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ABSTRACT: Multivalent ternary nitride materials, which combine two Multivalent Ternary Nitride Materials
metal cations with a nitrogen anion in equal amounts and charge balanced
stoichiometry, tend to have relatively simple structures and promising
properties for a broad range of applications. Historically, discovery of such
new nitrides has been a bulk synthesis endeavor, following chemical intuition.
In the past decade experimental synthesis of theoretically predicted materials,
including as thin films, has changed this approach. In this perspective, we ~ Wurtzite  Rocksalt ~ Wurtsalt BN-type
discuss progress in the experimental synthesis of theoretically predicted

multivalent ternary nitrides, with the focus on Zn- and Mg-based materials. First-principles theoretical calculations predicted
structures and properties of many new Zn—M—N and Mg—M—N materials and offered insights into the effects of cation ordering.
Thin film and bulk experiments were used to synthesize some of these predicted multivalent ternary nitride compounds such as
ZnzMoNy, Zn,SbNj;, and Zn,NbNj, as well as MgZrN,, Mg,NbN;, and Mg,SbN;, and many others. These multivalent ternary
nitride success stories should inspire experimental synthesis of other underexplored materials predicted by theoretical calculations.

1. INTRODUCTION equipment. This progress has changed the materials science
paradigm from theoretical explanations of experiment results to

For more than a century, solid state chemistry has typically os
experimental synthesis of theoretical predictions”” or tight

progressed by experimentally synthesizing materials, determin-

ing the resulting phases by characterizing their chemical iterative collaboration between experimelnztfgand theory”™'" in
composition and crystal structure, and sometimes following the spirit of Materials Genome Initiative. ™

on with additional measurements or calculations to explain the Theory-driven experimental synthesis has been particularly
physical origins of their properties. This mode of operation has fruitful in the field of inorganic nitride materials,"* which is much
placed the entirety of the scientific method of new materials less explored compared to other chemistries. In contrast to
discovery in hands of experimental chemists, in contrast to other oxygen, chalcogens, halogens, and even other pnictogens,
fields, such as physics, where theory often drives experiments. nitrogen does not tend to form naturally occurring minerals,
To expand the materials palette, experimental material scientists and hence few early observations of nitride crystal structures
made observations about materials, formulated hypotheses were recorded by mineralogists in the first half of the 20th
about the next material to investigate, and then tested these century.”” The following advances in bulk synthesis methods
hypotheses by performing new synthesis and characterization resulted in a large number of first binary and then ternary
experiments, while theoretical scientists helped explain some of nitrides being synthesized.'*”"® Yet there remained a >10x gap
the experimental results. One of the standout achievements of between the number of known nitrides and compounds in other
this relatively slow but deliberate, ongoing, and useful process inorganic materials systems, most notably oxides.'”*" This was
over the past century is the creation of crystallographic structure in part due to experimental difficulties with bulk nitride synthesis
databases' that summarize experimental observations in a methods that often rely on hazardous precursors,”’ extreme
structured format. The crystal structure information contained pressures,” oxygen-free environments, and high temperatures.

in these databases has democratized the scientific method in the
field of materials science by providing large quantities of input
information for first-principles theoretical calculations. Such
calculations enabled theorists to formulate hypotheses about
which materials to try synthesizing next, based on their
thermochemical stability and physical properties predicted
using density functional theory (DFT).” The parallel advent of
high-performance computing resources and efficient implemen-
tations of the DFT algorithms® has resulted in computational
property databases*™° containing many more predictions/
hypotheses than is feasible to experimentally test with existing

Until recently, the low or uncertain experimental “return on
investment (ROI),” resulting from high capital investments in
synthesis facilities and unpredictability of synthesis outcomes,
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Figure 1. Binary nitride materials. (a) Band gap vs lattice constant for binary nitride semiconductors in wurtzite and rocksalt crystal structures. (b)
Schematic of orbital hybridization in transition metal nitride rocksalts showing progressive population of nonbonding states with transition metal
group number. (c) Structure schematic showing registration between (001), 4-coordinate wurtzite, and (111), 6-coordinate rocksalt

limited bulk nitride synthesis efforts to a few dedicated
laboratories around the world. The modern materials science
paradigm has changed these long-standing trends in inorganic
nitride chemistry, with experimental syntheses that follow or
iterate with theoretical predictions. Numerous examples of
experimental synthesis of theoretically predicted materials have
been demonstrated,””** including nitrides studied by our***°
and other groups.””** Several of these studies on synthesis of
nitride materials used thin film deposition methods, which were
originally developed for preparing nitride coatings for practical
applications and were found to circumvent many of the bulk
synthetic challenges.

This article describes our perspective on the progress in
experimental synthesis of theoretically predicted multivalent
ternary nitride materials. The multivalent ternary nitrides are
defined as materials that have an equal number of cations and
anions in the formula unit, with nitrogen as an anion in the —3
oxidation state and two metal elements as cations with the total
oxidation state that adds up to a multiple of 3. These materials
do not necessarily have the equal number or the highest valence
state of the cations but often do have relatively simple crystal
structures with a close-packed anion sublattice, such as those
derived from wurtzite and rocksalt and their distortions,
interlayers, or other combinations. In this perspective article,
first we present a brief literature review of the multivalent ternary
nitride materials that contain alkali earth elements, explaining
their structure and bonding on the example of their parent ITI—
N binary nitride compounds. Second, we describe theoretical
predictions of the structures and properties of the Zn- and Mg-
based multivalent ternary nitrides, including effects of cation
ordering. Third, we summarize advances in experimental
synthesis and property measurements of these Zn- and Mg-
based nitride materials in wurtzite-derived, rocksalt-derived, and
mixed layered crystal structures. This perspective on progress
with multivalent ternary nitrides should inspire experimental
synthesis of other theoretical predicted materials.

2. LITERATURE REVIEW

2.1. Binary Nitride Materials. The prototypical nitride
semiconductors are compounds with main group metals, such as
the III—-N materials and their alloys. These nitride compounds
adopt a 4-coordinate wurtzite crystal structure (3.1 A < a lattice
parameter < 3.55 A) and are typically prepared as epitaxial thin
films on each other, (001) sapphire, (111) silicon, and (001)

1419

silicon carbide. The unique position of nitrogen on the periodic
table lends a favorable combination of properties to III-N
semiconductors. They exhibit direct band gaps at intermediate
energy between oxides and other pnictides (Figure 1a), ranging
from ~0.7 eV (InN) to ~3.4 eV (GaN) to ~6.3 eV (AIN), lower
than corresponding oxides.”” They also have low electron
effective masses (e.g., 0.2 m, for GaN),”* with lower propensity
to exhibit small polaron charge trapping compared to oxides®"**
but better tolerance to defects than other pnictides (e.g,
phosphides, arsenides).””'? These properties position III-N
semiconductors as technologically relevant materials, such as
In,Ga,_,N light emitters in blue and green LEDs, achieved by
varying the band gap with composition control. Similarly, AIN
piezoelectrics are the basis for bulk and surface acoustic wave
filters used in modern telecommunications,>* and GaN
transistors are used in radio frequency electronics and
anticipated to replace the Si/SiC standards in intermediate-
voltage power electronics applications. These are only a fraction
of the uses for III-N semiconductors.™

The other class of widely used binary or alloyed nitride
materials are early transition metal nitrides, which are studied as
coatings, photonic materials, superconducting materials, and
refractory ceramics.’® In contrast to the III-N compounds,
these nitride materials adopt a 6-coordinate rocksalt structure.
From a bonding perspective shown in Figure 1b, three of the
transition metal d orbitals hybridize with the nitrogen p orbitals
creating bonding and antibonding bands, while the residual d
states remain nonbonding at intermediate energy. The nitrides-
containing group III transition metals (Sc, Y, La) have
completely filled bonding states and are thus narrow gap
semiconductors, with low-temperature magnetic ordering in the
case of lanthanide series metals (Pr, Nd, Gd, Eu, Dy etc.).””** In
the nitrides of group IV transition metals (Ti, Zr, Hf), electrons
partially fill the nonbonding states, and the resulting compounds
are refractory metals. Moving to group V transition metal
nitrides (e.g, NbN), the rocksalt crystal structure is often
observed experimentally but becomes less stable relative to other
polymorphs since a smaller fraction of electrons are bonding.
Once nonbonding states are completely occupied (e.g., in MnN
with a defect rocksalt structure)®” and antibonding bands must
be filled, the rocksalt structure is altogether destabilized, for
example, in zincblende FeN*” or CoN."" Close-packed planes
perpendicular to the [111] lattice vector of the 6-coordinate
rocksalt structure exhibit hexagonal symmetry similar to that of
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[001] in 4-coordinate wurtzite structure. Thus, coherent
interfaces between early transition metal nitrides and main
group III Ns can be achieved in these crystallographic
orientations, as shown in Figure 1c by a schematic made using
VESTA."

There is also a family of nitrogen-rich binary transition metal
nitrides with metals in their highest oxidation states and unequal
cation/anion stoichiometry, such as Zr;N,,* HE,N,, ™ Ta,Ng,*
and MoN,.*® These are semiconductors based on orthorhombic
crystal structures with 6-coordinate metal polyhedra. Some of
these phases have been studied as photoanodes for water
splitting applications. The most studied example, Ta;Nj, has
been integrated into tandem cells with >7% solar-to-hydrogen
conversion efficiency.”” It is usually prepared by high pressure
ammonolysis of metal or compound precursors*® but can also be
made by more delicate methods such as metathesis*” and from
vapor.”’ Examples of such high-valent nitrides persist up to the
group VI transition metals, for example, layered Mo;N; (i.e.,
MoN,), which is a promising hydrogenation catalyst.*® Despite
these several examples, it remains difficult to make nitrogen-rich
transition metal nitrides due to the relatively weak oxidizing
power of nitrogen, but the technological interest has led to new
compound predictions awaiting novel synthesis strategies. For
example, a nitrogen rich cerium nitride Ce;N, has been
predicted as a slightly metastable nitride based on a computa-
tional search®' and remains to be synthesized.

2.2. Multivalent Ternary Nitrides. An alternative
approach to realizing new nitride semiconductors discussed
here is in ternary chemical spaces, with two metal atoms of
different valence states. Over the last few decades several of these
multivalent ternary nitrides (see definition above) have been
studied both for their novel crystal chemistries and their
potential as functional materials. A large subset of these
compounds has the general chemical formula ABN,, but other
stoichiometries with an equal cation/anion ratio such as A,BN;
and A;BN, have been also reported. The electronic and crystal
structures of these materials can be rationalized starting from
binary III-N semiconductors. In contrast to III-N semi-
conductor alloys made by isovalent substitutions (such as
In,Ga;_,N), the cation valence is split by replacing the III**
cation with equal quantities of A>":B* = 1:1 cations in
ABN,” ™" or A:B%*=2:1 in A,BN,*® and A*:B*=3:1 in
A;BN,,*® all of which have equal cation/anion stoichiometry
and preserve the nominal charge balance with N*~ anions and
semiconducting behavior.” It is also possible to replace the IT1**
cation with different ratios of transition metal cations that can
change the oxidation state, such as in Sc**Ta*N,>’ or
Mg*Ta"*5)N;,>® likely resulting in metallic behavior. The
prototypical binary III**~N*" semiconductors are GaN and
ScN that adopt wurtzite and rocksalt structures, respectively,
and similarly down the ITI** main group (MG = Al, Ga, In) and
transition metal (TM = Sc, Y, La) columns of the periodic table
(Figure 1a).*>*° The corresponding multivalent ternary nitrides
of these two parent binary categories can be separated into four
types of cation mutation. For example, in the case of ABN,
shown in Figure 2a, these are AE** TM*, AE**MG*, Zn**TM",
and Zn**MG*, where AE = Mg, Ca, Sr, Ba alkaline earth, MG =
Si, Ge, Sn, and TM = Ti, Zr, Hf. The Cd and Hg candidates that
are below Zn on the periodic table are not included in Figure 2a,
because ABN, compounds containing these elements have not
been experimentally realized and only computational predic-
tions exist.””
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Figure 2. Multivalent ternary nitrides. (a) Electronegativity y of the A**
and B** metal ions in various A>*B*N, compounds. Points farther from
the y** = y*" line tend to have more anisotropic structures. Gray
pentagon markers have not been synthesized in cation-ordered form.
(b) Schematics showing the structure families found in ABN,
compounds. (c) Cation-ordered compounds from (a) plotted as a
function of reported bond length ratio and constituent ion Shannon
radii ratio r**/r*". Marker shapes and colors are consistent across all
panels. Gray pentagons indicate materials that have been reported
experimentally but not with an ordered cation sublattice.

Because the differences in cation size (r)°° and electro-
negativity (y)®' vary widely across these four categories and
because nitrogen is a polarizable anion,’” the bonding and
structures of multivalent ternary nitrides can be diverse.”’ In
cases with extreme differences in metal ion size or electro-
negativity, exotic structures are observed (Figure 2b). For
example, in AEMGN, where AE = Ba or Sr and MG = §j,
nitrogen localizes around silicon forming edge-sharing pairs of
SiN, tetrahedra surrounded at much greater distances by 8-
coordinate AE atoms®* (circle plot markers in Figure 2). This is
due to a strong inductive effect,”> whereby the electropositive
AE atoms readily donate charge, facilitating directional covalent
interactions between Si and N.** As differences in metal ion size
or electronegativity decrease, for example, by replacing Ba or Sr
with smaller and more electronegative Ca, the nitrogen becomes
slightly less polarized, forming corner-sharing tetrahedra around
6-coordinate Ca (hourglass plot markers in Figure 2). For cases
where differences in cation size and electronegativity are small
(e.g, MgSiN266 or SrZrN,,% respectively, shown by diamond
and up pointing triangle plot markers in Figure 2), structural
analogues to wurtzite and rocksalt are observed, with reduced
symmetry from cation site ordering, which is sometimes referred
to as “coloring”.’® Even within a single structural family (e.g,,
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rocksalt-derived MgTiN, vs MgZrN,), different coloring motifs
are expected with changes to the relative polarizing power of
metal ions,” similar to trends observed in oxides.”” Despite
these structural variations, in each case the TM ions often tend to
have a dO electron configuration suitable for semiconductor
applications, and finite band gaps in the range of 1—2 eV have
been calculated by GW. Interestingly, Ce atoms can serve in
either a smaller 4+ cation role as in SrCeN, or CaCeN, with
rocksalt-derived structures’' or in a larger 3+ cation role
separating Mn—N planes in the Ce,MnN; multivalent nitride.””
Historically, most of the experimental work on multivalent
ternary nitrides has involved bulk synthesis and characterization
approaches. Many such preparations have employed a conven-
tional solid-state reaction from binary nitride®””*~"* or metal”®
precursors, though other approaches such as synthesis using
supercritical ammonia”””’® and Na-flux synthesis using sodium
azide as a nitrogen source have also been employed.”” Bulk
synthesis of such compounds often leads to materials with
precise ordering on the cation sites. In contrast to the high
temperatures and/or pressures used by bulk synthesis, thin film
preparations tend to proceed at low pressure and intermediate
temperature, for example, during MBE,* sputtering,81 and MO-
VPE.> These approaches often result in materials with mixed
occupancy on cation sublattices,” though calculations show that
statistically random cation configurations are unlikely.*>**
One important remaining question about the multivalent
ternary nitride materials is related to the cation order/disorder.
For example, in the case of ABN,, many of the materials that
have been made as thin films are also close to the line where y** =
x* and **/r* = 1, making it unclear if the propensity for mixed
occupancy on cation sublattices is related to the cation-matched
electronegativities, ionic radii, or thin film synthesis methods.
On one hand the more radius-matched but less electro-
negativity-matched ZnGeN, can be made in a cation-ordered
configuration by both film and bulk methods.”*** On the other
hand there are no conclusive reports on the more electro-
negativity-matched but less radius-matched ZnSnN, and
MgSnN, in a cation-ordered (enthalpically favored) config-
uration by either bulk®>*® or film*”** methods. Thus, it appears
than the elemental properties (electronegativities, radii) play a
more important role than synthesis methods (bulk, film), but
this question requires further study. In addition to these order/
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disorder questions, several multivalent ternary nitride com-
pounds are still missing from databases or literature. For
example, the most striking gap in the family of ABN, materials is
that no compounds have been reported containing both Zn**
and TM*" until this year.” Experimental reports of CaZrN, and
CaHfN, also do not exist, which is surprising given their
predicted chemical and structural similarity to the analogous Sr-
containing compounds.”® Experimental information is also
absent for the (Sr, Ba)GeN, material space despite the
experimental existence of the related MgGeN, compound.
Whether these materials are less explored due to chemical
instability, difficulty of synthesis, lack of interest, or for other
reasons is not immediately clear. These “missing” but chemically
plausible multivalent ternary materials have led to several
computational surveys to broadly determine and map the
stability of novel nitrides, as discussed next.

3. COMPUTATIONAL PREDICTIONS

A map of the inorganic ternary metal nitrides** has been created
based on data-mined structure predictions (DMSP)’! and DFT
stability calculations, an a;)proach that was used in the past to
predict binary nitrides” and benchmarked against more
accurate SCAN calculations.”® As a result of this study, more
than 200 new stable ternary nitride compounds across nearly
100 ternary A—B—N chemical spaces have been predicted
(Figure 3a), approximately doubling the number of previously
reported ternary nitride materials. Clustering of this data set
using a machine learning algorithm and analyzing it in terms of
chemical bonding revealed several interesting large-scale
stability trends in ternary nitride materials (Figure 3b). One
example is a new “reductive” stabilization mechanism in some
ternary nitrides, in contrast to the known “inductive”
stabilization mechanism for alkali-metal-containing ternary
nitrides where electron transfer from metal to nitrogen is
stronger in the presence of an alkali element.”*®> This
“reductive” effect in metal-metal nitrides leads to weaker
electron transfer to nitrogen (i.e., nitrogen is reduced) in the
ternary compared to constituent binary nitrides, because of
stronger metal-metal bonding compared to metal—nitrogen
bonding. Despite the demonstrated power of DMSP and DFT
for predicting new families of ternary nitrides and identifying
new chemical mechanisms, more computationally expensive

https://doi.org/10.1021/acs.chemmater.1c03014
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Table 1. Summary of Calculated Thermodynamic Stability and Electronic Structure Properties of Multivalent Ternary Zn—TM—
N and Mg—TM—N Materials in Their Cation-Ordered Thermodynamically Stable Form®

material formula  parent structure space group AH; (eV/atom) AHj, (eV/atom) electronic Egel (eV) direct Egdir (eV) electron m.*/m, hole my*/my

ZnTiN, wurtzite 33 -0.87
ZnZrN, wurtsalt 156 -1.10
ZnHIN, waurtsalt 156 -1.20
Zn,NbN, wurtzite 36 —0.52
Zn,TaN; wurtzite 36 —0.63
Zn;MoN, wurtzite 31 —0.22
Zn;WN, wurtzite 31 —0.28
Zn,SbN; wurtzite 36

MgTiN, rocksalt 13 —-1.42
MgZrN, rocksalt 141 —1.62
MgHIN, rocksalt 141 -1.72
Mg,NbN;, rocksalt 12 —1.18
Mg,TaN, rocksalt 12 -1.33
Mg;MoN, wurtzite 31 —-1.19
Mg;WN, wurtzite 31 —0.92
Mg,SbN, wurtzite 36

—0.05
—0.05
—0.07
—0.08
—-0.16
—0.08
-0.19

—0.20
—-0.16
—0.18
—0.20
—0.31
—0.20
—0.22

3.35 3.77 2.10 5.57
3.14 3.82 6.64 1.51
3.38 3.81 5.39 1.51
3.57 3.63 1.08 4.39
3.80 3.87 1.32 3.66
3.94 4.10 6.24 2.06
3.96 4.20 121 1.93
1.71 1.71 0.37 2.46
091 0.92 1.44 143
1.47 1.47 0.63 1.61
1.79 1.79 0.63 1.54
1.84 2.26 0.62 1.92
2.12 2.50 0.58 1.90
5.25 5.35 6.44 593
5.17 5.40 1.48 S.61
3.14 3.14 0.44 2.38

“Other data for these compounds are available at materials.nrel.gov. The band gaps are predicted using the GW method and effective masses are
extracted from GW DOS calculations with an integration depth corresponding to 1000 K.
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Figure 4. Predicted crystal structures of ternary nitrides. (a) Predicted crystal structure types for Mg—M—N and Zn—M—N materials, including
rocksalt (RS), wurtzite (WZ), boron nitride (BN), and wurtsalt (WS). (b) Clustering of various A—B—N nitride structures in coordinates of A and B
electronegativities, showing that BN and WS structure appear in intermediate range between more ionic RS compounds and more covalent WZ
compounds, with the color legend the same as in (a) and light vs dark blue indicating different cation ordering.

calculations are needed to verify the predicted crystal structures,
especially for materials that contain first row (3d) magnetic
transition metal ions. Thus, below we describe more detailed
computational predictions for Zn—M—-N and Mg—M-N
families of materials where M is a metallic element and analyze
their calculated crystal structure, electronic properties, and
propensity to cation disorder. One of the reasons that these Zn-
based and Mg-based material systems are interesting is that they
are much less explored compared to the chemically related Sr—
M~N and Ba—M—N compounds reviewed above.”*”’

3.1. Structure and Stability. In the large-scale surveys of
nitride materials,”>*””* structure prototyping approaches”>*"*°
are often used to perform a high throughput screening for the
potential stability of candidate materials. These approaches are
computationally efficient because they rely on already known
crystal structures archived in databases like the Inorganic Crystal
Structure Database (ICSD).' For a given candidate chemical
composition, the total number of structures with suitable
stoichiometry can be further down-selected via various data
mining strategies, including the DMSP mentioned above and
related approaches.”””””® Such prototyping approaches are
appropriate for predicting the existence of compounds at new
compositions because even if the ground state structure is not
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identified, the prediction can still point to a new chemical space
containing compounds that can be experimentally synthesized,
aslong as a polymorph with negative formation enthalpy relative
to any competing decomposition reactions is found. However,
for chemical compositions like nitrides with smaller existing data
for selection of potential structures and algorithm training
compared to, e.g, oxides, the structure prototyping approach
becomes less reliable. This is a problem because electronic
structure properties often depend very sensitively on the crystal
structure. Therefore, it is important to determine the crystal
structure to a high degree of confidence for materials whose
existence and synthesizability have been inferred from a broad
search with less stringent structure selection.

Unconstrained structure prediction algorithms avoid the
limitations of structure prototyping by generating new structures
and down-selecting by energy minimization criteria. A range of
different unconstrained structure prediction approaches exist,
including evolutionary algorithms,””'* particle swarm opti-
mization,"”" random structure search, °> and basin hop-
ping.'**'** Our Kinetically Limited Minimization (KLM)
approach®’ combines elements of random sampling and basin
hopping: it generates a large number of seed structures (typically
~100) based upon random lattice vectors, with mild constraints
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on the cell shape, and random atomic initial coordinates in the
cell. It then optimizes the individual seed structures by
sequential displacement of a randomly chosen atom and accepts
the structure if the energy is lowered. The resulting structures
are relatively deep local minima, and the method is well suited to
identify stable polymorphs. An essential feature of our
implementation is the enforcement of judiciously chosen
pairwise minimal distances between the different atom types
both after random seed generation and after each displacement
step. This feature dramatically reduces the size of the
configuration space, thereby increasing the success rate, which
can be defined as the number of ground state discoveries divided
by number of seed structures. It also helps to maintain a
remarkably size-independent success rate" despite the nominal
exponential scaling of the number of local minima.

Following the study of inor§anic ternary metal nitride
materials using DMSP (Figure 3),” an unconstrained structure
prediction was performed for a subset of the full search space,
i.e., for the Zn—M and Mg—M nitrides (M = Ti, Zr, Hf, Nb, Ta,
Mo, W, Sb), using the KLM algorithm.51 Theoretical
predictions for the crystal structure and thermochemical
stability of all these materials in materials.nrel.gov'® are
presented in Table 1. In about 70% of the cases, KLM was
able to identify a lower energy structure, but in most cases the
DSMP energies were still within 0.1 eV/atom. For the Zn—M—
N materials KLM predicts wurtzite-derived crystal structures
with various cation ordering (Figure 4a) for transition metals
TM = Ti, Nb, Ta, W, Mo, as well as M = Mo,”” Sb. These
wurtzite-derived Zn—TM—N compounds are structurally and
chemically related to main group II-IV—N, materials, which
have received significant computational attention in the past two
decades.'”®'” Another layered crystal structure that consists of
alternating wurtzite and rocksalt layers (Figure 4a) was
predicted for Zn—TM—N with TM = Zr and Hf, consistent
with literature reports using structure prototyping'*® and an
evolutionary algorithm.”” We refer to this layered structure as
“wurtsalt” (WS),” a portmanteau of wurtzite and rocksalt,
because of the alternating 4-fold and 6-fold coordination
environment between its layers. For the Mg—TM—N (TM =
Ti, Zr, Hf, Nb) materials,”® theoretical predictions using the
KLM algorithm indicate rocksalt-derived structures with various
cation ordering (Figure 4a), including motifs in the layered a-
NaFeO, structure with space group (SG) 166 for MgTiN, and
the y-LiFeO, structure (SG 141) for both MgZrN, and
MgHIN,,'*>"'? consistent with other computational studies of
MgTiN269 and MgTMN, (TM = Ti, Zr, Hf).>® A close energy
competition exists for Mg,NbNj; and Mg, TaN; between 6-fold
coordinated rocksalt-derived structure (SG 12) and 3/5-fold
coordinated layered structure related to hexagonal boron nitride
(BN-type, SG 15) (Figure 4a). On the other hand, Mg-based
ternary nitrides with group VI transition metals (e.g, Mo, W)
and main group metals (e.g, Sb, Sn) were predicted to form in
WZ-derived structures (Figure 4a), such as for MgZSbN31 ""and
MgSnNz.88

It is notable that many members of the Zn—M—N and Mg—
M~—N families mentioned above assume wurtzite- and rocksalt-
derived structures, where the ground state is distinguished by a
certain ordering pattern of the cations. Thus, the unconstrained
structure search can be augmented by an analogous on-lattice
search for these likely parent lattices, using initial random atomic
decorations and atomic swapping instead of displacement.’!
This approach better scales to larger system sizes than the
unconstrained search and bridges structure prediction with alloy
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theory, where a cluster-expansion'''"* and model Hamilto-

nians are typically used to enable simulation of system sizes
above 1000 atoms with statistics suitable for finite-temperature
thermodynamic studies."'*'"> Such a cluster expansion
approach was also employed in a Monte Carlo study on
nonequilibrium disorder in the ZnGeN, ternary nitride."'® In
the rocksalt-derived Mg—TM—N systems, Monte Carlo
simulations in smaller 64 atom cells were performed directly
on DFT energies, to validate the predictions of the KLM
methods and to obtain insight on the impact of cation disorder
on the electronic structure properties,”® as discussed below.

3.2, Structural and Chemical Trends. Three out of the
four predicted crystal structures in Figure 4a (RS, WZ, BN) are
well-known for other compounds. The 6-fold coordinated RS
structure is formed by two cations filling octahedral sites in a
face-centered cubic (FCC) nitrogen sublattice (also known as
cubic closed packed, CCP) and is similar to ScN, YN, and LaN
binary nitride structures.*® The 4-fold coordinated WZ structure
is formed by two cations filling tetrahedral sites in a hexagonal
closed packed (HCP) nitrogen sublattice and is the same as for
AIN, GaN, and InN binary nitride structures.''” The layered BN
structure has three shorter bonds in M—N planes (similar to
graphite) and two longer bonds out of M—N planes (similar to
h-BN), with an HCP nitrogen sublattice.'® The fourth, less-
well-known, WS structure (Figure 4a) also features an HCP
nitrogen sublattice, with the TM cation (e.g, Zr, Hf) filling 6-
fold coordinated sites in distorted octahedral coordination
(similar to RS) and the other cation (i.e., Zn) filling 4-fold
coordinated sites in distorted tetrahedral coordination (similar
to WZ), with CuScS, as a prototype.''”'*°

The four distinct predicted crystal structure types (WZ, BN,
RS, WS) have four different atom coordination environments
(4-fold; 3- or 5-fold; 6-fold; mixed 4- and 6-fold, respectively),
but they are not unrelated to each other. The BN and WZ can be
viewed as linear distortions of one another, where BN-type
structure can be obtained by flattening of metal—nitrogen planes
in WZ-type structure.'”"'** This flattening is also the first step
along the transition pathway from WZ to RS, followed by
compression in an orthogonal direction."*”"** The exact
transition pathway to and from the WS structure, as well as its
energetics, is presently not clear. However, it may be related to
the pressure-induced phase transition in AgAIS, from zincblende
(ZB) related tetragonal chalcopyrite structure to trigonal
ilmenite (IL) related structure'”® that differs from WS structure
by distortion in tetrahedra. It is also interesting to note that the
layered WS structure is related to 2D materials. Removing
tetrahedrally coordinated cations from the wurtsalt (WS)
structure of ZnZrN, would result in hypothetical ZrN, with
octahedrally-coordinated three atom thick layers, typical of
TiS,,"*° SnS,,"*” and Ta$,."*® Similarly, removing Td-
coordinated cations from the “wurtzeline” (WL, a portmanteau
of wurtzite + nickeline) structure of ZnMoN, (related to
AngSz)lzg’130 would result in three atom thick layers of
trigonal prismatic MoN,* with MoS,-type structure.'*"'**
These 2D chalcogenide structures are now widely studied as
“emerging materials”'*”"** and were known in the past as
“intercalation compounds”.'*

Next, we analyze the chemical trends in crystal structure of
Zn—M-N and Mg—M-N focusing on the overarching
coordination preferences rather than specific crystallographic
symmetries and cation sublattice ordering. Computationally
predicted crystal structures and thermodynamic stability of Zn-
and Mg-based ternary metal nitrides, containing selected
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Figure S. Periodic table trends of structure and stability in ternary nitrides. Trends in structure (color) and stability (darker vs lighter shade) as a
function of M in Mg—M—N and Zn—M—N, showing diversity of structures for early transition metals and decreased stability for main group elements.
The underlying computational data for this analysis from materials.nrel.gov are summarized in Table 1.

second-row and third-row transition metal (TM) and main
group (MG) elements, are summarized in Figure 5 and listed in
Table 1 based on data from materials.nrel.gov. Both Zn- and Mg-
containing ternary nitrides that contain MG or group VI TM
elements are predicted to crystallize with tetrahedrally bonded
wurtzite-derived crystal motifs (Figure S). These nitride
compounds are calculated to be thermochemically stable for
TM elements and Sn and metastable with respect to
decomposition into N, for other MG elements (Pb, Sb, Bi). In
contrast, predictions for early TM elements differ between Zn-
based and Mg-based ternary nitrides (Figure S). For Zn-based
compounds, Zn,NbN; and Zn,TaNj; are predicted form with
only WZ-derived crystal motifs, but ZnZrN, and ZnHIN, are
predicted to form in a layered wurtsalt crystal structure featuring
4-fold tetrahedrally coordinated Zn atoms and 6-fold octahe-
drally coordinated Zr or Hf atoms. (Figure 4a). For Mg-based
compounds, MgZrN, and MgHIN, are calculated to form with
octahedral, RS-derived crystal motifs, whereas competition
between RS and layered crystal structures (Figure 4a) similar to
boron nitride (BN-like) is predicted for Mg,NbN; and
Mg, TaNj;. Other Mg—M—N have been reported in the literature
with intermediate oxidations states and layered crystal
structures, such as MgTaZN358 and MgMoNz136 with “rocksa-
line” (RL) crystal structure comprised of alternating layers of
octahedral rocksalt-like and trigonal prismatic nickeline-like
coordination environments.

Analysis of the chemical trends in crystal structure of Zn- and
Mg-based ternary metal nitrides is displayed in Figure 4b,
showing their “structure map” in coordinates of electronegativity
(¥) of the two metals A (Zn or Mg) and B (TM or MG element)
in a ternary compound, in comparison with binary III-N
compounds that fall along the y,= y3 line. For larger y the WZ
structure is formed, and for smaller y the RS structure is
preferred. The specific cation ordering within RS structure
depends on the electronegativity difference, where a small
difference leads to 3D-dispersed LiFeO,-type RS structures, and
a large difference leads to 2D layered a-NaFeO,-type RS
structures or even a 2D layered KCoO,-type structure where
related A= Ba, Sr atoms are 5-fold coordinated.”®> When both y
values are in the 1.4—1.6 range, then the WS structure is formed
if ya> yp and BN-type structure is formed if y,< yp. Thus, it
appears that the structure preferences for these Zn- and Mg-
based nitrides are determined by the electronegativity y of A and
B elements (Figure 4b), and elemental radii r of A and B cannot
explain these structural trends. This seems to be the case not
only for ternaries but also for simple binaries (Figure Sla),
where well-known Pauling rules®”"*” and similar factors'**'*’
have been extensively used for clustering in the past. However,
average radii r can be used together with average electro-
negativity y to provide a reasonable diagrammatic separation
(Figure S1b). Overall, this observation on the importance of
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electronegativity compared to elemental radii in determining the
crystal structure supports the idea of complex ionic/covalent
bonding ternary metal nitrides with charge transfer between
metals.”

3.3. Electronic Properties. Electronic properties, such as
direct and indirect band gaps as well as hole and electron
effective masses, have been systematically predicted for a wide
range of Zn—M—N materials in literature.”” For the multivalent
ternary Zn—TM—-N with TM = Ti, Nb, Ta, W, Zr, Hf, the
calculated band gaps are all in the 3—4 eV range, quite similar to
that of GaN, though some of them are slightly (0.1-0.3 eV)
indirect. These predicted band gaps at the HSE level of theory
are wider than earlier theoretical study of TM = Ti, Zr, Hf
candidates at the GGA level of theory which also predicted their
piezoelectric properties.'”® The calculated E(k) electron and
hole effective masses reported in literature for the Zn—TM—N
(TM = Nb, Ta, W) with wurtzite-derived structure are more
balanced (0.5—1.0 m,, for both) compared to GaN (m,* = 0.2m,
vs my,* = 2.0m,) and are inverted for the Zn—TM—N (TM = Zr,
Hf) with layered wurtsalt structure featuring light holes and
heavy electrons. Theoretical predictions of average isotropic
effective masses at the GW level of theory for all these materials
in materials.nrel.gov'®> summarized in Table 1 are qualitatively
consistent with these earlier theoretical studies. However, these
average isotropic effective masses extracted from the GW DOS
with an integration depth corresponding to 1000 K are larger
than the tensorial anisotropic effective masses extracted from
HSE E(k) calculations, which are much more computationally
expensive at the GW level of theory. Thus, these serve as upper
limits of the actual effective mass value.

Our predictions of the electronic properties of multivalent
ternary Mg—TM—N materials with TM = Ti, Zr, Hf, Nb that
tend to crystallize in rocksalt-derived structures’® are quite
different compared to the wurtzite-derived or layered Zn—TM—
N compounds (Table 1). For Mg—TM—N, the electronic band
gaps are generally lower (1—2 eV) and more indirect (~1 V),
while the DOS effective masses are also lower and well-matched
between holes and electrons (0.5—1.5 m, for both). Another
distinguishing feature of these rocksalt-derived ternary nitrides is
the large static dielectric constant (25—75 &,) compared to the
wurtzite-derived ternary nitrides (5—10 &) due to their much
stronger ionic component. The Mg—TM—N (TM = Ti, Zr, Hf)
GW band gap calculation results™ are consistent with an HSE
study that also calculated their mechanical properties'* and
wider than earlier theoretical studies at the GGA level of theory
that also predicted their thermoelectric properties® and
calculated some defect formation energies."'" For Mg,SbN,
that crystallizes in a wurtzite-derived rather than rocksalt-
derived crystal structure, the band gap is much wider (>3 V)
and direct.""" Even wider (>5 €V) but slightly indirect (0.1—0.2
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Table 2. Calculated Formation Enthalpies (AHy) and Polymorph Energies (AH,), for Crystal Structures of Stable and Metastable
Mg—M—N and Zn—M—N, As Well As Their Electronic Properties”

material formula AH; (eV/atom) AH, (eV/atom) space group
MgZrN, —-1.62 0.000 141
MngN2 -1.73 0.000 141
MgTiN, —1.42 0.000 13
Mg,NbN, -118 0.004 12
Mg,TaN, -133 0.000 12
ZnZrN, —1.03 0.069 141
ZnHIN, —1.14 0.058 141
ZnTiN, —-0.78 0.090 13
Zn,NbN, —-0.32 0.197 12
Zn,TaN; —0.46 0.167 12
ZnZrN, —1.03 0.090 33
ZnHIN, —-1.11 0.100 33
ZnTiN, —-0.87 0.000 33
Zn,NbN, —0.52 0.000 36
Zn,TaN; —0.63 0.000 36
MgZrN, —-1.57 0.054 62
MgHN, ~1.66 0.063 62
MgTiN, —-1.37 0.050 62
Mg,NbN, —119 0.000 15
Mg, TaN, —1.31 0.020 15

struct. type Egel (eV) Egdir (ev) m*, (my) m*y, (my)
rocksalt 0.94 0.94 0.7 1.9
rocksalt 1.30 1.30 0.6 1.8
rocksalt 0.64 0.64 1.6 1.7
rocksalt 0.94 1.29 0.7 2.3
rocksalt 1.39 1.70 0.7 2.4
rocksalt 0.69 1.30 0.5 2.0
rocksalt 0.80 1.49 0.5 2.0
rocksalt 0.83 1.24 2.4 2.4
rocksalt 0.81 0.81 1.3 13
rocksalt 1.26 1.26 12 12
wurtzite 2.40 2.90 0.7 8.3
wurtzite 2.23 2.66 0.5 8.9
wurtzite 2.41 2.75 2.7 6.5
wurtzite 1.98 2.01 1.1 4.2
wurtzite 2.27 2.49 0.8 3.7
BN-type 1.63 1.69 14 09
BN-type 2.01 2.08 1.4 1.0
BN-type 0.98 0.98 1.7 0.7
BN-type 1.44 2.10 17 0.9
BN-type 1.857 2.56 1.6 1.0

“Electronic (Egel) and Direct (Egdir) Band Gaps and Electron (m*,) and Hole (m*,) Effective Masses, Calculated at the DFT Level and

Schematically Illustrated in Figure S6 and Plotted in Figure S2.
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Figure 6. Schematic illustrations of electronic structure trends in ternary nitrides. (a) Crystal structures and (b) band structures for stable RS-type
Mg—M—N, metastable RS-type Zn—M—N, stable WZ- or WS-type Zn—M—N, and metastable BN-type Mg—M—N in clockwise order. In both panels,
unidirectional arrows represent hypothetical atom replacements, and the bidirectional arrows represent the comparisons between the higher-energy
polymorph and the lowest-energy structure, with the numbers corresponding to the order of the discussion in the text.

eV) are the predicted Mg;MoN, and Mg;WN, with wurtzite-
derived structures.

Next, we analyze how chemical composition and crystal
structure influence electronic structure of Zn- and Mg-based
transition metal ternary nitrides, as listed in Table 2 and plotted
in Figure S2. To decouple the effects of chemical composition
and crystal structure on electronic structure, the calculated
properties for thermodynamically stable structures (WZ or WS
for Zn-based compounds and RS for Mg-based compounds) are
compared to those of hypothetical structures (RS for Zn-based
compounds and BN for Mg-based compounds). A graphical
illustration of the crystal structure and electronic structure
trends is schematically summarized in Figure 6. At a high level,
the data in Table 2 and Figure 6 indicate that the structural
family (WZ vs WS vs RS vs BN), rather than composition (Zn vs
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Mg), is the primary factor which determines the diverse
electronic properties calculated for these ternary nitrides.
These theoretical results suggest that independent control of
structure and composition or the ability to form metastable
polymorphs in such compounds is an important step for
functional materials design. Note that the presented trends are
valid (Figure 6), but the absolute band gaps are likely
underestimated (Table 2) as often reported for DFT calculation
method, and the density of states effective masses calculated
assuming Fermi—Dirac distribution at 1000 K are average
compared to anisotropic E(k) effective masses calculated at 0 K.
A more systematic description of the composition and structural
effects on the electronic properties is provided below in four
steps.
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First, consider replacing Mg with Zn in the RS-derived crystal
structure (Figure 6a), which can be implemented (Zn, Mg)—
TM~—N alloying on underlying RS lattice by thin film growth of
the bulk cation exchange method. As Zn replaces Mg, the band
gaps remain similar, but direct band gaps convert to slightly
indirect band gaps and vice versa (top two blocks in Table 2).
With Zn replacing Mg, electron effective masses slightly
increase, and hole effective masses remain similar, so together
electron and hole effective masses become more matched to
each other in RS (Figure 6b).

Second, comparing these electronic structure features of
metastable RS-derived to stable WS- or WZ-derived structures
for Zn—TM—N (Figure 6b), the electron effective masses are
similar but hole effective masses are much lower for RS-derived
structures. In addition, band gaps significantly decrease for RS
compared to WZ or WS (middle two blocks in Table 2). Both
lower band gaps and matched electron/hole effective masses are
favorable for potential future electronic applications of
metastable RS-derived Zn-based transition metal ternary
nitrides.

Third, consider replacing Zn with Mg in WZ-derived crystal
(Figure 6a), which can be synthetically implemented by, e.g,
nucleation from designed amorphous precursors. As Zn is
replaced by Mg, the structure instantaneously (dynamically)
relaxes from WZ to BN-type, the band gaps decrease slightly
compared to Zn-based WZ (bottom two blocks in Table 2), and
electron effective masses remain similar while hole masses
decrease (by nearly 10X in some cases) to <1 m, in BN (Figure
6b).

Fourth, comparing the resulting electronic structure features
of metastable BN-type Mg—TM—N to stable RS-type Mg—
TM—N, the band gaps are wider and hole effective masses are
actually lower than electron effective masses in BN-type (top
and bottom blocks in Table 2). This observation of holes lighter
than electrons in metastable BN-type Mg—TM—N (Figure 6b)
is extremely unusual and potentially interesting for various
electronic applications, motivating a search of other compounds
that form in this crystal structure or design of heterostructural
alloys to tune end-point compounds toward this crystal
structure. These theoretical results highlight the importance of
independent control of composition and structure in ternary
nitrides and other materials.

In summary, from Table 2 and Figure 6 it appears that the
crystal structure (e.g., RS vs WZ vs WS vs BN) influences the
properties (band gaps, effective masses) more than the chemical
composition (i.e, Zn vs Mg). The observation of low hole
effective masses in metastable RS-type Zn—M—N and
metastable BN-type Mg—M—N compared to their lowest-
energy structures are particularly unexpected and potentially
useful for electronic applications. This in in contrast to the more
gradual and chemically intuitive shift in band gap with Mg/Zn
substitution without the change in the structure, where trends
can likely be explained by changes in atomic character of the
bands using atom-projected density of states (pDOS)''" or
Crystal Orbital Hamilton Population (COHP)>’ calculations. In
the future, it would be interesting to use these and similar
methods'*"'** to analyze the influence of the structural features
(e.g., local coordination, long-range order) on the electronic
properties of the materials (band gaps, effective masses), to
improve chemical intuition on structure—property relationships
in nitrides and other solid state inorganic materials.

3.4. Effect of Cation Ordering. Site disorder on the cation
sublattice is an important issue in ternary metal nitrides, as it
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influences both the stability of various structures and the
resulting properties. For example, changes in band gaps in WZ-
derived II-IV—N, materials without change in the lattice
constant have enjoyed significant attention as a potentially
favorable feature for light-emitting diodes and related
applications,"*»>® in contrast to ZB-derived ternary and
quaternary chalcogenide photovoltaic absorbers where such
disorder is often viewed as unfavorable."**'*> Such cation
disorder can be modeled using Monte Carlo (MC) simulations,
but its high computational cost requires development of a model
Hamiltonian, so it has been performed so far only for a few more-
studied material systems such as ZnSnN,'*®®” and
ZnGeN,'*** discussed below. However, useful insights into
the energy cost of cation disorder, as well as the resulting
structural distortions and the changes of the electronic structure,
can be deduced from the simpler crystal structure prediction
calculations in smaller unit cells that are necessarily ordered. To
this end, it is useful to analyze not only the lowest-energy ground
state structure but also the other energetically low-lying
structures produced by the structure search.

Table 3 shows a set of eight Zn and Mg ternary nitrides with
predicted wurtzite-derived ground state (gs) crystal structure

Table 3. Comparison of Polytype Properties for Eight WZ-
Derived Ternary Nitrides”

ground polytype  polytype

state (gs) lattice (pt) energy band gap

material space Distortion space AE,, difference

formula group (%) group (meV/P cat) AE, (eV)
Zn,SbN; 36 0.1 9 9.0 —-0.21
ZnyMoN, 31 0.1 186 7.1 0.25
ZnSnN, 33 0.2 26 1.9 —0.06
Mg,SbN; 36 0.5 9 11.5 —0.30
MgSnN, 33 0.7 26 10.6 —0.14
Zn,NbN, 36 1.5 9 0.9 0.29
ZnGeN, 33 2.1 26 53.9 —-0.53
MgGeN, 33 3.7 26 76.9 -0.79

“The first two columns give the orthorhombic space group number of
the ordered ground state (gs) and the associated distortion defined as
the change in the basal plane lattice parameters relative to ideal WZ.
The following columns give the space group number of the lowest
energy WZ polytype (pt), as well as its total energy and band gap
difference relative to the ground state (gs).

described by an orthorhombic supercell (SG 31, 33, and 36) of
the WZ parent lattice (SG 186). Table 3 also shows the space
group of the second-lowest energy WZ polytype (pt) found by
KLM sampling, along with the total energy and band gap
difference with respect to the ground state. In all cases, the
ground state and the polytype have the same short-range order
configuration as the ground state, e.g,, exclusive 2-2 (N—
Zn2Sn2) motifs in the ABN, stoichiometry, exclusive 3—1
motifs in the A;BN, stoichiometry, and a mix of 2-2 and 3-1
motifs in A,BNj stoichiometry. The list in Table 3 is ordered by
the distortion of the ideal WZ lattice, defined as the relative
change of the b/a ratio of the orthorhombic lattice parameters in
the basal plane compared to the ideal WZ supercell. The data
presented in Table 3 was obtained by performing DFT
calculations'*® with the SCAN functional” on structures
obtained in previous sampling efforts.

Table 3 shows that the orthorhombic distortion of the WZ
lattice is very small (<0.2%) for Zn,SbN;, Zn;MoN,, and
ZnSnN,, which should be virtually impossible to identify by the
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peak splitting in XRD. A moderate 0.5—0.7% distortion of the
ground state in Mg,SbN; and MgSnN, correlates with a
moderate 10—12 meV/cat polytype energy. On the other hand,
ZnGeN, and MgGeN, with a more substantial distortion (2—
4%) also show a much larger AE, energy (50—80 meV/cat).
Thus, considering that the polytypes all have the same motif
structure as the ground state, it appears that both the distortion
and the polytype energy are indicative of the importance of long-
range order (LRO) effects. It is noted, however, that Zn,NbNj is
somewhat an outlier in this trend, showing a relatively large
distortion of 1.5% despite a very small AE, energy. Interestingly,
Zn,NbNj also shows other structural anomalies, such as a large
deviation from the ideal WZ ¢/a ratio in a disordered state.’

The band gap differences AE, between the polytype and the
ground state reasonably correlate with both the distortion and
the AE,, energy as shown in Table 3. For example, in the case of
Zn,SbN,,'* the KLM structure sampling identified seven
nonequivalent crystal structures in a 12-atom sampling cell
within an energy window of 50 meV/cation, exhibiting a clear
trend of decreasing band gaps as a function of energy above the
ground state.'* For all the other main group metals in Table 3,
the band gap change AE, is negative, indicating that long-range
disorder is likely to reduce the gaps by a magnitude that should
follow the rough trend of distortion, polytype energy, and gap
difference. Interestingly, for the transition metals (Nb, Mo), the
band gap change in the polytype structure is positive, making it
more difficult to generalize an expectation for other materials.
However, it is important to note that the band gap of a system is
an intensive property that assumes the minimum (not the
average) among the subsystems, and therefore disorder should
always reduce the gap. Of course, the very definition of a band
gap in a disordered system is somewhat ambiguous, an issue that
is being addressed in an ongoing computational study of
ZnGeN,."'

For a few selected materials presented in Table 3, Monte
Carlo (MC) simulations have provided detailed insights into the
order—disorder transition. The temperature of these MC
simulations can be interpreted as an effective temperature T g
quantifying the degree of disorder resulting from the kinetic
limitations that prevent complete cation ordering in non-
equilibrium synthesis.">* At lower deposition temperatures Taep
where ionic mobility is strongly limited, T,¢ can greatly exceed
the actual temperature, but the two temperatures eventually
converge when full equilibration is established. For example, in
ZnGeN, (Figure 7a) the thermodynamic (th) order—disorder
phase transition is predicted to occur around 2500 K, although a
significant degree of nonrandomness remains in the disordered
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state. However, this hypothetical thermodynamic order—
disorder transition lies outside of the practical pressure range
of stability for ZnGeN,, which is limited by decomposition
driven by the chemical potential reduction of N, gas. Instead,
according to several experimental observations,'”® ZnGeN,
undergoes a nonequilibrium (ne) order—disorder phase
transition and loses cation ordering below 1100 K (Figure 7a).
The strong increase in T with decreasing Ty, accounts for the
random disorder limit at T,z = 400000 K''® in the MC
simulation, corresponding to the limit Ty., = 0 K in this model,
where cation ordering is completely suppressed. However, T
may not reach these high values if the actual temperature
controlling the adatom mobility at the surface exceeds the
nominal temperature of the substrate (dashed blue line in Figure
7a), e.g., due to the energy imparted by the deposition process
(e.g., sputtering).

The ZnGeN, and ZnSnN, materials studied with MC
simulations exhibit interesting differences in the relation
between short-range order (SRO) and long-range order
(LRO), which is difficult to distinguish by X-ray diffraction.
This distinction between SRO and LRO results from non-
randomness in the disordered state that can be expected due to
electrostatic interactions between heterovalent cations (e.g.,
Zn*" and Ge*" in ZnGeN,) in contrast to isovalent alloys (e.g,,
AP** and Ga** in Al .Ga,_,As)"*" without atomic size
mismatch.”>® In particular, the energetics of ZnSnN, and
(ZnSnN,),_(Zn0),, alloys are largely determined by SRO
effects alone, leading to perfect short-range order (PSRO)
configurations that include exclusively ground state motifs, even
in the presence of long-range disorder. For example, in pure
ZnSnN, the MC simulations at effective temperatures below the
order—disorder phase transition resulted in PSRO structures
that feature only the N—Zn,Sn, motifs (Figure 7b)* and can
also be constructed by sequential stacking of cation rows in the
basal planes.®” As another example, in the (ZnSnN,),_.(ZnO),,
alloys, the large configurational entropy of these PSRO
structures that contains exclusively N—Zn2Sn2 and O-Zn4
motifs at the x = 0.25 “magic composition”"*® is sufficient to
stabilize the PSRO phase within a temperature window between
the phase separated (ZnSnN,+ZnO) and random alloy phases.
In contrast to ZnSnN,, the LRO and SRO in ZnGeN, are
strongly coupled,''® so the disappearance of the long-range
structural distortions is accompanied by the introduction of the
octet-rule breaking motifs (Figure 7b).

The influence of cation disorder on the electronic structure
can also be determined from these MC simulations. In general, it
appears that the PSRO structures stand out in their ability to
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retain ideal delocalized states at both the valence and conduction
band edges despite the long-range disorder,*>'*° but the results
vary outside of these PSRO structures. For example, ZnSnN, (E,
1.4 €V)" shows a substantial band 8P reduction vnth
increasing degree of short-range disorder,®” but the density of
states remains continuous and exhibits only moderate local-
ization effects in the valence band. However, in ZnGeN, with a
much wider gap (3.6 eV) and less dielectric screening,116 the
disorder leads to a more pronounced defect behavior and
stronger localization effects. In contrast to both of these
wurtzite-derived materials, the rocksalt-derived Mg—TM—N
with fully oxidized transition metals shows a remarkable
tolerance of the electronic and optical properties to disorder,*®
which is likely a consequence of the high dielectric constant
associated with d° transition metals in the rocksalt structure.'>®
Another related factor is that Mg—TM—N with RS-derived
structure can assume two (clustered or dispersed) locally
charge-neutral catlon coordination motifs around the n1trogen
site (Figure 7c),” similar to other alkali earth ternary nitrides”
and in contrast to tetrahedral systems with only one charge-
neutral motif (Figure 7b). 3

4. EXPERIMENTAL SYNTHESIS

To validate computational predictions in the map of the
inorganic ternary nitrides™ and discover new nitride materials
beyond this map, we synthesized many new ternary metal nitride
materials using cosputtering from metal targets in nitrogen gas,
as summarized in Table 4. For several of these Zn- and Mg-based
multivalent ternary nitrides, crystal structures determined from

Table 4. Ternary Metal Nitrides Synthesized at NREL in the
Past S Years, in Film and Bulk Form“

chemical structure absorption resistivity ~ sample
composition  prototype onset (eV) (ohm cm) form ref
MgTiN, rocksalt 2.0 3% 10* film 26
MgZrN, rocksalt 1.8 6% 10* film 160
bulk 159
MgHIN, rocksalt 1.8 3% 107 film 26
Mg,NbN;, rocksalt 2.1 1 X 10* film 26
bulk 159
Mg,TaNj; rocksalt film 26
MgMoN, rocksalt film
rocksaline film
rocksaline bulk 159
MgWN, rocksalt film
rocksaline film
MgGeN, wurtzite >10° film
MgSnN, wurtzite 2.0 film 88
Mg,SbN; wurtzite >10° film 111
ZnTiN, wurtzite 1.8 10! film
ZnZrN, rocksalt film 89
h-BN film 89
Zn,NbN;, wurtzite 2.1 >10° film 56
Zn,TaN; wurtzite film
Zn;MoN, wurtzite 24 3 x 10* film sS
ZnGeN, wurtzite 2.5 >10° film 84
ZnSnN, wurtzite 1.4 107'~10" film 161
Zn,SbNj wurtzite 1.6 6% 10° film 149

“The absorption onsets are often defined as the energy at which
absorption coefficient is 10° cm™ or 10* cm™, as reported in the
references. The resistivity is as determined from lateral four-point
probe or van der Pauw sheet resistance measurements.
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X-ray diffraction and electrical properties evaluated by temper-
ature-dependent resistivity are shown in Figure 8. These Mg-
containing ternary nitrides with Ti, Zr, Hf, and Nb form in the
RS-derived structure, and Zn-containing ternary nitrides with
Mo, W, and Sb form in the WZ-derived structure; all exhibit
antisite disorder on the cation sublattice (Figure 8a).”> All the
materials shown in Figure 8a have semiconducting properties, as
illustrated for RS-derived Mg—TM—N in Figure 8b. However,
follow-up papers showed that this simple structure and property
separation shown in Figure 8 is not always the case, with
MgZSbN3 and MgSnN2 crystalhzing in WZ-derived
structure, ZnMoN2 being metallic™® and ZnGeN, being
insulating.”* An earlier study focused on Zn—Mo—N materials
showed that while sputtered semiconducting Zn;MoN, and
metallic ZnMoN, crystallize in 4-fold coordinated WZ-derived
crystal structure, it is 150—200 meV/atom higher in energy
compared to a layered mixed 4/6-fold coordinated WL-type
ground state structure predicted for metallic ZnMoN2 > In
addition, a layered BN-like ZanN2 structure 7 and layered
metallic RL-type MgMOoN, structure>” have been synthesized.
Thus, the simple WZ/RS-derived grouping of respective Zn/
Mg-containing ternary nitrides (Figure 8a) and their semi-
conducting behavior (Figure 8b) may not be as simple as it
initially appears. For deeper insight, this progress in synthesis of
Zn- and Mg-containing ternary nitrides is discussed below.

4.1. Synthesis of Zn—M—N and Other Wurtzites. One
effort to discover new Zn-containing nitride semiconductors
combined computational screening to identify several new Zn—
M~—N materials, with follow-on by high-pressure synthesis of
one of the predicted phases, CaZn,N,.”” This material exhibited
a mixed octahedrally/tetrahedrally coordinated layered crystal
structure, a direct 1.9—-2.0 eV band gap, and measured near-
band gap photoluminescence. Subsequently, the same research-
ers have demonstrated heteroepitaxial growth of CaZn,N, by
MBE with 10" cm™ bipolar doping and 0.3—4.3 cm?/(V s)
mobihty,1 * synthesized bulk polycrystalline SrZn,N,'® and
Ca(Mg,_,Zn,),N, solid solutions with 1.9—3.3 eV tunable band
gaps and extrinsic p-type do 1ng by Na,'** and reported on
sputtered YZn,;Nj thin films.'®> Another group focused on high-
temperature high-pressure ammonothermal synthesis'®® of
nitridog)hosphates in autoclaves filled with supercritical
NH;,'” including polycrystalline Zn,PN; with 3.7 eV band
gap and single crystal Mg,PN; with 5 eV band gap, both with
wurtzite-derived crystal structure where P shares the cation site
with Zn or Mg.'®® It would be interesting to synthesize these
materials in the epitaxial thin film form on lattice-matched
substates because the Mg,PNj lattice constants are close to GaN
(~1.5% mismatch) and the Zn,PNj lattice constants are close to
AIN (~0.6% mismatch)

Two previously unreported ternary compounds in the Zn—
Mo—N materials system, Zn;MoN, and ZnMoN,,>> were
predicted and synthesized in the Zn—Mo—N materials system
predicted in ref 25. Both Zn;MoN, and ZnMoN, compositions
crystallize in wurtzite-derived structures (Figure 8a), with their
solid solutions having a tunable +VI/+IV valence state (Figure
9a), a term coined “redox-mediated stabilization”.”> A
corresponding change in optoelectronic properties was observed
in these alloys, from resistive and semitransparent Zn;MoN,
with a semiconducting band structure, to conductive and
absorptive ZnMoN, with a metallic band structure. Similar to
Zn;MoN,, Zn;WN, and Zn;(Mo,_,W, )N, solid solutions have
been synthesized and characterized.'”” Subsequently, a large
change in resistivity and a concomitant +IV/+1II change in the
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Figure 9. Experimental synthesis of Zn—M—N and other wurtzite nitrides. (a) Measured Zn—Mo—N composition of Zn and N normalized to Mo = 1,
showing smooth change between stable Mo(+VI) and metastable Mo(+IV) valence states in the wurtzite structure (inset). Adapted with permission
from ref SS. Copyright 2018 American Chemical Society. (b) Measured absorption spectrum of metastable wurtzite Zn,SbN; compared to theoretical
prediction, showing optical band gap in the 1.4—1.5 eV range, and near-band-edge photoluminescence. Adapted with permission from ref 149.
Copyright 2019 Royal Society of Chemistry. (c) Measured cation composition of Zn—Nb—N samples as a function of annealing or deposition
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valence state of Zr were observed in Mg, Zr, N, solid solutions
between MgZrN, and ZrN, both with RS-derived crystal
structure.'®”'”® The differences in crystal structure (WZ vs
RS), chemical system (Zn—Mo—N vs Mg—Zr—N), and
stoichiometry (1—1—2 to 3—1—4 vs 0—1—1 to 1—1—2) support
the generality of redox-mediated stabilization among transition
metal-containing ternary nitrides.

Thin film synthesis efforts also resulted in Zn,SbN; material
in the Zn—Sb—N material system,"*’ which was computation-
ally predicted in ref 25. This Zn,SbN; with WZ-derived crystal
structure (Figure 8a) is the first reported crystalline Sb-
containing nitride where Sb is a cation, as opposed to previously
known antimonide—nitride Mg,SbN where Sb is an anion.'”
This Zn,SbN; features an unusually high Sb (+V) valence state
and unusually low 4-fold coordination of Sb, which are difficult
to achieve even in oxides.'””'”*> The WZ-like Zn—Sb—N thin
films with varying cation stoichiometry can be synthesized by
reactive cosputtering under a wide range of processing pressures
at low temperature, despite Zn,SbN; being metastable with
respect to nitrogen evolution according to theoretical
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calculations."*” This newly synthesized Zn,SbN; material has
a measured 1.4—1.5 eV optical absorption onset and shows
room-temperature near-band-edge photoluminescence (Figure
9b). A similar reactive cosputtering synthesis approach has been
successful for a metastable Mg,SbN; compound in a much
broader range of compositions compared to the stable
antiperovskite phase Mg;SbN."'" This Mg,SbNj has a predicted
3.1 eV direct band gap, suggesting the possibility of wurtzite
(Zn,_,Mg,),SbNj solid solutions with tunable optoelectronic
properties and small change in the lattice constant close to GaN
(001) and ZrN (111). This work expanded the range of the Zn-
and Mg-based multivalent ternary nitride based main group
elements from group IV semimetals like Sn (ZnSnN,,">’
MgSnN,**) and Ge (ZnGeN,** MgGeN,) to group V
semimetals like Sb (Zn,SbN;,"*’ Mg,SbN;''").

We recently synthesized and characterized a Zn,NbNj ternary
nitride semiconductor with wurtzite-derived crystal structure®
that was computationally predicted in both ref 25 and ref 27.
The Zn,NbNj thin films were synthesized using a one-step
adsorption-controlled growth that leads to c-axis oriented films
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Figure 10. Experimental synthesis of rocksalt Mg—TM—N nitrides. (a) Microscopy images for MgZrN, films grown on (111) MgO substrates,
showing a structurally and chemically sharp interface. Reprinted with permission from ref 184. Copyright 2020 AIP Publishing. (b) Electrical
conductivity of Mg, Zr, N, as a function of x and deposition temperature, showing a large decrease at Mg-rich compositions. Adapted with permission
from ref 160. Copyright 2019 The Japan Society of Applied Physics. (c) Chemical composition and microstructure (inset) of Mg, Zr, N, with and
without oxygen substitution, showing correlation in cation and anion content and oxygen segregation at the surfaces and in grain boundaries. Adapted
with permission from ref 170. Copyright 2020 Royal Society of Chemistry.

and a two-step deposition/annealing method with a protective
layer'”* that suppresses the loss of Zn and N and results in
polycrystalline samples suitable for crystal structure determi-
nation (Figure 9c). Measurements indicate that this sputtered
Zn,NbNj crystallizes in a cation-disordered wurtzite-derived
structure, similar to Zn,SbN; and Zn;MoN,. The same two-step
synthesis method was used, and a similar wurtzite-derived
structure was observed for Zn,TaN; (unpublished results). A
related sputtered Zn,VN; material has been also reported by
another group.'”” The experimentally estimated wurtzite lattice
parameter ratio of Zn,NbNj is ¢/a = 1.55, and the measured
optical absorption onset is at E,°"* = 2.1 eV. Both of these values
are lower compared to published Zn,NbN; computational
values of ¢/a = 1.62 and E; = 3.5-3.6 eV.”” Theoretical
calculations indicate that this difference is due to cation disorder
rather than oxygen incorporation in experimental samples. This
finding suggests a cation-disorder approach to tune the
structural parameters and the resulting properties in Zn,NbN;
and possibly other multivalent ternary nitride materials. It is also
interesting to note that the calculated 3.5 eV band gap of
Zn,NbNj is significantly larger than the calculated 1.7 eV band
gap of Zn,SbNj, while their hexagonal lattice constants differ by
only 0.2%. This suggests that the Zn,(Nb,Sb)N; semiconductor
alloys and Zn,SbN;/Zn,NbNj; low-strain superlattices may be
used for the design of light emitting diodes and lasers to address
the miscibility gap problems of (In, Ga)N or (Al In)N alloys
and lattice mismatch issues with InN/GaN or AIN/InN
heterostructures, respectively.

4.2, Synthesis of Mg—M—N Rocksalt Nitrides. Prior
computational and experimental work on Mg-containing ternary
nitrides primarily considered the Mg—Ti—N materials system,
focusing on Mg substitution into TiN.'"”® The (Mg, Ti;_,)N
alloys with x = 0.0—0.5 have been epitaxially grown by reactive
sputtering on MgO(001) as a function of thickness in the 30—
300 nm range, showing that the material is fully strained up to
60—100 nm thickness depending on x.'”” Another paper from
the same group reported an ~100X increase in electrical
resistivity from ~10 to ~3200 ¢Ohm cm with measured optical
absorption minima in the 1.7—2.0 eV range for (Mg, Ti;_,)N
solid solutions, suggesting an extrapolated band gap of 0.7—1.7
eV for semiconducting TigsMgysN."”® These experimental
reports followed a computational prediction of thermodynamic
stability, crystal structure, and electronic properties of MgTMN,
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(TM = Ti, Zr, Hf) compounds.””'*” Phase transformations'”’
and plasmonic properties'*’ of the (Mg,Ti;_,)N alloys have also
been reported. Until recently, TMs in the highest oxidation
stated had not been incorporated in Mg—TM—N compounds,
but MgMoN, with a lowered Mo (+IV) oxidation state has been
synthesized in bulk form."*"""*® In addition, solid state syntheses
of MgTa,N; and Mg, Ta,N, have been reported'* and studied
for Mg deintercalation,®® which has a reduced Ta valence state
compared to Ta (+V) in a charge-balanced Mg,TaN,
composition.

Our initial Mg—TM—N synthesis work focused on stoichio-
metric, charge-balanced rocksalt compounds MgTMN, (TM =
Ti, Zr, Hf, Nb), which were prepared as thin films by sputterin%
from Mg and TM targets in a reactive nitrogen atmosphere.”
The resulting samples show X-ray diffraction peaks consistent
with a simple rocksalt structure indicating mixed occupancy of
cation sites (Figure 8a). These thin film results are consistent
with the bulk synthesis of MngN2183 and MgszN315'9
compounds that were very recently reported. Optoelectronic
characterization results show that Mg-rich compositions of the
thin films are nondegenerate semiconductors with visible-range
optical absorption onsets (1.8 to 2.1 eV) and up to 100 cm*/(V
s) electron mobility, even for cation-disordered MgZrN, thin
films grown by sputtering on MgO substrates with >8% lattice
mismatch. Subsequent epitaxial growth of MgZrN, thin films on
(100) and (111) MgO substrates and (001) GaN templates
resulted in sharp MgZrN,/MgO interfaces (Figure 10a). XRD
rocking curves showed a full-width at half-maximum down to
0.3—0.5° for (001) GaN and (100) MgO,"** which is very low
for sputtered thin films. These epitaxial layers showed room-
temperature Seebeck coeflicients of —80 yV/K and electron
concentration of 10'°—10* cm™ depending on orientation,
albeit with lower 1—4 cm?/(V s) mobility than in earlier
experiments due to carbon contamination.

Our subsequent synthesis work considered the effects of
cation off-stoichiometry and oxygen content in MgZrN,.
Polycrystalline sputtered Mg, Zr, N, thin films were studied,
maintaining rocksalt-derived crystal structure across a broad
range of Mg/Zr compositions (0.5 < x < 1.8) with low oxygen
contents (<1% up to x = 1)."°” These samples showed tunable
electrical resistivity by at least a factor of 10° as a function of x in
Mg Zr, N, (Figure 10b). An alloy stability model was
introduced, wherein Zr redox stabilizes the alloy along the
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Figure 11. Experimental synthesis of layered ternary nitrides: (a) Experimental synthesis diagram for Zn—Zr—N thin films showing the phase stability
regions or rocksalt-like and boron nitride-like structure. Adapted with permission from ref 89, under CC BY 4.0 license. (b) XRD patterns for three
Mg—M-N powders, including MgMoN, with rocksaline structure as well as MgZrN, and Mg,NbN; with rocksalt-like structure, and (c) DSC
measurements for MgZrN,, Mg,NbNj;, and MgMoN,, with endotherms correlating to melting transitions of metal halide precursors and exotherms
corresponding to bond formation of ternary nitride products. Adapted with permission from ref 159. Copyright 2021 American Chemical Society.

ZrN—MgZrN, tie line and oxygen along the MgZrN,—MgO tie
line. Subsequently, the influence of oxygen and hydrogen on
structure and properties of Mg, Zr, N, alloys were inves-
tigated.'”” The excess oxygen during deposition correlates with
Mg content x (Figure 10c) in agreement with the alloy model
and surprisingly improves crystallinity. Hydrogen led to
formation of MgO-rich grain boundaries (Figure 10c, inset) in
polycrystalline Mg, Zr, N, thin films with reduced electron
density down to 10" cm™. Follow up work is in progress on the
synthesis of group V and group VI TM-containing Mg—TM—N
materials such as Mg;MoN, and Mg,TaN; with predicted
wurtzite-derived structures, as well as composition-dependent
properties of Mg—TM—N materials.

4.3. Synthesis of Layered Nitrides. In addition to Zn—
M-N and Mg—M-N with 3D wurtzite-like or rocksalt-like
crystal structures, several 2D layered nitrides have been reported
in bulk powder form. For example, MgTa,N;'*> and
MgMoN,"®" have been synthesized using Mg(NH), or Mg
+NaNj at high pressure and from Mg;N, precursors at high
temperature and studied for divalent battery applications.”®"*°
Both of these layered ternary nitride materials have reduced
valence states of the transition metal, such as Ta(II[/IV) and
Mo(IV), which leads to metallic character of these compounds
and may result in interesting topological properties. For
example, MgTa,N; has been predicted to be a Dirac semimetal
with the Fermi level located at the Dirac point,*® and it
transforms into a Weyl semimetal with increasing Nb
concentration in MgTa,_ ,Nb, N, alloys."®” In contrast to these
Mg—M—N ternary nitrides, there are no experimental reports on
either bulk or thin film synthesis of Zn—M—N ternary nitrides
with 2D layered crystal structures.

Our initial attempts to synthesize layered ternary nitrides in
thin film form started with ZnZrN, in thin film form,*” which
was predicted to crystallize in wurtsalt structure, comprised of
2D “wurtzite” and “rocksalt” layers (Figure 4a), by three
separate theoretical studies.”>””'"® Hundreds of Zn,Zr N,
thin film samples were synthesized using combinatorial
sputtering at elevated temperatures, and we also attempted
annealing Zn—Zr—N precursors that were deposited at ambient
temperature. According to both in-house and synchrotron XRD
measurements (Figure 11a), both in-house and at synchrotron,
these Zn—Zr—N thin films crystallize in either a metastable 3D
rocksalt-derived structure at the Zr-rich composition or 2D
boron nitride-derived structure at Zn-rich cation composition,
rather than the theoretically predicted layered wurtsalt structure
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at the stoichiometric ZnZrN, composition. This is in contrast to
ZnTiN, which was both predicted and synthesized in the
wurtzite-derived crystal structure (unpublished results). These
experimental and theoretical results are reconciled by statistical
polymorph sampler calculations'®® at ZnZrN, stoichiometry
showing that rocksalt- and boron nitride-derived structures
become more stable above the ensemble temperature of ~1000
K. This theoretically predicted transition temperature is higher
than the measured substrate temperature during the sputtering
but lower than 2000—3000 K effective temperature' > ' that
corresponds to kinetically quenched disorder during the sputter
deposition process (Figure 7). Additional calculations show that
these two structures become more stable than the wurtsalt
structure in the presence of disorder because of higher energetic
tolerance to cation cross-substitution at ZnZrN, composition
and higher energetic tolerance to off-stoichiometry.
Subsequent work on layered ternary nitrides focused on
MgMoN, in bulk form,"*” which had been experimentally
demonstrated in layered rocksaline (RL) structure by two
distinct bulk synthesis methods, at high temgperatures in a tube
furnace and high pressures in autoclaves."’*'®" Bulk powder
MgMoN, as well as MgZrN, and Mg,NbN; were synthesized at
NREL using an ion-exchange bulk synthesis method from a
Mg,NCl mixed-anion nitrogen source and MoCl;s transition
metal precursors using gentler conditions (Figure 11b),"’
similar to the synthesis route known for binary Mn;N,
nitrides'®” and used for the MgZrN, synthesis."*> According
to DSC measurements (Figure 11c), this synthesis approach is
enabled by a two-step temperature profile of the reaction, with
short-range nucleation at lower temperature (300—450 °C), and
subsequent long-range crystallization at higher temperature
(800—900 °C). The XRD measurements of these bulk powder
MgMoN, samples confirm the rocksaline crystal structure
featuring alternating octahedral (Oh) and trigonal prismatic
(Tp) layers and indicate some degree of Mg/Mo cation disorder
of Mo oft-stoichiometry. We are also observing a greater Mg/M
cation disorder in Oh/Tp site-ordered rocksaline MgMoN, and
related MgWN, thin films synthesized by nucleation from
rocksalt precursors (unpublished results). These experimental
results make MgMoN, and MgWN, some of few ternary nitrides
that have been made in film and in bulk forms, and where site
disorder (Oh vs Tp) and elemental disorder (Mg vs TM) can be
controlled to some extent. Moving forward, these MgMoN, and
MgWN, model systems may enable new understanding on the

effects of synthesis routes on polymorph stability and thus help
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to better elucidate the effects of cation disorder on material
properties.

4.4. Discussion of Experimental Synthesis. It is
interesting to note some separation of the ternary nitride
materials synthesized in bulk and thin film forms. For example,
some Mg-based Mg—M—N have been synthesized only in the
thin film form,”*'"" whereas there are only bulk synthesis
reports of some Ca-, Sr-, and Ba-containing materials.””"*’
Within the Zn-based Zn—M—N material family, Zn,SbN,'** has
been synthesized only in thin film form, and Zn,PN; is an
example of material synthesized only in bulk.'®” Some of this
material separation between film and bulk forms may be related
to the synthesis considerations and preferences. On one hand,
certain elements are considered prohibitive (e.g., P) or difficult
(e.g, Zn) to use as precursors in nondedicated vacuum
deposition equipment because of potential cross-contamination
issues. On the other hand, in bulk synthesis methods some
elemental precursors tend to decompose before they melt (e.g.,
Mg;N,) while other elements are very challenging to nitridize
(e.g, Sb). However, there are several exceptions to this film/
bulk separation trend, with CaZn,N,””'** and MgSnNzgé’88
synthesized in forms of both bulk and thin film samples, similar
to more-established ZnSnN,**'*" and ZnGeN,”*** materials.
We have also reported bulk synthesis of MgZrN,, Mg,NbNj,
and MgMoN,,"” following our earlier thin film synthesis
report.”® Having both bulk (powder or crystal) and thin film
(polycrystalline or epitaxial) samples is advantageous because
they lend themselves to different characterization methods. On
one hand, structural refinement with X-rays or neutron
diffraction and related cation ordering studies are easier with
bulk materials, and having large enough single crystals enables
very accurate band gap and carrier mobility measurements, if
suitable Ohmic contacts can be achieved. On the other hand,
thin films provide a better and easier measure of electronic
properties compared to bulk powders, though often not as good
as perfect single crystals, can be more easily integrated with other
materials, and thus are often considered more “technologically
relevant”. Our hope is that this review will help bridge the gap
between groups doing synthesis and characterization in bulk and
thin film forms and lead to more materials cases where
information from these complementary experiments can be
compared with each other.

Another notable point is the difficulty of experimental
synthesis of ternary nitrides with layered WS, RL, WL, and
BN structures. Our initial thin film synthesis attempts have
resulted in Mg,NbN; with 3D RS instead of 2D BN structure
and ZnZrN, with 3D RS or WZ instead of 2D WS crystal
structures, regardless of chemical composition or growth
conditions. However, since WZ, BN, and WS have hexagonal
symmetry, their structures may be difficult to distinguish by
XRD, especially for preferentially oriented thin films. In the
literature, other ternary nitrides that are structurally and
chemically related to WS-ZnZrN, have been reported in bulk
form. For example, FeWN, and MnMoN, synthesized by
ammonolysis of oxide precursors at 800—900 °C'”* crystallize in
what can be viewed as a “wurtzeline” (WL) crystal structure
composed of Fe/Mn in tetrahedral coordination similar to
wurtzite (WZ) structure type and Mo/W in trigonal prismatic
coordination similar to nickeline (NC) structure type. As
another example, hexagonal boron nitride (h-BN) with the
binary prototype structure of the ternary BN-derived Mg,NbN;
is also typically synthesized from oxide or hydroxide precursors
by ammonolysis reaction above 900 °C."”” These literature
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reports suggest that higher synthesis temperatures may be
necessary to stabilize the predicted BN-type Mg,NbN; and WS-
type ZnZrN, materials and control cation ordering in such
materials. Indeed, it seems possible to synthesize thin films of
MgMoN, and MgWN, with layered crystal structures of
alternating octahedral and trigonal prismatic sites occupied by
Mg and TM with different degrees of ordering (unpublished
results). More experimental work using kinetically controlled
growth194 with in situ characterization methods,"” such as
cation-exchange metathesis reactions,>”'®*> nucleation from
atomically dispersed precursors,'”**® and modulated exposure
of metal plumes in a growth chamber,'*'*” is in progress to
understand and control both site ordering and cation ordering in
layered multivalent ternary nitride materials.

5. SUMMARY AND CONCLUSIONS

This article describes the authors’ perspective on multivalent
ternary nitride materials defined herein, with particular focus on
progress with experimental synthesis of theoretically predicted
Zn- and Mg-containing compounds. The intermediate ionic/
covalent bonding properties of nitrogen lead to several favorable
functional properties of nitride materials, with some of the
known inorganic nitrides having technological applications.
Prototypical examples among binary nitrides are main group
nitrides with wurtzite crystal structures (e.g., AIN, GaN, and InN
semiconductors) and transition metal nitrides with rocksalt
crystal structures, including both semiconductors (e.g., ScN,
YN, LaN) and metals (e.g,, TiN, ZrN, NbN), all often grown as
thin films for practical applications. A slew of ternary nitride
semiconductors with a nominal A**B*N,*” charge balance and
A = Ba, Sr, Ca, and B = Si, Ge, Ti, Zr, Hf are also known to
inorganic chemists and occasionally studied for energy
applications in bulk powder form. With advances in the
synthesis science of nitride thin films, these materials’ discovery
and property utilization trends in ternary nitride materials are
likely to expand.

There has been a significant progress in computational
predictions and experimental synthesis of the Zn- and Mg-based
ternary nitride materials over the past 5 years. Theoretical
studies, including both broad surveys and detailed calculations,
predicted hundreds of new ternary nitride materials. Exper-
imental studies closely followed the theory, with tens of the
newly predicted Zn- and Mg-based ternary nitrides synthesized
and characterized—a huge acceleration compared to historical
rate of approximately two to three materials per year. The
synthesized multivalent ternary nitrides include not only
materials with equal cations quantities of A**:B* = 1:1 as in
ABN, but also those with A>*:B>* = 2:1 as in A,BN; and A**:B®*
= 3:1 as in A;BN,, allowing for a broader range of elements to be
incorporated (e.g., B=Nb, Ta, Mo, W, Sb, etc.). Other examples
of experimental advances for ternary nitrides include expansion
of wurtzite-derived materials from main group to transition
metal elements and extension of rocksalt-derived materials from
metals to semiconductors. This computational and experimental
progress has led to better understanding of composition—
structure—property relationships in nitride materials and
resulted in realization of several metastable ternary nitrides.

Moving forward, we expect that some of these new
multivalent ternary nitride materials synthesized in the past
decade will see an increase in research activity due to interest in
their practical applications. One important scientific challenge
will be to better understand the origins and effects of cation
disorder in these compounds and to develop increased control
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of ordering to influence the resulting properties. Another fruitful
future basic research direction would be in thin film synthesis of
multivalent ternary nitride with layered crystal structures,
outside of the more common 3D bonded wurtzite-derived and
rocksalt-derived materials. Here, better understanding of the
enthalpic and entropic contributions to polymorph stabilization,
as well as kinetically controlled synthesis methods that can
overcome these thermodynamic limitations, would be of great
value. Finally, we hope to translate the materials chemistry
lessons learned from the theoretical prediction and experimental
synthesis of multivalent ternary nitrides to other classes of
inorganic solid state compounds.
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