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but their switching electric fields are too high. Our computational search among
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SUMMARY

Low-energy compute-in-memory architectures promise to reduce
the energy demand for computation and data storage. Wurtzite-
type ferroelectrics are promising options for both performance
and integration with existing semiconductor processes. The
Al ScN alloy is among the few tetrahedral materials that exhibit
polarization switching, but the electric field required to switch the
polarization is too high (few MV/cm). Going beyond binary com-
pounds, we explore the search space of multinary wurtzite-type
compounds. Through this large-scale search, we identify four prom-
ising ternary nitrides and oxides, including Mg,PN3;, MgSiN,,
Li,SiO3, and Li,GeOgs, for future experimental realization and engi-
neering. In >90% of the considered multinary materials, we
identify unique switching pathways and non-polar structures
that are distinct from the commonly assumed switching mechanism
in AIN-based materials. Our results disprove the existing design
principle based on the reduction of the wurtzite c/a lattice
parameter ratio when comparing different chemistries while sup-
porting two emerging design principles—ionicity and bond
strength.

INTRODUCTION

With an increasingly digitized world, data centers and computing needs increase
their energy consumption and carbon footprint."? The computational share of en-
ergy consumption in the last decade plateaued at about 1% of global energy con-
sumption, thanks to improvements in efficiency and adoption of cloud computing.”
However, these improvements are expected to reach their limit soon,** while
growth in data centers and computing needs is expected to continue.” Therefore,
breakthroughs in energy-efficient computing, data storage, and communication are

critical for minimizing the associated environmental impacts.

Ferroelectrics maintain a spontaneous electric polarization without the need for con-
stant external energy, and the direction of this polarization can be switched on de-
mand via the application of an electric field. These two key features make ferroelec-
trics promising materials for energy-efficient data storage in comparison to dynamic
random access memory® and for neuromorphic computing and related memory-
logic hybrids, which need simultaneous and colocated data storage and information
processing.””” Recently discovered tetrahedral (wurtzite-type) ferroelectrics are of
particular interest because of the relative ease of direct and high-quality integration
with existing and emerging tetrahedral semiconductors (e.g., Si, GaAs, GaN, SiC,
AIN).&10

PROGRESS AND POTENTIAL
Low-energy compute-in-memory
architectures promise to reduce
the global energy demand for
computation and data storage.
Wurtzite-type ferroelectrics such
as (Al,Sc)N alloy offer advantages
over current devices in both
performance and integration with
existing semiconductor
processes, but at present, all
known wurtzite-type ferroelectrics
require excessively large
operating voltages for
polarization reversal. We report a
large-scale computational search
among multinary compounds for
new materials with polarization-
switching barriers lower than AIN
while maintaining large
breakdown fields. Four ternary
nitrides and oxides are identified
as candidates for future
experimentation. We also identify
unique switching pathways and
non-polar structures. Our results
show that the existing design
principle based on the reduction
of the wurtzite ¢/a lattice
parameter ratio does not apply
when comparing different
compounds. Instead, ionicity and
bond strength emerge as effective
design principles.
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design principles for lowering switching barrier Figure 1. Design principles for
wurtzite-type ferroelectrics
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It has long been recognized that wurtzite-type structures possess very large sponta-
neous polarization, often >100 uC/cm?,"" but it was not until Fichtner et al. demon-
strated in 2019 that the polarization of Al1_,Sc,N could be reversed under an applied
electric field prior to dielectric breakdown'® that tetrahedrally bonded materials
were acknowledged as potentially ferroelectric. In recent years, robust ferroelec-
tricity has also been demonstrated in Al BN, Ga;,ScN, and Zn;,Mg,O
alloys."*"® The large spontaneous polarization values of these tetrahedrally bonded
ferroelectrics are of interest for neuromorphic architectures and open up the possi-
bility of multistate bits,"®"” but the coercive fields—and therefore switching volt-
ages—are still one to two orders of magnitude higher than ideal."®

A variety of techniques, e.g., higher substitution, tensile strain, and elevated tem-
peratures, have been shown to reduce the coercive field of the AIN-based al-
loys."%131419-24 Here, we adopt a complementary approach to computationally
identify new multinary wurtzite-type compounds with similar or lower switching bar-
riers to AIN and ZnO, presuming that these candidates will also be further improved
via alloying, strain engineering, etc. The idea is to identify new materials with suit-
able initial properties (low barrier for switching and large breakdown field) before

18,25
! we

further engineering. In comparison to previous computational searches,
expand the search space and focus on multinary (n > 2, where n is the number of

chemical elements) wurtzite-type compounds.

To identify suitable candidates in a computationally accessible manner, we utilized
the intrinsic breakdown field (Ep) and switching barrier (ws) in single crystals as search
parameters. The actual dielectric breakdown and ferroelectric switching mecha-
nisms are expected to be more complicated based on contributions from impurities,
defects, field inhomogeneities, etc.,?%? but the calculated E, and ws represent their
respective upper limits. Therefore, ws and E, provide the relative tendencies to
switch and to experience breakdown among different candidates. With these two
calculated material properties and using AIN as the reference material, we identified

several candidates that should demonstrate polarization switching before dielectric Metallurgical and Materials Engineering,

breakdown, and the most promising ones are Mg,PN3, Li,SiO3, Li,GeOs, and Colorado School of Mines, Golden, CO 80401,
USA

2Materials Science Center, National Renewable
Energy Laboratory, Golden, CO 80401, USA

3Lead contact

MgSiN,. We identify unique switching pathways and intermediate non-polar struc-
tures for multinary (ternary and above) compounds. These pathways are distinct
from the commonly assumed wurtzite-hexagonal-wurtzite switching pathway for bi-
nary compounds in the literature.'?®3% Furthermore, our calculated results of *Correspondence: clee2@rmines. edu (C.-W.L),
switching barriers provide systematic evidence across different chemistries for pgorai@mines.edu (P.G.)

two qualitative design principles—ionicity and bond strength (Figure 1). These https://doi.org/10.1016/j.matt.2024.02.001
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fundamental materials knobs can be tuned for future materials discovery and further
engineering of candidates to have lower switching barriers and thus lower coer-
cive fields.

RESULTS AND DISCUSSION

Candidate materials with low switching barriers and high breakdown fields

The defining feature of ferroelectricity is that the spontaneous polarization needs to
be switchable under an applied electric field.'**" The major challenge that prevents
wurtzite-type ferroelectrics—or any polar material—from being switchable is that
increasing electric field can cause dielectric breakdown before switching. To a first
order, the coercive field is proportional to the switching barrier in units of energy
density.* Therefore, we perform a computational search for candidates with higher
intrinsic dielectric breakdown fields (E,) and lower switching barriers (ws) than refer-
ence wurtzite materials like AIN and ZnO. Pure AIN and ZnO are not ferroelectrics at
room temperature, but they represent materials that have the potential to be—in

fact, have been—further engineered, e.g., via alloying.'” "®

Specifically, what distinguishes our work from previous computational searches'®?°
is that we used the solid-state nudged elastic band (SS-NEB) method to calculate the
switching barrier and that we estimate the E,, which is a critical property for ferro-
electrics. The SS-NEB method is known to predict lower and more physical switching
barriers than the traditional NEB method since it allows more degrees of freedom,
i.e., allows changes in cell volume and shape.?* Moreover, our search focuses on
multinary wurtzite-type compounds and includes sulfides and selenides in addition
to nitrides and oxides, which allows us to deduce more general design principles
that are applicable across chemistries.

Within a search space of 399 tetrahedral structures from the Inorganic Crystal Struc-
ture Database (ICSD), we identified 117 wurtzite-type structures (see experimental
procedures for details). Figure 2 compares the E,, and ws of 24 multinary candidates
that have thermodynamically stable wurtzite-type structures with ¢/a values less than
1.603 (AIN c/a). We also included AIN and ZnO as reference materials and 9 newly
discovered wurtzite-type nitrides® where the c/a criterion was not imposed. For
the switching barrier, instead of the commonly used unit of eV/f.u., we used eV/A3
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for the following reasons. First, the coercive field depends on the energy density
(eV/A3) directly.>' Moreover, when comparing multinary compounds with different
stoichiometries, the choice of the unit of eV/f.u. overestimates the barriers for com-
pounds with higher numbers of atoms per f.u. and thus leads to qualitatively
different rankings (see Figure S1 in comparison to Figure 2).

From a bird’s eye view, Figure 2 shows that wurtzite-type compounds with larger E,,
generally have larger switching barriers. Such a correlation showcases the difficulty
of searching for candidates with lower switching barriers but higher E,. Fortunately,
for compounds with similar Ej, their ws can still vary by two to three times. This obser-
vation makes the search possible and suggests that factors other than E;, (which pre-
dominately depends on the electronic band gap) may be important for the switching
barrier.

Using AIN as a baseline, there are four quadrants regarding the likelihood to demon-
strate polarization switching: (1) higher E, and higher ws, (2) lower Ey, and higher wy,
(3) lower E, and lower ws, and (4) higher E,, and lower ws. Figure 2 shows that there
are a few oxides (Li;SiO3 and Li,GeO3) and nitrides (MgSiN, and Mg,PN3) within
quadrant 4, which is the search target region and the quadrant with the highest likeli-
hood of polarization switching. In comparison, Zn,PN 3 in quadrant 2 has the lowest
likelihood of demonstrating polarization switching due to a combination of a larger
switching barrier and a lower breakdown field than AIN.

Compounds in quadrants 1 and 3 are also potential candidates as demonstrated by
ZnO (in quadrant 3) and, particularly, by the Zn,_,Mg,O alloy and our recent results
for Al;_,Sc, N alloys.33'35 LiSioN3 in quadrant 1 has slightly larger w; (by ~2 meV/A3),
but its E,, is almost three times the estimated value for AIN. Generally speaking, for
compounds within quadrants 1 and 3, we expect increasing likelihood to demon-
strate polarization switching with closer proximity to the search target region. Over-
all, the broader search space leads to a large set of multinary compounds that can
have higher E, and lower ws than baseline materials like AIN and ZnO. We note
that some of the top candidates contain Li ions, which are known fast-diffusing spe-
ciesin Si and can form Li-Si phases.? This can lead to potential Li contamination and
irreducible damage to a Si-based device. While the contamination can be mitigated
by diffusion barrier layers, such limitation makes non-Li-containing candidates more
promising for future applications.

Lastly, we compare the candidate compounds to ferroelectric Al;_,ScN alloys. Fig-
ure 2 shows that none of the multinary compounds simultaneously have lower
switching barriers and higher E, than Al;_,Sc.N alloys. This suggests that the top can-
didates will likely require further engineering, such as alloying, to demonstrate po-
larization switching.

Existing design principle for switching barriers

Previous studies on wurtzite-type alloy ferroelectrics support the wurtzite ¢/a lattice
parameter ratio as a key empirical descriptor for switching behavior in wurtzite-type
ferroelectrics—the lower the c/a value, the lower the switching barrier (coercive
field).'%?* However, recent works have started to challenge its validity. We have
recently identified the importance of ionicity of metal-anion bonds for describing
the switching barrier in wurtzite-type ferroelectrics.”’ Recent studies have shown
that the coercive field decreases with increasing B concentration in Al;_B,N alloy,
while the wurtzite ¢/a values are independent of the B concentration.'? Similar find-
ings have been reported for Zn; ,Mg,O alloy, where c¢/a remains constant. Since
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these studies focus only on alloys derived from AIN or ZnO, the generalizability of
the wurtzite ¢/a value as a universal predictor remains unclear.

Since our computational search space includes multinary compounds and is not
limited to the ideal wurtzite structure, our results provide a great opportunity to
examine the validity of the wurtzite c¢/a value as a predictor for switching barrier.
Our computational search for multinary wurtzite-type compounds with lower switch-
ing barriers still utilizes the wurtzite ¢/a as a descriptor due to its historical impor-
tance mentioned above and in order to have a manageable amount of candidates
for computationally intensive switching barrier calculations. The barriers are then
calculated with the generalized SS-NEB method (see experimental procedures),
and the results allow us to examine the validity of this established design principle.

Figure 3 shows the relationship between switching barrier and wurtzite c¢/a value for
2 reference binary wurtzite materials (AIN and ZnO) and 24 candidates. Values for
Al1,Sc.N alloys (x = 0.28, 0.36) are also shown in Figure 3 for added reference.
We calculate the wurtzite ¢/a value based on density functional theory (DFT)-relaxed
structures and the group-subgroup symmetry relations discussed by Bretemitz
et al.’’ Consistent with previous experimental measurements, our results show
that alloying AIN with Sc reduces c/a values and switching barriers almost linearly."®
However, Figure 3 clearly shows that there is no significant correlation between
switching barrier and wurtzite c/a for compounds across different chemistries. Using
AIN as a reference point, the switching barrier can either increase or decrease with
smaller c/avalues. Therefore, our results show that the wurtzite c/a lattice parameter
ratio is not a good descriptor of switching barriers across different chemistries. It is
worth noting that the ¢/a value remains a practical descriptor for engineering a single
compound via alloying since ¢/a generally correlates with local bond ionicity and
ionic displacement, which are the emerging design principles for switching bar-
riers.”! Further discussion can be found in the following section.

Emerging design principles for switching barriers

The results in Figure 3 not only disprove the wurtzite ¢/a value as a good descriptor
across different chemistries for switching barrier but also support two emerging
design principles—ionicity and bond strength. Figure 4 demonstrates the principles
by comparing compounds of the same chemistry group but with cations of different
electronegativities. Figure 4 still supports the correlation between the wurtzite c/a

¢? CellPress
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Figure 4. Materials design principles for lowering switching barrier

Switching barrier (ws) of materials pairs selected to demonstrate the two emerging design
principles—bond ionicity and softness. More ionic cation-anion bonds (e.g., Zn = Mg) reduce ws,
while softer and more polarizable cation-anion bonds (e.g., P — Sb) also lead to reduced ws.

However, bond ionicity and softness are not completely independent materials properties
(Figure S3).

value and switching barrier within certain chemistry groups. Using Zn,PN3 and
Mg,PN3 and ZnzMoN, and MgzMoN, as example pairs, smaller ¢/a values correlate
with smaller switching barriers. However, we want to emphasize that the ¢/a value is
not the cause but rather the consequence of local bond ionicity.?’ In other words, it is
the more ionic nature of Mg-N bonds than Zn—-N bonds that gives rise to lower
switching barriers (and lower c/a values) for wurtzite-type candidates containing
Mg than the ones with Zn (Figure 4).

Figure 3 also shows that softer chemical bonds can lead to smaller switching barriers.
Overall, sulfides and selenides, which generally form softer (more polarizable) bonds
than oxides and nitrides, have lower switching barriers. This is consistent with the
chemical intuition that cations move more easily and that atomic volumes are larger
for materials with softer chemical bonds. Besides, with two nominal cations in ternary
wurtzite-type compounds, the same trend can be seen for, e.g., Zn,MN3 chemistry
(M=P, Sb, Nb, Ta). Sb, Nb, and Ta, which generally form softer cation-N bonds than
P, give rise to smaller switching barriers (Figure 4). Similarly, MgGeN,, LiGe;N3, and
Li,GeOj3 have lower switching barriers than MgSiN,, LiSiN3, and Li,SiO3, respec-
tively, which is consistent with the chemical intuition that Ge forms more polarizable
bonds with O and N atoms than Si. Interestingly for these chemical substitutions, we
find that smaller c/a values actually correlate with larger switching barriers. This sup-
ports the limited applicability of ¢/a as a descriptor for switching barrier.

To achieve the engineering goal of enabling ferroelectric switching in wurtzite-type
compounds, we need not only low switching barriers but also sufficiently high dielec-
tric breakdown fields, which predominantly depends on the electronic band gap
(see experimental procedures). Therefore, we further qualitatively examined how
these two design principles affect the electronic band gap and the indication for
dielectric breakdown field. Using the known Zn;_,Mg,O system as an example,
Mg-O bonds are more ionic than Zn-O bonds, and at the same time, MgO has a
larger electronic band gap. As a result, alloying ZnO with MgO leads to smaller
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coercive fields and larger band ga|os.35 In comparison, for Al; _,Sc,N, even though

Sc—N bonds are more ionic than Al-N bonds,?’

rock-salt ScN has a relatively small
band gap of ~1 eV.® Therefore, alloying leads to not only smaller coercive fields
but also smaller band gaps. Based on these observations, one can engineer a com-
pound further via alloying it in a way that lowers the switching barrier and enhances
the breakdown field. The ideal alloying strategy is to substitute cations with same-

valency (oxidation state) cations that form more ionic bonds with the anion.

From the bond strength perspective, since softer materials generally have smaller
band gaps, exemplified by comparing selenides and sulfides to oxides, careful
trade-off is needed to avoid a significant decrease in electronic band gaps and,
therefore, reduction in breakdown fields. Furthermore, bond ionicity and strength
are not fully independent materials properties. Figure S3 compares the switching
barrier of the material pairs in Figure 4 as a function of their bulk modulus, which
is a measure of bond strength. Changing bond ionicity will simultaneously affect
bond softness and band gap, with the latter directly affecting the breakdown field.
Therefore, how to balance the switching barrier and dielectric breakdown field re-
mains highly non-trivial, and a descriptor that can simultaneously correlate with a
smaller switching barrier and a larger electronic band gap is desirable for future
investigations.

New switching mechanism and non-polar structure

The current understanding of polarization switching in tetrahedral ferroelectrics is
largely based on studies on wurtzite-type alloys derived from AIN'93?3? and
ZnO,™ in which the switching is assumed to proceed via the wurtzite-hexagonal
BN-like (hBN)-wurtzite pathway, as shown in Figure 5A, under an external electric
field.11.28-30

But a recent computational study,40 which uses the NEB method, on Aly _ BN iden-
tified a switching mechanism that undergoes a pathway in which the B-BeO-like
structure is the non-polar intermediate structure. Unlike the commonly assumed
non-polar hBN-like structure, which is a saddle point in the transformation pathway,
this B-BeO structure is a local minimum along the pathway (metastable). Recent
experimental evidence suggests that Aly _\B,N reverses polarity via non-polar inter-
mediate structures that are also not the hBN-like structure during switching.”'
Instead, the intermediate structure is an average non-polar, metastable structure
consisting of anti-polar arrangements of wurtzite motifs when viewed along the
[100] direction. Among other things, these findings could suggest that increasing
chemical complexity (beyond binary wurtzites) can lead to different switching path-
ways, but this idea requires further investigation.

Multinary wurtzite-type ordered compounds share some similarity with AIN-based
alloys in such a way that cations with different ionicities and radii cause distortion
from an ideal wurtzite structure and give rise to different potential energy land-
scapes. For the 24 multinary candidates studied here, only two of them, ZnTiN;
and Mg;MoNs, follow the commonly assumed wurtzite-hBN-wurtzite switching
pathway. In comparison, we find that the rest of the 22 wurtzite-type compounds
follow a new switching pathway, shown in Figure 5B. We use LiGaSe,, which has
the lowest switching barrier, as an example to demonstrate the new pathway, but
the same feature as detailed below applies to all 22 candidates.

Before proceeding, we must define a consistent terminology to aid our explanation.
Since all of the compounds in this study have a single anion and multiple cations, we
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Figure 5. Polarization switching mechanisms
Switching barrier (ws) as a function of polarization for two switching mechanisms. Solid curves are

cubic spline fits to the data points obtained from SS-NEB calculations. The switching barriers are
indicated by arrows for ZnO and LiGaSe,.

(A) Collective switching: AIN and ZnO, which are the baseline materials, are used to demonstrate
collective switching. The intermediate hBN-like structure of AIN is shown as the inset. ZnTiN; is a
ternary compound that exhibits collective switching.

(B) LiGaSe,, which has the lowest switching barrier, is used to demonstrate the individual switching
mechanism. Crystal structures along the switching pathway are shown, including the half-switched
non-polar intermediate structure.

define the tetrahedral structural unit (“wurtzite motif” in Calderon et al.*") according
to the cation. Thus, when we say that a cation tetrahedron is oriented “up,” that
means the polarization axis is vertical (along [001]) and that the nearest anion that
sits directly on the axis with the cation is above the cation; if the same tetrahedron
were oriented “down,” then the cation would be below the anion basal plane, and
the nearest c axis-aligned anion would be below this cation.

The key differences of the new pathways from the wurtzite-hBN-wurtzite pathway lie
not only in the non-polar intermediate structures but also the atomic-scale switching
processes. Unlike the known hBN-like non-polar structure, new non-polar structures
that the SS-NEB method identifies using the primitive cell have half of the cation
tetrahedra of the same type pointing in one direction along the polarization axis
while the other half point in the opposite direction (crystal structures in Figure 5B).
Among these new non-polar structures, some (e.g., LiGaSe; in Figure S2)
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share similarity with the B-BeO structure recently identified,*>*" while some are
completely new (e.g., LiAIS; in Figure S2). In all these structures, since half of the
cation tetrahedra are switched and, on average, have net zero polarization, we refer
to them as “half-switched structures” (Figure 5B). The half-switched structures are
metastable, i.e., located in potential energy wells. The structures along the transfor-
mation pathway, including the new non-polar structures, are available on GitHub.*?

Figure 5 also shows distinct switching processes between the known and new switch-
ing pathways. All the cation tetrahedra switch coherently at the same time for the
known wurtzite-hBN-wurtzite pathway, while individual cation tetrahedra switch
sequentially for the new pathway. Therefore, we refer to the known and new path-
ways as collective and individual switching, respectively, for the rest of the article.
The difference in pathways affects how the switching barriers are calculated. For col-
lective switching, the barrier is either the energy density difference between the
wurtzite-type polar structure and the hBN-like non-polar structure (AIN and ZnO in
Figure 5A) or the maximal energy density difference along the transformation
pathway when the hBN-like non-polar structure is not the highest energy structure
(ZnTiNy in Figure 5A). However, for individual switching, the switching barrier is
the largest barrier defined by a valley and its adjacent peak toward the switching di-
rection. The idea is that if an applied electric field is large enough to overcome the
largest barrier, then it is large enough to overcome all of the other barriers.

Overall, the prevalence of materials that follow some version of a new switching
pathway (individual switching in 22 out of 24 multinary compounds) supports the hy-
pothesis that increased chemical complexity can lead to different switching path-
ways and reduced overall switching barriers. Further investigations into the underly-
ing mechanisms are clearly needed but are beyond the scope of this manuscript.

Further considerations

We acknowledge that the calculated switching barriers are only the upper limit for
the actual switching mechanisms, as they do not account for domain wall motion
or any effects of defects. This limitation is known in the literature,**** but we empha-
size that the goal is not to quantitatively predict the coercive field but to qualitatively
examine the required energy density to switch polarization. We also note that it is
only very recently that domain walls have even been confirmed in these ferroelectric
wurtzites” and that both the structures of the imaged domain walls and the relatively
low energy of intermediate states via the individual switching pathways we report
here would represent incredibly high-charge-density structures according to classic
domain wall models.?"*** Thus, there is a clear need for additional study of domain
walls in tetrahedral ferroelectrics.

Our DFT calculations represent switching barriers at zero temperature, but switching
barriers are known to decrease with increased temperature experimentally'*?* and
theoretically.?’*? On the other hand, increasing temperature has mixed effects on
dielectric breakdown fields since higher temperature generally gives rise to smaller
electronic band gaps but to stronger electron-phonon interactions, which help dissi-
pate energy delivered via electric field.”> Recent experimental observations in
AlosaSco 16N, AlogsBoosN, and AIN thin films show decreasing breakdown fields
with increasing temperature, but their temperature dependency is significantly
weaker than that of coercive field.?* Therefore, just as was the case in experiments,
we expect the margin between coercive and breakdown fields to increase with
increased temperature and, therefore, for the trends identified here to be the
same or possibly exaggerated at finite temperatures.
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Conclusions

In summary, we performed a computational search and identified novel wurtzite-
type compounds that can integrate with existing tetrahedrally bonded semiconduc-
tors while exhibiting sufficiently small coercive fields. Utilizing crystal symmetry rela-
tionships among wurtzite and its derived structures, we focus on the search space of
wurtzite-type multinary compounds, which extends previous searches on binary
wurtzite structures both in chemistry and complexity. Using AIN as a reference, we
found that the larger search space opens up an opportunity to find new wurtzite-
type materials with smaller switching barriers while maintaining or even increasing
intrinsic dielectric breakdown fields. Specifically, we find that Mg,PN3, Li;SiOs,
Li,GeOj3, and MgSiN, are the most promising wurtzite-type compounds for future
investigations. With switching barriers calculated by the SS-NEB method for 24 mul-
tinary wurtzite-type compounds, we find that wurtzite ¢/a values have no significant
correlation with switching barriers across different chemistries but could remain a
useful descriptor of switching barriers within certain chemistry groups. Instead,
our results support two emerging design principles to achieve lower switching bar-
riers—higher ionicity and lower bond strength. Between them, ionicity can be a
more promising parameter for future engineering of candidates, e.g., via alloying,
since higher ionicity generally gives rise to larger electronic band gaps, while softer
materials generally have smaller band gaps. Lastly, we find that the majority (>90%)
of the multinary wurtzite-type candidates prefer different switching pathways that go
through new non-polar, metastable structures. Overall, further understanding of the
underlying switching mechanisms, along with the two design principles identified
here, has the potential for discovering and engineering multinary wurtzite-type fer-
roelectrics, which are promising for next-generation low-power computing.

EXPERIMENTAL PROCEDURES

Resource availability

Lead contact

Further information and requests for data should be directed to and will be fulfilled
by the lead contact, Prashun Gorai (pgorai@mines.edu).

Materials availability
This study did not generate new unique materials.

Data and code availability
Structures along the polarization pathway determined by SS-NEB calculations are
available on GitHub."” This paper does not report original code.

Computational search workflow

The goal of the computational search was to find new wurtzite-type compounds that
can have low switching barriers but high Ej,. A schematic of the computational work-
flow is shown in Figure 6. We performed a search for stoichiometric and ordered
tetrahedrally bonded structures (TBSs) from the ICSD. The TBSs were identified us-
ing an automated procedure where the coordination was calculated by determining
the first nearest neighbors using the minimum distance approach with a tolerance of
0.3-0.5 A. Each atom in a TBS must have 4-fold coordination. Next, we checked to
ensure that the tetrahedral bond angles are within 109.5° 4+ 20°. The large tolerance
(20°) on the bond angles accommodates the distorted tetrahedral structures. This
procedure for identification of TBSs is similar to the one we used in Gorai et al.*
We identified 399 TBSs spanning binary (153), ternary (127), and quaternary (119)
chemistries. We also considered 9 newly discovered wurtzite-type nitrides,**
some of which have been experimentally synthesized.”” We utilized the known
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group-subgroup symmetry relations®” to identify 117 wurtzite-type structures out of
the 399 TBSs.

Motivated by the empirical observation that a lower wurtzite ¢/a lattice parameter
ratio leads to smaller coercive fields, we prescreened the 117 wurtzite-type struc-
tures from the ICSD to identify initial candidates with c¢/a <1.603 (AIN c/a). We
should note here that we ultimately find that wurtzite ¢/a is not a good descriptor
for switching barriers across different chemistries.

Next, we assessed the thermodynamic phase stability of the wurtzite-type struc-
tures through convex hull analysis. We considered competing phases from the
ICSD to construct the convex hull. In most cases, the total energy of the competing
phases were taken from the NREL Materials Database.*® DFT relaxations of the re-
maining structures were performed with the plane-wave Vienna Ab initio Simula-
tion Package (VASP) code®’ using the Perdew-Burke-Ernzerhof exchange correla-
tion functional within the generalized gradient approximation (GGA).*° The
valence electrons were treated with the projector-augmented wave method. A
plane-wave energy cutoff of 340 eV was used, and automatically generated
I'-centered Monkhorst-Pack k-point grids were used to sample the Brillouin
zone. The formation enthalpy of the wurtzite-type structures and competing
phases was calculated from their DFT total energy and reference chemical poten-
tials of the elemental phases. We used the fitted elemental-phase reference en-
ergies as the reference chemical potentials, which have been shown to provide ac-
curate predictions of formation enthalpy.”’ At the end, we downselected 24
wurtzite-type materials, including 9 new nitrides.

In the final step of the computational workflow, we employed a phenomenological
model to estimate the E,° and the SS-NEB method to calculate the polarization
switching pathways and energy barriers.>® Through this computational search, we
identified four promising wurtzite-type ternary compounds as candidates with lower
switching barriers and higher E,, compared to AIN.

Matter 7, 1-16, April 3, 2024 11




doi.org/10.1016/j.matt.2024.02.001

Please cite this article in press as: Lee et al., Emerging materials and design principles for wurtzite-type ferroelectrics, Matter (2024), https://

¢? CellPress

Intrinsic breakdown field
We used a phenomenological model developed by Kim et al.>? to estimate the
intrinsic dielectric breakdown field E, (in MV/m):

E, = 24.442 exp(0.315\/ngmax), (Equation 1)

where wmay is the maximum phonon frequency (in THz) at the T point of the Brillouin
zone and Eg is the band gap (in eV). Semi-local DFT functionals are known to severely
underestimate Eg. To address this issue, we calculated Eg4 of the candidate materials
with the DFT hybrid functional HSEQ6,>* which generally provides a better prediction
of Eg. First, we relaxed the candidate wurtzite-type structures with the HSEQ6 func-
tional using the default 25% exchange fraction. Then, we calculated the electronic
band structures, also with the HSEQ6 functional, on a dense k-point grid such as
N X nyps=8000, where N is the number of atoms in the primitive cell and nj is
the number of k-points. For reference, a k-point density of 8,000 translates to a
14 x 14 x 14 k-point grid for the Si primitive cell. Future in-depth studies of specific
candidate materials may employ a beyond-DFT method such as the GW approxima-
tion for even more accurate E4 predictions.

Spontaneous polarization

We followed the modern theory of polarization,®>¢

which uses the Berry phase
approximation to calculate the electronic contribution to polarization. Specifically,
we used the VASP 5.4.4. implementation and chose (0.25, 0.25, 0.25) crystal coordi-
nates as the center of the reference frame for dipole calculations. The numerical pa-
rameters discussed in “Computational search workflow” were used for the Berry
phase calculations. To calculate the ionic contribution to polarization, we used the
atomic positions and assumed point charges; the calculation implemented in Pymat-
gen was used.”” After the switching pathways were determined with the SS-NEB
method, we used the algorithm implemented in Pymatgen to identify smooth polar-
ization pathways and to calculate the polarization quanta.®’ In each case, we visually
checked the smoothness of the polarization pathway since the automated algorithm
in Pymatgen fails in certain cases.’” In such cases, we manually identified smooth po-
larization pathways.

Switching pathway and energy barrier

We applied the SS-NEB method®” to determine the switching pathways between the
polar and anti-polar structures and to calculate the switching energy barrier (ws)
along the pathways. We performed SS-NEB calculations using VASP Transition State
Theory (VTST) tools developed by Henkelman and Jonsson.*® Specifically, VASP
(VASP 5.4.4) and vtstcode-182 were used. First, we relaxed the polar wurtzite-type
structure with DFT. We then created the anti-polar structure by applying mirror
reflection to the relaxed polar structure. By design, the anti-polar structure is relaxed
and does not require further DFT relaxation. We created intermediate images
through linear interpolation between the relaxed polar and anti-polar structures.
Generally, such linear interpolation generates the common switching pathway via
an hBN non-polar structure. This linearly interpolated pathway is qualitatively similar
to the converged SS-NEB pathways shown in Figure 5A. We found that when the
switching occurs via the hBN structure, SS-NEB calculations require only a small
number of intermediate images (<10) for convergence (forces < 102 eV/A). Howev-
er, convergence of more complex switching pathways, such as the one shown for
LiGaSe, in Figure 5B, requires a large number of intermediate images—roughly
2-8 times the number of cations in the simulation cell. As a result, SS-NEB calcula-
tions for the latter are computationally expensive but more accurate in unveiling
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unique switching mechanisms and non-polar intermediate structures. Lastly, since
SS-NEB calculations allow cell degrees of freedom (similar to DFT structure relaxa-
tion), it is critical to update the Fourier grid after a certain number of ionic steps
and to use a large plane-wave cutoff energy for accurate calculation of stress and
convergence of SS-NEB calculations. From the converged switching pathway, we
determined the switching barrier as the largest among the individual barriers along
the pathway. The switching barrier is normalized by cell volume and is reported in
eV/AS.

The interpretation of the switching barrier for the individual mechanism and its com-
parison to the switching barrier for collective mechanism warrants further discussion.
Our approach is conceptually similar to that used in Calderon et al.*’ The NEB cal-
culations provide energy density (energy divided by cell volume) information for in-
termediate states between one polarity and the other; this is what is plotted in Fig-
ure 5 as a function of polarization of the unit cell. These calculations do not attempt
to impose any electric field in order to directly represent field-induced polarization
reversal; they simply calculate unit cell energy at discrete steps through a stepwise
inversion of the polarization. We show through a simple analysis in the supplemental
experimental procedures that the individual switching energy pathway can be effec-
tively represented by a collective switching pathway with a single effective barrier
(wsc(efr) by equating the volumetric work done (see Figure S4). We demonstrate
that the largest switching barrier for the individual mechanism (ws;) is a good mea-
sure of ws c(eff) and is typically much lower than if the material is constrained to un-
dergo collective switching. Therefore, we can directly compare barriers across
different materials—ws; in materials that exhibit individual mechanism and the single
barrier in materials that exhibit collective mechanism. We find that the qualitative
conclusions, including the materials ranking, are similar whether we use ws; or
ws,c(eff) s the switching barrier. Figures S5 and S6 show the trends in ws ¢(eff) (for com-
pounds exhibiting individual mechanism) with E,, and wurtzite ¢/a, respectively. Fig-
ures 2 and 3 are the corresponding trends with ws;. Our analysis (see supplemental
information) suggests that using ws; to identify candidates is a conservative
approach because in most cases, ws; > w;c(eff). This approach is also supported by
our recent work on Al;_,Sc,N alloys, where we show that ws; dependence on the
alloy composition determined from SS-NEB calculations is consistent with the exper-
imentally measured trend in coercive field.**

Lattice parameters and Ej, of alloys

We modeled the Al; _,Sc,N alloys using 3x3x2 supercells (72 atoms) of the wurtzite
AIN primitive cell. For each composition (x), we generated four different disorder
configurations by randomly replacing Al with Sc (10 and 13 Al atoms for x = 0.28
and 0.36, respectively). All the supercells were then fully relaxed in the same way
as the multinary compounds using GGA+U functional. We report the wurtzite c/a
value averaged over the four supercells for each x. To determine the band gap,
each supercell was fully relaxed with a hybrid functional (HSEQ6), and their electronic
band structure was calculated on a I'-centered 2x2x2 k-point grid. The band-gap
value used in the Ej, calculation is the average over four different disorder configu-
rations. With the averaged band gap, we used the same phenomenological model
(Equation 1) to calculate Ey, assuming the same maximum phonon frequency as AIN.

SUPPLEMENTAL INFORMATION

Supplemental information can be found online at https://doi.org/10.1016/j.matt.
2024.02.001.
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