’ For binary wurtzite compounds includ-
ing AIN and ZnO, all reported NEB-based predictions find the same
switching pathway as the one based on symmetry analysis:
wz" — hex® — wz ™, where hex’ is the nonpolar (P = 0) layered hexag-
onal structure shown in Figs. 4 and 8.

However, there is growing evidence that this switching pathway
is not the MEP for materials of increased chemical diversity. Lee et al.
performed a systematic study on the inversion pathway of Al, _,Sc,N
(0 < x < 0.44) using solid state NEB (SS-NEB, which allows both cell
shape and size to vary and therefore represents a more generalized ver-
sion of NEB"’) methods and found that the switching mechanism
depends on the Sc composition as shown in Figs. 8(a) and 8(b).” At
low Sc compositions (x =< 0.28), the inversion process follows the “col-
lective” or “uniform coherent” switching of the wz " ~hex’-wz~ path-
way, while at high Sc compositions (x = 0.28) polarization inversion
occurs via “individual” or “sequential” switching of discrete tetrahedra.
The new pathways are named after their distinct behaviors at the
atomic scale: individual cation-centered tetrahedra switch their polari-
ties sequentially as shown in Fig. 8(c).

Lee et al. also studied Al, _,B,N and Al, _,Gd,N to further under-
stand the composition-structure-property relationship of ferroelectric
AIN-based alloys. They found that the predicted critical alloying com-
positions at which the switching mechanism changes from “collective”
for the AIN-rich alloys to “individual” for the alloys with greater Al
substitution are comparable to the alloying composition at which
polarization inversion was experimentally observed at or near room
temperature in subsequent experimental work.”® It is important to
note that because polarization reversal depends upon the ratio of coer-
cive field to breakdown field, both of which vary with extrinsic factors,
there is no such thing as a critical composition for which ferroelectric-
ity is or is not possible, but such computational guidance can highlight
when intrinsic barriers suggest easier or more difficult experimental
realization of ferroelectricity. ~Similar conclusions were also
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independently derived based on computational results of Zn,_,Mg,O
by Baksa et al."” Higher Mg substitution amounts introduce stronger
local structural distortion to ZnO and thus larger strain fluctuations,
which promote change in switching mechanism and a reduction in
coercive field. Based on this, they proposed that strain fluctuations and
coercive fields can be controlled via synthesis of ZnO/MgO hetero-
structures or introducing Mg composition gradients along the polar
direction.

One key difference of individual switching from the collective
pathway is the intermediate nonpolar structures. Collective switching
generally proceeds through a transient nonpolar structure, which is
either at the saddle point or the shallow local minimum of the MEP
(see AIN and Aly;5Sco,N alloy in Fig. 8). In contrast, individual
switching profiles have multiple (relatively) deep local minima along
the MEPs. A nonpolar structure consisting only of tetrahedra has
exactly half of each polarity. Such new nonpolar structures were pre-
dicted and experimentally identified recently by multiple groups. Liu
et al. performed standard NEB calculations on a 32-atom supercell
based on the special quasi-random structure approach and found that
Al,_,B,N alloys with x > 0.0625 exhibit a f-BeO-like nonpolar struc-
ture, shown in Fig. 8(d)."" Similarly, Calderon et al. imaged the same
nonpolar structure and associated it with the inversion domain bound-
ary commonly observed in nitrides.”’ They further supported the
observed boundary with NEB calculations as shown in Fig. 8(e). Most
recently, Lee et al. identified five unique nonpolar structures, as shown
in Fig. 8(f), among the candidate wurtzite-derived multinary com-
pounds they found in their earlier computational search.””*’ Two of
these can be associated with known crystal structures—f-BeO and
cubanite (Fe,CuS;-type) structures—while the rest are newly reported.
These structures can presumably be mapped onto the local structures
of (horizontal) domain walls, though this point awaits additional
experimental confirmation.

Finally, while NEB calculations based on first-principles methods
like DFT provide useful insights into inversion pathways and the iden-
tified nonpolar structures could be mapped onto static domain walls, a
critical gap still exists between experimental observables like coercive

Copyright 2023 Authors, licensed under a Creative Commons Attribution (CC BY 4.0) license.

field and first-principles predictions. Specifically, it remains computa-
tionally intractable to simulate domain wall motion using first-
principles methods like DFT since it requires thousands of unit cells
with explicit external electric field. However, emerging developments
in machine-learned interatomic potentials are expected to be useful for
enabling multiscale simulations that bridge this scale gap in the near
future."**

E. Chemistries

The enormous coercive fields (more specifically, the proximity of
typical coercive fields to typical breakdown fields) is the primary rea-
son that the wurtzite ferroelectrics were discovered so much later than
their octahedrally coordinated cousins. While large switching barriers
can be advantageous for stability and retention, small margins between
switching and breakdown are potentially problematic for devices, and
integration with low-power devices demands low voltage operation.
Thus, finding ways of reducing the switching energy barriers in such
materials has led researchers to explore new chemistries.

Traditionally, exploration of new chemistries has been driven by
chemical intuition and empirical observations. Within the wurtzite fer-
roelectrics, the typical approach has been to alloy binary wurtzites like
AIN and ZnO with other binary compounds in a quest to reduce the
coercive field and/or increase the breakdown field. Wurtzite ¢/a lattice
parameter ratio has also been used frequently to empirically predict
likelihood to exhibit ferroelectricity for wurtzites, as the relationship
between coercive field and ¢/a lattice parameter ratio was noted for
Al;_,Sc,N in the original Fichtner paper.' One way of looking at this
is to treat smaller ¢/a values as indicative of lower energy differences
between the ground state polar and the intermediate nonpolar struc-
tures. The empirical rule works well for Al,_,Sc,N alloys as shown in
Fig. 9(a); the measured coercive field decreases linearly with increasing
Sc composition, and the wurtzite ¢/a values also decrease accord-
ingly."”” Recent computational studies based on NEB methods also
showed that the predicted switching barrier has the same general trend
with Sc composition.””*"*> However, the general applicability of this
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concept remains limited to trends within individual alloys and fails to
capture relationships across alloy families, such as when comparing
Ga;_,Sc,N to Al; _,Sc,N.

Recently, Yazawa et al showed that ferroelectric behavior in
wurtzite nitrides depends on local chemical environment rather than
extended structural parameters such as c/a ratio.”” Their DFT calcula-
tions showed that the composition-dependent change in ferroelectric

response is dominated by the more ionic nature of the Sc-N bonds
and the resulting local distortions of the neighboring Al-N bonds. The
change in wurtzite ¢/a is not the cause of a reduced E,, but both are
consequences of a change in local bond ionicity. Lee et al. extended
this conclusion to a larger chemical space and found that wurtzite c¢/a
lattice parameter ratio has no correlation with polarization switching
barrier across different chemistries [Fig. 9(a)""]. Higher bond ionicity
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and softer bonds consistently lead to lower polarization switching bar-
riers as shown in Fig. 9(b). More recent work from Jia et al. reveals
similar structural factors in (Zn,Mg)O, though it focuses on the piezo-
electric rather than ferroelectric response.”’

Thus, a more general approach to understanding coercive fields
and polarization reversal in wurtzites is called for. The polarization
switching barrier in the case of the wz" — hex” — wz~ (see Fig. 4)
inversion pathway is essentially the energy difference between a polar
wurtzite and the corresponding nonpolar layered hexagonal structure
(both structures share the same cell size and shape). Moriwake et al.
performed a computational search among MX binary wurtzites
(M=Znand Be, X=0, S, Se, and Te) in 20 14”% to identify wurtzites
with sufficiently low switching barriers that polarization inversion may
be feasible. They later expanded the MX binary wurtzite search space
to include SiC, pnictogenides (M= Al, Ga, and In), chalcogenides
(M = Be, Mg, Mn, Zn, and Cd), and halides (M = Cu and Ag) exclud-
ing fluorine [see Fig. 10(a)].”” The polarization switching barrier was
reported to decrease with decreasing ionic radius ratio (anion/ " cation)-
Moriwake et al. correlated the trend with stability of cation—anion tet-
rahedra,”” but the trend can be also understood in terms of the design
principles from Lee et al. and Yawaza et al. that higher bond ionicity
leads to lower switching barrier.””’ For the same anion group, e.g,,
pnictogens, the more electronegative element has a smaller anionic
radius and forms more ionic bonds with a given cation than the less
electronegative one. Similar computational approaches have also sug-
gested ferroelectricity in Mg,X N3 (X = Sb, Ta, Bi, Nb, V, and Cr),
with large spontaneous polarization (=80 uC/cm?®) and switching
barriers (>0.85 eV/f.u.) predicted.”*

First-principles studies on YN and LaN have found that wurtzite
and rock salt LaN have comparable formation enthalpies,® consistent
with previous syntheses of LaN,””* and that wurtzite LaN has a lower
switching barrier (0.06eV/fu.) than AlygScooN (0.12eV/fu.).”
Experimental confirmation is still needed, and it should also be noted
that wurtzite LaN has significantly lower bandgap (~ 2.3 eV) than AIN
(~6.0eV)."°

Calculations are of course not limited to thermodynamically sta-
ble materials. For example, Dai and Wu built upon the insight that

ionic salts, which generally prefer rock salt or CsCl structures, might
exhibit much lower switching barriers than AIN or ZnO-based materi-
als if stabilized in the wurtzite structure.** The trends are consistent
with the jonicity arguments already noted.

Energy barriers to switching are only half of the challenge to dis-
covering new ferroelectrics, however, as the material must be able to
withstand the necessary electric field to overcome these barriers.
Prediction of defect-driven catastrophic dielectric breakdown is infea-
sible (and somewhat irrelevant) for materials search purpose, but
intrinsic electronic breakdown can be estimated as a proxy for the
maximum electric field that might be applied to an ideal material.
Based upon one such phenomenological model that depends on maxi-
mal phonon frequency at the I' point and electronic bandgap” and
using AIN as a reference, Lee et al. suggested four candidate materials
(Li,GeOs, Li,SiO;, MgSiN,, and Mg,PN3;) that are predicted to have
both higher breakdown fields and lower switching barriers than AIN
[Fig. 10(c)].*>*® Including comparable results for Al; _,Sc,N alloys on
the same figure™ shows how alloying can decrease switching barrier
more rapidly than intrinsic breakdown field and enables a notional
extrapolation for alloying other compounds.

Lee et al. further showed that the calculated switching barriers are
associated with the more-electronegative cations in all studied multi-
nary compounds and alloys. This suggests that alloying with more
electropositive cations should increase the bond ionicity and reduce
switching barriers.”” Subsequent independent reports of Sc-substituted
LiGaO, by Yasuhara et al”” and (ALGd)N’® are consistent with this
design principle.

l1l. IMPLICATIONS ON ELECTRICAL RESPONSE OF
WURZITE FERROELECTRICS

The electrical (and related) properties make ferroelectrics of inter-
est for integrated devices. Thus, it is valuable to cover the electrical
characteristics and behaviors of wurtzite ferroelectrics, particularly
when (and why) they may differ from the responses of more well-
known ferroelectrics.
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A. Loop shape

We begin by tracing out a ferroelectric hysteresis loop. When a
gradually-increasing electric field is applied to any ferroelectric, the
change in polarization is (roughly) linear—proportional to the relative
permittivity—until the field is sufficient to begin reorienting spontane-
ous dipoles, beyond which the measured polarization will be a super-
position of the induced polarization and reoriented spontaneous

dipoles until all of the spontaneous dipoles are as aligned as they can
be and the sample saturates. In polycrystalline ceramics such as soft Pb
(Zr,Ti)O; (PZT) compositions, this poling process can be quite gradual
because the field projection onto different polarization directions
across different grains leads to a broad distribution in effective local
coercive fields. The reversal process will have a narrower distribution
of starting polarization directions and therefore a less-gradual
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transition. For uniaxial single crystals, the distribution of starting
polarization states is narrower, so the hysteresis loop shape is more
square; for uniaxial crystals, polarization rotation is presumed zero,
further sharpening the loop squareness.

Thus, given the large value and single-axis Ps of the wurtzite
structure and the large coercive fields, it is perhaps not surprising that
the measured loops for ferroelectric wurtzites look different from those
typical for PZT, but the differences even from LiTaOs loops are strik-
ing (Fig. 11).°” Of course, the axes of P vs E plots do not explicitly
include a time component, but all reputable wurtzite hysteresis loops
reported to date—measured across more than 6 orders of magnitude
of frequency, different chemistries, temperatures, geometries, and
stress states—show loops that are much more square than is typical for
other ferroelectrics. Such abrupt reversal justifies a closer look at the
kinetics of switching.

B. Kinetics

The fundamentals of ferroelectric switching kinetics have been
extensively investigated over the past century. A very important step in
this direction was the application of general nucleation and growth
kinetics”' *” to ferroelectric switching by Ishibashi in 1971. This leads
to the formulation of what is now known as the Kolmogorov-
Avrami-Ishibashi (KAI) model,*®

f=1- exp[—(t/to)”}, (4)

where fis the volume fraction switched at time t, f; is the characteristic
time, and # is the Avrami exponent. The Avrami exponent corre-
sponds to the domain growth dimensionality, D, when switching is
dominated by growth of existing nuclei, or 1 + D when there is a con-
stant nucleation rate that occurs simultaneously with growth.”*®’
Thus, under the Ishibashi boundary conditions—which, crucially,
assume the presence of preexisting nuclei—the possible range of
Avrami exponentis 1 <n <4.

Tagantsev et al. rationalized #n <1 with the introduction of a
nucleation limited switching (NLS) model,” which is governed by
nucleation time distribution with no significant domain growth. This
model can describe, among other possible scenarios, a distribution of
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coercive fields due to a distribution of crystallographic orientations.”®
The NLS model has been successfully applied to the kinetics of poly-
crystalline ferroelectric thin films such as PZT and HfO,-based
materials.”””"

Woaurtzite ferroelectric Alj 4Sco 36N follows the KAI model for the
switching time window >10"*s.”' However, at the faster switching
time window <107°s, the Avrami exponents of Aly;Sc,sN and
Aly 04BN significantly exceed the physically rational range n > 4.
One reasonable scenario is that significant domain growth occurs
simultaneously with an increasing nucleation rate, a scenario not cap-
tured under Ishibashi’s assumed starting conditions. This scenario has
been labeled the simultaneous non-linear nucleation and growth
(SNNG) model.””

This model rationally describes the abrupt ferroelectric switching
kinetics seen in the Aly;ScosN and Alyo4Bg 06N films as seen in Figs.
12(a) and 12(b). The colored dots are experimental results, and black
lines are simulated curves based on the SNNG equation. The SNNG
fitting was conducted for polarization evolution, which was directly
obtained from the switching current transient. The significant domain
growth corresponding to the peak switching current [~ #;,,, average
impingement time, as shown in Figs. 12(c) and 12(d)] is faster than
the simulated nucleation rate peak time [7je) as shown in Figs. 12(e)
and 12(f)] at high electric fields, which indicates that simultaneous
non-linear nucleation and growth occur. Note that this growth-
nucleation relationship does not imply that growth of an individual
domain occurs before nucleation of the same domain (which would be
non-physical); instead, this shows that the early nuclei exhibit signifi-
cant growth while the rate of additional nucleation is still increasing. It
is this non-negligible growth prior to the peak in nucleation rate that is
not captured in the classic KAI model, which explicitly assumes a pop-
ulation of preexisting nuclei.”’ The non-linear nucleation rate and the
simultaneous nucleation-growth were verified with direct domain
observation via a piezoelectric force microscopy (PFEM) technique
[Fig. 12(g)].”” Note that the SNNG model also covers the kinetics at
Tpeak < timp Observed at lower electric field for the materials; in other
words, when the situation matches Ishibashi’s originally assumed
boundary conditions, the SNNG model collapses to full equivalence
with the traditional KAI model (Fig. 13).

PZT

te Aly 94Bo.06N

0.5 LT
Al 7S¢y 3N

'2 T T T T T
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(b) Normalized electric field

FIG. 11. Wurtzite-structured nitride ferroelectrics exhibit hysteresis loops that are far more square than those of prototype ferroelectrics such as single crystal LiTaO3 (LT) and
thin film PbZrg 5,Tig 4803 (PZT). For clarity of comparison, (a) shows directly measured data and (b) shows the same data with both P, and E; normalized. Reproduced with
permission from Yazawa et al., Mater. Horiz. 10, 2936 (2023).° Copyright 2023 Authors, licensed under a Creative Commons Attribution (CC BY 3.0) license.
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C. Wake-up, nucleation, and partial switching

The complexity of polarization reversal in wurtzites does not end
with understanding the kinetics of a single reversal cycle: wake-up and
fatigue phenomena have also been reported and will be crucial for
eventual device deployment—especially in the context of memory
applications.

Wake-up refers to a gradual increase in switchable polarization
with an increasing number of switching cycles, and fatigue refers to a
degradation in switching performance with increased cycle number

that is commonly associated with end-of-life from a device perfor-
mance perspective. Fatigue typically manifests as a gradual decrease in
switchable polarization, but occasionally the term is used to describe a
gradual loss in resistivity that results in leakage currents dominating
over switching currents. Both terms are phenomenological in origin,
deriving from a device perspective (e.g., memory) to describe suitabil-
ity for operation rather than underlying mechanisms. Both have been
studie_c_l 1}1} perovskite oxide ferroelectrics””"® as well as in HfO,-based
films.”” "
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Reports of wake-up requirements in wurtzite ferroelectrics vary
widely,”*""® and interpretation is further complicated by the large
number of papers that simply do not describe the presence or absence
of a wake-up procedure in detail. An important early study on sputter-
deposited Alyo3Boo;N films woken-up over the course of about 40
cycles of 6 MV cm™"' 100 Hz triangular excitation [Fig. 14(a)]* pro-
posed that the origin of wake-up behavior is a gradual increase in the
density of mobile domain walls, based on the measured increase in the
reversible Rayleigh coefficient with cycling [Fig. 14(b)]. The gradual
increase in the number of nuclei of antiparallel domains with cycles is
schematically illustrated in Fig. 14(c); it is this increase that was pro-
posed to gradually facilitate ferroelectric switching.

A subsequent investigation into the origin(s) of wake-up and
domain wall dynamics in an Alyg4BoosN film measured the cycle
dependence of switching kinetics measured under positive-up-
negative-down (PUND) pulse trains and combined these data with
measured piezoelectric response after each cycle (Fig. 15) and post-
cycle etching”' Significant asymmetric switching speeds were
observed: polarization switching from nitrogen polar to metal polar is
slower than the other direction as shown in Fig. 15(a). In addition, the
time required to transition from nitrogen polar to metal polar under
the same conditions decreases with cycling, which corresponds to the
decreased coercive field with cycles that leads to the observed wake-up
behavior.

Measurements of the piezoelectric coefficient (dss.p allows
quantification of domain volume information because the measured
value of (dszep) is directly reduced by the volume of antiparallel
domains under test (it is worth remembering that such piezoelectric
and polarization reversal measurements typically involve several per-
cent uncertainty). For the state before transition from nitrogen polar
to metal polar (before the N pulse in the PUND sequence), a slight
decrease in measured ds; ¢ with increasing the cycle is seen, consistent
with an increase in antiparallel domain mixture during the wake-up
cycles [Figs. 15(b) and 15(c)]. This result is consistent with the
Rayleigh behavior shown in Fig. 14(b). The accompanying reduction
in piezoelectric coefficient before the P pulse is also consistent with a
significant parallel/anti-parallel domain mixture, although the
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significantly faster metal-to-nitrogen switching process means that this
pre-P pulse mixed state situation does not contribute significantly to
the wake-up behavior.

It is also worth noting that some studies®**' have noted that the
etching process seems to be “cleaner” for films following cycling and/
or wake-up, suggesting that switching is more complete after wake-up.
This would be consistent with the observation of IDBs in as-grown
films*® on GaN but would seem to contradict the Rayleigh results
mentioned earlier [Fig. 14(b)]. Such interpretations might be recon-
ciled by remembering that Rayleigh behavior is a measure of mobile
interfaces, so if as-grown IDBs are very strongly pinned, they would
not contribute to a measured Rayleigh response but could still impact
chemical etching. Furthermore, if the total antiparallel volume associ-
ated with IDBs is within the uncertainty of macroscopic electrical and
electromechanical measurements, their presence or absence could eas-
ily be overlooked. However, even a small volume of antiparallel
domains could make a big difference in the surface following chemical
etching. Thus, the “cleaner” etching results observed after wake-up
would be consistent with the earlier arguments if the switching associ-
ated with wake-up overtakes a non-zero population of IDBs present
during growth.

Importantly, wake-up behavior depends on measurement condi-
tions. The number of cycles required to wake-up decreases with
increased applied electric field amplitude [Figs. 16(a) and 16(b)],*
higher measurement temperature [Fig. 16(c)], and lower measurement
frequency [Fig. 16(d)].*” The activation energy for the wake-up process
is ~ 0.15 eV, which is roughly 5x larger than that of the switching pro-
cess (~0.028 eV*®). This indicates that the initial nucleation is more
energy consuming than domain growth, which is in good agreement
with the nucleation delay associated with the large nucleation barrier
discussed by Yazawa et al.”’ In spite of some wurtzite ferroelectric thin
films usually showing wake-up during their initial switching cycles,
Al; SN films have also been described as wake-up free, as a satu-
rated polarization can be recovered through the first switching event
with variance in subsequent coercive field values being in the low
single-digit % range. Thus, whether or not wake-up is observed in
wurtzite ferroelectric films depends at least as much on the growth and

a Nucleatlon without growth contribution (NLS model) NLS KAI

WW

(No growth) Jacob- | pre-
This work Thompkins:existing \

Nucleation rate

Growth time, relative to
nucleation

FIG. 13. Ferroelectric switching process according to (a) nucleation-limited switching (NLS) with no significant domain growth, (b) the KAI model in which nucleation can be
described by a population of preexisting nuclei and/or a (Jacob-Thompkins) decreasing nucleation rate followed by growth and impingement. (c) Simultaneous non-linear nucle-
ation and growth model including scenarios in which nucleation rate peaks significantly after the onset of growth. This is done by (d) describing all nucleation processes accord-
ing to a power law distribution and relaxing the assumptions that restrict the KAl model to specific cases in which nucleation rate peaks prior to the onset of significant growth.
Reproduced with permission from Yazawa et al., Mater. Horiz. 10, 2936 (2023).%” Copyright 2023 Authors, licensed under a Creative Commons Attribution (CC BY 3.0) license.
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related effect on Rayleigh response. They also (c) proposed a conceptual model of
domain evolution in such films. Reproduced with permission from Zhu et al., Adv.
Electr. Mater. 8, 2100931 (2022).°° Copyright 2022 John Wiley and Sons.

affiliated interfaces and defects of the sample as well as the measure-
ment conditions than on the intrinsic structure or chemistry. Unlike in
fluorite type ferroelectrics, there is currently no evidence that the
wake-up process in wurtzite ferroelectrics is accompanied by major
structural changes. Thus, the spontaneous polarization is not really
increased even under conditions where wake-up is observed, but rather
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switchability is enhanced, suggesting a domain nucleation-growth
origin.

Fatigue is also commonly observed but relatively rarely reported
in wurtzite ferroelectrics.”” *>*” One study associated the reduction in
switchable polarization in (ALB)N with a reduction in electrode area
from extrinsic breakdown damage, indicating that the low fatigue
endurance reported so far (in this case, ~10° cycles) is not limited by
intrinsic degradation of the actual ferroelectric material during cycling
[Figs. 16(c) and 16(d)]. Oxygen impurities have also been suggested as
an origin of fatigue behavior after even fewer cycles (~10%) in some
(ALSc)N films, as fatigue endurance was shown to improve by orders
of magnitude by annealing under a reducing atmosphere (H, or
NHS).M,&?

IV. APPLICATIONS OF POLARIZATION DOMAINS
IN WURTZITE FERROELECTRICS

Due to their outstanding properties such as a wide and tunable
bandgap and high spontaneous polarization, wurtzite III-N materials
found successful application in optical (e.g., light emitting diode—
LED) as well as in power electronic (e.g., HEMT) devices. For instance,
the discontinuity of the spontaneous polarization between (usually)
AlGaN and GaN gives rise to the formation of the two dimensional
electron gas (2DEG), the channel of the HEMT. The 2DEG features a
higher charge carrier velocity and mobility compared to traditional Si-
based transistors.”” Together with the high bandgap of GaN, this
makes HEMT's promising candidates for next-generation energy effi-
cient power radio frequency (RF) devices suitable for a broad spectrum
of applications ranging from wireless communication to automotive,
industry, and information technology.”'

The wurtzite-type III-N ferroelectrics such as Al;_,Sc,N share
the general properties of wurzite III-N materials and exhibit—com-
pared to other ferroelectrics—a relatively low dielectric constant and
dielectric loss combined with a moderate piezoelectric response.”*”
Al _,Sc,N has become well-established in industry for piezoelectric
applications as for example, the active layer in-state-of-the-art radio
frequency (RF) filters.”*”” With the realization that these same materi-
als can be ferroelectric, polarization switching of the active layers in
these already well-established devices is in principle accessible and the
polarization direction is no longer solely determined by growth. Thus,
ferroelectric switching can be exploited to extend the functionality of
these devices without the need to introduce a new material into
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FIG. 15. Wake-up is asymmetric (polarity-dependent) in both (a) the time-dependence of polarity inversion and evolution of this time-dependence with cycling. Evolution (b) and
(c) of piezoelectric response with cycling is also asymmetric. Reproduced with permission from Yazawa et al., J. Am. Ceram. Soc. 107, 1523-1532 (2023).”" Copyright 2023
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FIG. 16. One of the reasons for apparent inconsistencies across literature reports of wake-up behavior in wurtzite ferroelectrics may be (a) and (b) the strong dependence of
wake-up on measurement conditions relative to coercive field, which itself varies with cycle and frequency. Depending on, e.g., the applied electric field amplitude, a film might
appear to undergo strong wake-up or, for a slightly larger field, be wake-up free. Reproduced with permission from Gremmel and Fichtner, J. Appl. Phys. 135, 204101 (2024).°
Copyright 2024 Authors, licensed under a Creative Commons Atftribution (CC BY 4.0) license. (c) and (d) Fatigue in current generation wurtzite ferroelectrics also seems to be
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the layer stacks. Consequently, dynamic polarization tuning of

HEMTs™* ' and dynamic frequency and transmission level adjust-
ments in RF filters'’" have been reported recently,'”” in addition to
more classical ferroelectric memories such as FeFETs and tunnel junc-
tions. In the following, we provide an overview of potential applications
that aim to harness the ferroelectric properties of the wurtzite structure.

A. Memory

The emergence of ferroelectricity in wurtzite-type ferroelectrics
sparked interest in their integration to nonvolatile memory in a num-
ber of different architectures. In addition to the comparably low power
consumption and fast access and write times of ferroelectric memories
in general, the large E. and P, values of wurtzite-type ferroelectrics
promise long retention times and distinct states even with aggressive
scaling. Retention times of >10 years have been extrapolated, and out-
standing stability under H, post-treatments up to 600 ° C and anneals

Copyright 2024 Authors, licensed under a Creative Commons Attribution (CC BY-NC-ND) license.

up to at least 1100 °C has been reported.””'**'*® Thus, all-nitride and
SiC-based heterostructures are being studied for memory applications
under harsh environments. Full epitaxial integration of wurtzite-type
ferroelectrics with III-V platforms has been demonstrated.””*>'%¢"1%
Sputter-deposition of AIN-based materials is already well-established
and scaled, so the demonstrated thickness scalability of Al; ,Sc,N for
reaching switching voltages in the range of 1V might be rapidly trans-
ferable to existing semiconductor production equipment.”'"

One persistent challenge, though, is that the large electric fields
required for ferroelectric switching result in large leakage currents in
wurtzite-type ferroelectrics close to E,, particularly in very thin films.
Several groups have reported a superlinear increase in leakage current
as film thickness is reduced in wurtzite-type ferroelectrics,””' "' and
this superlinearity appears to be at least partially driven by the charac-
ter of the ferroelectric domain walls themselves.”' Such leakage cur-
rents increase power consumption and reduce read/write margin;
coupled with the comparably low cycling endurance demonstrated to
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date (see above), this restricts immediate adoption of wurtzite-type fer-
roelectrics for traditional high-cycle memory applications. However,
current state-of-the-art wurtzite-type ferroelectrics could be suitable
already for different architectures with more modest switching cycle
requirements. For example, memory cells with individual weights (e.g.,
resistance states) interconnected in the form of a crossbar array enable
parallel multiply and accumulate (MAC) operations, "> which are
the basis of inference in deep neural networks (DNNs). Multi-level
memory functionality additionally allows targeting of advanced neuro-
morphic concepts such as synaptic plasticity and integrate-and-fire
functionality.

Analog-like storage of individual states as well as linear potentia-
tion and depression have been demonstrated for an Al; ,Sc,N-based
two-dimensional FeFET [see Figs. 17(a) and 17(b) as well as FeFETs
based on standard silicon technology].m’l 16 Additionally, various
two-terminal Al; _,Sc,N-based multi-level memory devices were dem-
onstrated in recent years."'”'*' The role of the polarization state of the
ferroelectric on the current response of an example device consisting
of a Ti/Au/Al;_,Sc,N/n-GaN capacitor stack is depicted in
Fig. 17(c).""” Individual intermediate states are addressable (i.e., mem-
ristive behavior) due to controlled partial polarization switching of the
ferroelectric. In the case of the FeFET, the field effect that ultimately
arises from the net polarization state of the ferroelectric layer modu-
lates the conductivity of the channel. In the case of the two-terminal
devices, (partial) polarization switching is typically related to a change
of the effective barrier height at the interface, which in turn modulates
the conductivity. The analog-like behavior of the 2D-FeFET suggests
that the sign and magnitude of the field effect associated with the two
polarization states (M-polar and N-polar) can be arbitrarily fine-
tuned, at least for the device sizes that have been investigated so far.

The possibility of analog-like operation is further corroborated by
the fact that nm-sized domains have been imaged in individual grains
of Al;_,Sc,N (Fig. 7)—instead of the grain-by-grain switching
reported in scaled devices using ferroelectrics with a fluorite struc-
ture.”'** 2D-FeFET channel lengths and widths down to 80 and
500 nm, respectively, and thus high scalability together with back end
of line (BEOL) compatibility were also demonstrated.'”” Figure 17(a)

REVIEW pubs.aip.org/aip/are

depicts the device-to-device variability of 30 devices with margins that
clearly allow for 2-bit operation. Appropriate state margins and
analog-like operation for wurtzite-type ferroelectrics can be expected
also if the lateral device dimensions are reduced even more aggres-
sively, whereas for HfO,-based FeFETs grain-by-grain switching is
suggested as the limiting factor in terms of scaling and multi-level
memory capabilities.'”” For wurtzite-type ferroelectrics, as soon as the
lateral dimensions of the device are smaller than the lateral grain size
(=~ 10-30nm for Al,_,Sc,N), partial polarization switching can in
principle still occur through the nucleation and growth of inversion
domains inside the single grain. However, definite experimental dem-
onstration that domains can allow analog operation in devices with
grain sized dimension remains open. Surprisingly, the ferroelectric
response as well as the shape and lateral dimensions of polarization
domains in single-crystal Al; ,Sc,N grown by metalorganic chemical
vapor deposition (MOCVD)/molecular beam epitaxy (MBE) (i.e., no
grain boundaries) and in textured Al; ,Sc,N grown by sputter deposi-
tion (i.e., highly c-axis oriented columnar grains) are rather similar,'"”
which suggests that the domain dynamics are not strongly affected by
the presence of grain boundaries in wurtzite-type ferroelectrics.

The FeFET concept can be generalized to non-CMOS-based devi-
ces like GaN-based HEMTs. Since their channel is formed by a 2DEG
that in turn depends on a polarization discontinuity between (usually)
AlGaN and GaN (although a Al;_,Sc,N barrier itself can result in
even higher carrier densities' >’ '?”) GaN-HEMT devices are normally
on. Normally on devices are, however, not desirable for high power
applications due to safety reasons. Here, a sufficiently large modulation
of their threshold voltage through a ferroelectric gate could be an
attractive approach for realizing normally off devices. Due to their
large polarization and natural compatibility with wurtzite GaN, III-N
based wurtzite ferroelectrics appear to be particularly well suited for
this type of device. Indeed, first device demonstrations, including a
transition from normally on to normally off have been reported.”*'*’
However, TEM investigations of MOCVD-grown Al 5S¢y 15N/GaN
heterostructures indicate polarization pinning of Al;_,Sc,N to the M-
polarity of the underlying GaN in the vicinity of the interface even after
ferroelectric switching.'”” Further research is required in order to
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understand if and how such pinned domains impact the overall polari-
zation and the associated screening charges at interfaces, including
increased conductivity at the domain walls.'*°

In fact, the occurrence of inclined domain walls in Alj74,Scy 6N
imaged via TEM was linked to increased steady-state conductivity at
fields well below E./2.”' The symmetric current response and the
gradual decrease in the conductivity when partially switching from a
multidomain state into a single domain state (i.e., decreasing the
domain wall density) are consistent with domain wall conductivity
[see Fig. 18(e)].

PEM studies on the same Pt/Aly 7,S¢( 2sN/Pt capacitor stack dem-
onstrate the clear correlation of domain wall density and increased
steady-state conductivity, as depicted in Figs. 18(a) and 18(d)."*”
Similarly to previously reported domain wall based memristive devi-
ces,' 1 ?%1%% when starting from a unipolar state (either M- or N-polar),
the conductivity is low. Increasing the domain wall density via partial
switching results in an increase in conductivity before reaching a maxi-
mum, which is then followed by a decrease in the conductivity. These
memristive devices thus feature accumulative switching that differs
substantially from most other approaches for resistive switching,
thereby enriching the available toolbox of memristive devices. As the
concept of domain wall conductivity can have similarities to the for-
mation of a 2DEG and metallic-like conductivity at domain walls has
been reported, domain wall-based memristive devices promise high on
currents and high on/off ratios.””'*" Compared to ferroelectric tunnel
junctions, this high on current density could lead to better device scal-
ability toward smaller technology nodes.

The domain wall width of ferroelectrics is typically in the range of
1 nm, which would allow aggressive lateral scaling of such devices. The
observed in-grain switching and the presence of inclined conductive
domain walls in Al;_,Sc,N opens the possibility of various device con-
cepts based around domain wall conductivity."”* However, in thin devi-
ces with high domain wall densities, it is possible that domain wall
pinning could result in permanently increased conductivity, which
would impact all types of ferroelectric devices. For example, in three-
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terminal devices such as FeFETs and FeHEMTs, this could result in
increased gate leakage. While domain wall conduction for wurtzite-type
ferroelectrics was observed up until now to appear only in sputter-
deposited Al; _,Sc,N and was lately also suggested for MOCVD-grown
single-crystal Al ,Sc,N,'”” it is not yet clear if it is a general effect
occurring in all wurtzite-type ferroelectrics. Furthermore, the polarity of
the seed layer was demonstrated to affect the type of the domain wall,
e.g., for Al;_,Sc,N grown on M-polar GaN head-to-head domains were
observed, while for films grown on non-polar electrodes solely tail-to-
tail walls were observed.'”” Structurally, the domain size and shape were
demonstrated to be very similar for both configurations, although the
screening charges need to be negative for head-to-head and positive for
tail-to-tail walls. At present, it is not clear if and how both types differ in
terms of conductivity and retention. Retention in the case of domain
wall conduction-based devices not only concerns the change in polari-
zation state (ie., a change in volume of the individual domains), but
also the retention of the domain wall conductivity itself, which could
change with time, e.g., due to relaxation effects.

In all of the aforementioned devices, the memristive behavior relies
on partial switching of the polarization. As discussed, due to the in-
grain switching and the good thickness scalability, wurtzite-type ferro-
electrics promise analog-like multi-level operation also in highly scaled
(laterally and vertically) devices. Retention times of unipolar polariza-
tion states (i.e., fully M-polar or fully N-polar) were demonstrated to be
well above 10years.'”'"” However, no clear retention time extrapola-
tions of multidomain states (e.g., a partially switched ferroelectric) are
given in the literature, which could differ from the retention of the uni-
polar states. Among other possible considerations, memristive switching
in wurtzite-type ferroelectrics involving the stabilization of domain walls
inside single grains have recently been demonstrated.”’

B. Photonics and acoustics

The control of polarization domains is also promising for pho-
tonic and acoustic resonator applications. The patterning of domains
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FIG. 18. (a) PFM phase images of a Pt/Al 7oSco 2sN/Pt capacitor switched partially into individual polarization states and (b) corresponding steady-state currents through the
device. (c) Extracted area of switched polarization according to the PFM phase images and (d) the corresponding leakage current extracted at 4 V. Reproduced with permission
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with opposite polarization direction (i.e., periodically poled structures)
enables quasi-phase matching,'”* which can be used to enhance the
efficiency of, e.g., second-harmonic generation (SHG)."* In this con-
text, the wurtzite-type ferroelectrics and in particular, Al; _,Sc,N are
promising due to the reported high second-order nonlinear optical
susceptibility (exceeding that of LINbO3) 3% and the ability to reconfig-
ure polarization via ferroelectric switching. To target operation toward
the deep-UV regime, lateral domain sizes in the range of a few 100 nm
of a periodically poled high bandgap material are required.”* The fea-
sibility of creating such laterally scaled structures was recently demon-
strated for ferroelectric Al; _,Sc,N, as depicted in Fig. 19(a)."”*"*

Additionally, the alternating polarity allows manipulation of the
propagation of acoustic waves, expanding function and/or design pos-
sibilities for acoustic resonators (e.g., periodically poled LiNbOs;,
PPLN)."””"* Ferroelectric switching in an Aly;,ScosN-based Lamb-
wave resonator was exploited to change the periodicity and resulted in
the demonstration of dual-mode operation, as depicted in Fig. 19(b)
for various pitch sizes."”” Additionally, an Al,_,Sc,N-based surface
acoustic wave (SAW) as well as film bulk acoustic resonator (FBAR)
which could be turned on and off by ferroelectric switching was dem-
onstrated.'”" Similar to photonics, to address high frequency opera-
tion, e.g., the X-band (8-12 GHz), a high periodicity is required for
acoustic applications, as can be seen in Fig. 19(c).

Thus, the ability to create periodically poled structures in
wurtzite-type ferroelectrics combined with the attractive optical and
electromechanical properties makes these materials promising for
next-generation functional photonic and acoustic devices. In the con-
text of scaling, the demonstrated stable in-grain switching of lateral
dimensions in the range of 5nm highlights that in principle much
higher periodicities can be achieved. Precise control of the duty cycle
of the electrode array and thus precise control of the poled lateral
dimensions is essential in terms of applications, e.g., in order to pre-
vent duty-cycle errors in SHG.'*’ Unintentional ferroelectric switching
outside of the electrode area was demonstrated to be controllable by
adjusting the poling voltage for sub-micrometer periodically poled
AlysSco3oN."”* This can in principle be used to fine-tune the duty
cycle of the electrode array electrically. On the other hand, if the poling
voltage is too low, the volume below the electrode will not fully invert
its polarization, which in turn will disturb the periodicity.

C. Multilayer piezoelectrics

Piezoelectric actuators in the form of multilayer structures enable
increased electromechanical response at low driving voltages."*" Such
structures typically consist of a number of ferroelectric layers separated
by intermediate electrodes. The polarization inversion (e.g., via ferro-
electric switching) of every second layer allows for interconnection of
the electrodes while each layer still reacts piezoelectrically in the same
manner (ie, with contraction or expansion). Thus, the voltage
required for reaching a certain displacement in a single layer can in
principle be divided by the number of layers when using a multilayer
structure with the same total thickness as the single layer.

While the fabrication of piezoelectric multilayer actuators using
bulk ceramics is established in industry, the transfer of the concept to
micro- and nanotechnology has been complicated by the fact that
materials like PZT are often challenging to stabilize already as a single
layer.'* In this context, wurtzite-type piezo/ferroelectrics are advanta-
geous due to lower deposition temperature budgets and less severe
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diffusion. They promise to facilitate the fabrication of such structures
as the individual layers can be deposited subsequently, e.g., by sputter
deposition."*” In another study, a double-layer structure consisting of
two Al;_,Sc,N layers separated by a shared middle electrode where
the polarization of the respective layers could be inverted individually
by ferroelectric switching was demonstrated.'** The polarity of the
lower layer was ferroelectrically switched, top and bottom electrode
were interconnected, and the drive voltage was applied between former
and the middle electrode, see Fig. 20(a).

In Fig. 20(b), the piezoelectric response of the individual and
combined layers of the multilayer structure is compared to the one of
single layers with various Sc concentrations. Compared to a single
layer with similar Sc concentration, an increase of 60% in ds;; was
achieved. More recently, this was improved to ~ 80% for x = 0.35,'*
which however is still less than the theoretical limit of 100% increase.
This is likely a consequence of pinned inversion domains present after
ferroelectric switching. Their appearance is affirmed due to the
decrease in ds3 ¢ for the lower single layer after ferroelectric switching,
which implies that part of the volume is not responding or responding
differently than the rest (e.g., contraction instead of expansion).
Furthermore, as the spontaneous polarization in wurtzite-type materi-
als is aligned parallel to the c-axes of the crystal lattice, the magnitude
of the piezoelectric coefficients depend on the crystallographic texture
and therefore also on the quality of the seed layer. Thus, obtaining uni-
form crystallographic properties for each layer can become challenging
as the number of layers increases. However, the reported increase of
80% of ds3 s is a promising initial demonstration.

V. OUTLOOK

The journey to understand the structure-property relationships
in wurtzite ferroelectrics has just started. Real materials contain
atomic-scale (e.g., vacancies, substitutions, inclusions, small com-
plexes) and extended (e.g., dislocations, grain boundaries) defects that
almost certainly affect the ferroelectric and dielectric properties of
wurtzite-type ferroelectrics. One must, therefore, consider the existence
of such defects in developing structure-property relationships.
Experimental and theoretical studies so far have overlooked, perhaps
not intentionally, the existence of defects and their influence on the fer-
roelectric properties.

Native defects are known to significantly impact the ferroelectric
properties of oxide perovskites and fluorites.”*>'*” For example, long-
term degradation (fatigue and aging) in oxide ferroelectrics is attrib-
uted to the migration of mobile ions and oxygen vacancies."** Oxygen
vacancies and dislocations pin domain wall motions in oxide perov-
skites and increase the coercive field."*” However, due to the significant
differences in bonding and ionic mobility between perovskite and fluo-
rite oxides vs wurtzites (especially nitrides), the effects of native defects
on the domain nucleation and motion as well as coercive and break-
down fields may be quite different.

First-principles studies show that nitrogen vacancies (Vy) and
cation vacancies are the dominant native defects in wurtzite AIN-
based alloys like Al;_,Sc,N (x <0.34) and Al;_,Gd,N (x <0.25),
similar to wurtzite AIN and GaN."”*'"" In the presence of oxygen, oxy-
gen substitutional defects (Oy) are the dominant defects."” """ Oy
behave as DX centers—at Fermi energies closer to the conduction
band, the Oy}! donor captures two electrons to form Oy' acceptor. A
DX center is a deep defect that forms when a donor defect like O
captures two electrons and undergoes a large local structural distortion
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FIG. 19. (a) SEM image of periodically poled Aly75S¢o 25N with varying periods in the sub-micrometer regime. Prior to recording the image, the top electrodes were removed
by exposure to hydrochloric acid, which also selectively etched the N-polar domains and gave rise to the contrast observed in SEM. Reproduced with permission from Yang
et al., Appl. Phys. Lett. 123, 101103 (2023). Copyright 2023 AIP Publishing LLC. (b) Measured admittance of an Aly 72Scy 2sN-based Lamb-wave resonator for various interdigi-
tal transducer (IDT) pitch sizes where the resonance modes I'1 and I"2 are selectable by ferroelectric switching. The corresponding periodic poling is sketched in the insets.
(c) The frequencies of the two operation modes depending on the IDT pitch size. Reproduced with permission from Rassay et al., Micromachines 13, 1003 (2022)."*" Copyright

2022 Authors, licensed under a Creative Commons Attribution (CC BY) license.

to stabilize an acceptor state like Oy'. Most point defects in AIN-based
wide bandgap alloys exhibit multiple mid-gap states that can contrib-
ute to increased leakage currents and premature dielectric breakdown,
but their concentrations can be greatly reduced through synthesis
under nitrogen-rich and O-poor conditions.

However, even multi-percent levels of oxygen have been shown to
decrease leakage in Al;_,Sc,N. Additionally, early computational results
predict that the dominant defects such as V' and Oy}! can reduce the
polarization switching barrier at low Sc composition in Al;_,Sc,N."”’
This suggests that point defects can have mixed effects on wurtzite fer-
roelectrics, and the blanket avoidance of such defects may be not be the
most effective approach. In other words, native point defects can be
treated as just another substitutional defect or dopant in terms of engi-
neering their dielectric and ferroelectric properties.

Limited evidence suggests that nitrogen vacancies (Vi) also play
a critical role in fatigue and long-term breakdown, but the underlying
microscopic mechanism remains elusive.”>'>> Tsai et al. proposed
that Joule heating due to increasingly lowered Schottky barrier height
is the cause of breakdown while others suggested that breakdown is
caused by formation of conductive filaments of Vy.'”” The latter is

similar to the established degradation mechanism in oxide ferroelec-
trics, but it should be noted that the bulk migration barrier of Vy
(~2.5eV) is dramatically higher than that of V5 (= 1.0eV) based on
first-principles calculations.' ™'

Several experimental studies have also shown rather convincingly
that non-stoichiometric substitutions such as Op,'"° Sin,'~  and
(Mg 5sNbg 5) a1 % do not lead to high conductivity as might be
expected for nominally donor defects. In fact, Oy and Siy; in particular
have been used to directly control growth polarity of AIN-based films,
adding more complexity to the understanding of polarity and domain
walls/inversion domain boundaries in these films. Understanding
charge and defect distributions at domain walls is a near-term need for
both scientific and technological progress of wurtzite ferroelectrics.

Research on wurtzite ferroelectrics is still in its infant stages but
the importance of defects is already clear. Emerging evidence has dem-
onstrated the contribution of point defects like nitrogen vacancy and
oxygen substitutional defects to leakage current, polarization switching
barrier, and breakdown. It remains to be understood if the presence of
large concentrations of point defects and small complexes will qualita-
tively affect the switching mechanisms discussed in Sec. IID.
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Furthermore, it also remains unclear if the same point defects and
complexes will affect domain nucleation and growth. While there are
initial hints at the effect of point defects, the role(s) of extended defects,
such as stacking faults, grain boundaries and interfaces on domain
structures is completely uncharted. Further investigations to mechanis-
tically understand and quantify the effects of defects on dielectric and
ferroelectric properties will require collaborative computational and
experimental studies and the acquired knowledge can open the door to
defect engineering of wurtzite ferroelectrics.

VI. SUMMARY

It took until 2019 for the world to recognize the ability of wurtzite
structures to support ferroelectricity, but the community has made
rapid progress in the subsequent years in both fundamental under-
standing and device-relevant integration. For example, we now know
the true magnitude of spontaneous polarization in the wurtzite struc-
ture and have made significant strides in understanding both the
nature and energetics of intermediate states during polarization rever-
sal. Atomic-resolution microscopy shows remarkable agreement with
simulated structures of intermediate polarity, and ongoing experimen-
tal confirmation of predictions of stability and switching behavior
increase confidence for accelerated computationally guided develop-
ment. Device ideas abound, and proof-of-concept demonstrations of
new ideas for leveraging ferroelectric wurzites are pouring out of both
academic and industrial research labs.

Continuation of such rapid progress, though, will require a more
coherent and comprehensive understanding (and affiliated communi-
cation) of defects and compensation during growth, polarization

switching, and operation/degradation. The community needs to recon-
cile the apparent inconsistencies in assumptions and boundary condi-
tions across not just individual studies but communities working in
this space. Finally, interfaces—including domain walls of all types,
electrode/ferroelectric interfaces, and free surfaces during growth and
operation—deserve significantly more attention. With investment in
these areas (and certainly more around the corner), the future of wurt-
zite ferroelectrics is bright.
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