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Inorganic nitrides with wurtzite crystal structures are well-known
semiconductors used in optical and electronic devices. In contrast,
rocksalt-structured nitrides are known for their superconducting and
refractory properties. Breaking this dichotomy, here we report ternary
nitride semiconductors with rocksalt crystal structures, remarkable
electronic properties, and the general chemical formula Mg,7TM,_xN
(TM = Ti, Zr, Hf, Nb). Our experiments show that these materials form
over a broad metal composition range, and that Mg-rich composi-
tions are nondegenerate semiconductors with visible-range optical
absorption onsets (1.8 to 2.1 eV) and up to 100 cm? V~"-s" electron
mobility for MgzrN, grown on MgO substrates. Complementary ab
initio calculations reveal that these materials have disorder-tunable
optical absorption, large dielectric constants, and electronic bandgaps
that are relatively insensitive to disorder. These ternary Mg,TM;_xN
semiconductors are also structurally compatible both with binary
TMN superconductors and main-group nitride semiconductors along
certain crystallographic orientations. Overall, these results highlight
Mg,TM,_xN as a class of materials combining the semiconducting
properties of main-group wurtzite nitrides and rocksalt structure of
superconducting transition-metal nitrides.
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N itride materials are relevant to several industrial and tech-
nological fields, and historically are separated into two
families. The first family is main-group metal nitride semicon-
ductors with wurtzite crystal structure, typified by (Al, Ga, In)N,
which are known for direct bandgaps and high carrier mobilities
(1, 2). Over the last few decades these materials have become
particularly important due to proliferation of solid-state lighting,
radiofrequency transistors, and high information density optical
storage media (1-3). The second family is transition-metal (7M)
nitrides with rocksalt structures, such as TiN, VN, and CrN,
which are often found as industrial hard coatings and diffusion
barriers in semiconductor devices (4). In these compounds, the
open d-shell of the TM leads to metallic behavior; many exhibit
superconducting transitions approaching 20 K (5). While there
are several examples of inorganic nitrides with more structural-
and chemical complexity (6-9), and even some cases of semi-
conducting rocksalt nitrides (e.g., ScN) (10) or metallic wurtzite
nitrides (e.g., ZnMoN,) (11), these are exceptions to the general
trends observed in the most technologically relevant materials.
In the past decade, increased attention has been devoted to
semiconducting II-IV-N, ternaries, which are structurally similar
to ITI-N wurtzite compounds but with the main-group III** metal
replaced with group II** and group IV*" metals (for example,
Zn®* and Ge** instead of Ga®") (12). Very recently, we ex-
panded this materials design concept to ternary nitrides with
other main-group (e.g., Sb>* in Zn,SbN3) (13) and TM (Mo®* in
ZnMosN,) (11) elements in wurtzite-derived crystal structures.
However, it is not clear if a similar approach might be used in
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TM nitrides with rocksalt structures. On one hand, the group IV
TMs usually exist in 3+ valence states in nitrides (e.g., TiN) (14).
On the other hand, introducing electropositive low-valence alkaline
earth (4E) cations, such as Mg**, could move TMs into higher
oxidation states, closing the d-shell and inducing semiconducting
behavior (15). Furthermore, 7M nitride rocksalts are already known
to adopt both cation- and anion-substoichiometric defect phases
(16-18), so metal site vacancies could reasonably be accommodated
and possibly filled with AE cations. Even though computational
studies suggest that some such compounds can be formed (19, 20),
few of them have been synthesized (21-24), and reports of thin-film
synthesis and functional properties are even rarer (25-28).

Here, we report a family of ternary nitride semiconductors
with rocksalt structures and the general formula Mgg_37MNg_,,
where G is the group number of TM. We specifically consider the
compounds MgTiN,, MgZrN,, MgHfN,, and Mg,NbN;. Ab
initio calculations predict rocksalt-derived structures, where mul-
tiple cation motifs on the metal sublattice can be close in energy.
They also suggest these compounds have disorder-tunable optical
absorption but disorder-tolerant electronic bandgaps, low effective
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Structural properties of Mgg.3TMNg.> (TM = Ti, Zr, Hf, Nb) materials. (A) The charge-neutral local structural motifs that serve as building blocks for AEg3TMNg.»

(G = 4, 5) rocksalt-derived structures. An alternative to the clustered and dispersed cation-ordered motifs is a substitutionally disordered cation lattice. (B) Calculated
diffraction patterns for the rocksalt-derived ground states of Mgg 3TMNg_, with an ordered cation sublattice. (C) Synchrotron X-ray diffraction data exhibit peaks that can
be indexed to simple rocksalt (peak positions shown in black for a = 4.46 A to match Mg,NbN,), indicating the presence of substitutional disorder on the cation sublattice.

masses, and large dielectric constants (30 to 80 y). Each of the
compounds, synthesized as thin films via sputtering, exhibits dif-
fraction peaks corresponding to a simple rocksalt structure and
suggesting mixed cation-site occupancy. Lattice parameters are
compatible with epitaxial growth on a variety of substrates and
suitable for integration with well-established semiconducting and
superconducting nitrides. Mg-rich compositions of Mgg.3TMNg.»
exhibit semiconducting electronic properties with visible-range
optical absorption onsets, and electron mobilities approaching
100 cm? V157! are measured from MgZrN, grown on MgO.
Overall, these results introduce a class of ternary nitrides with
semiconducting properties like main-group wurtzite nitrides, but
rocksalt-derived crystal structures like superconducting TMNS.

Results

First, we hypothesize about possible structures found in
AE g 3TMNg_, rocksalt-derived nitrides for G = 4 and 5. The basis
for any rocksalt-derived structure is octahedrally coordinated
cations and anions forming a network of edge-sharing octahedra.
In AEG3TMNG_, compounds only a few octahedral motifs will
satisfy local electroneutrality, just like in the case of oxides (29).
The motifs for N-AE;>*TM;* and N-AE,>*TM,>* octahedra,
corresponding to AE**TM**N, and AE,**TM°*Nj stoichiome-
tries, respectively, are shown in Fig. 14. Each case has a clus-
tered arrangement, where like cations are grouped together, and
a dispersed arrangement, with like cations separated across the
octahedron. Alternatively, in a disordered state the motifs can be
mixed, and deviations from the ideal AE/TM ratio surrounding
the N atoms may occur. However, this becomes energetically
more costly the further they deviate from local charge neutrality,
as recently shown for tetrahedrally coordinated ternary nitrides
(30). Following the observed structural preferences in oxides and
similar ternary nitrides, where radius ratio rules have been used to
determine the coordination number and adopted motif (19, 21,
29), the smaller TM ions in MgTiN, are expected to promote
clustered octahedral motifs, whereas MgZrN, and MgHfN, are
expected to have dispersed motifs. Extending the same motif
arguments to AE,**TM>*N; stoichiometries, Mg,NbNj is expected
to have a clustered N-AE,>*TM,>* motif.

Our recent computational search for new ternary nitrides
revealed several AE-TM-N chemistries absent from the inorganic
crystal structure database (9). To confirm our hypothetical
considerations about the structures in the Mgg_3TMNg_, family,
we performed ab initio structure searches using the kinetically
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limited minimization approach (11, 31). We obtained the layered
a-NaFeO; structure [space group (SG) 166] for MgTiN; and the
y-LiFeO, structure (SG 141) for both MgZrN, and MgHfN..
Each of these are rocksalt-derived structures, showing ABAB
cation-site ordering perpendicular to NaCl [111] planes for
a-NaFeO,, and parallel to both NaCl [110] and [-110] planes for
y-LiFeO,. For Mg,NbNj3;, the lowest energy is obtained for a
5-coordinate structure (SG 15). However, a rocksalt-derived struc-
ture (SG 12) is only 3.5 meV per atom higher in energy. Fig. 1B
shows calculated X-ray diffraction patterns for these rocksalt-derived
structures. Crystal structure schematics (SI Appendix, Fig. S1) and
«cif files are provided in SI Appendix. For each system the lowest-
energy rocksalt-derived structure exhibits local octahedral motifs as
expected by the qualitative arguments above. However, our calcu-
lations show only a small energy penalty for adopting structures with
different motifs (SI Appendix, Table S1), meaning these compounds
can likely be disordered under nonequilibrium synthesis conditions.

To validate these predictions, we synthesized both stoichio-
metric (x = 0) and Mg-rich (x ~ 0.5) Mgg_3.xTM1_xNg.» (TM =
Ti, Zr, Nb, Hf) thin films by combinatorial sputtering on glass
substrates, with compositions summarized in Table 1. X-ray
diffraction data for stoichiometric samples are shown in Fig.
1C. Diffraction from Mg-rich films (SI Appendix, Fig. S2) are
similar, but relative peak intensities suggest different preferential
orientation of the grains. Peak widths (SI Appendix, Table S2),
indicate crystalline coherence lengths on the order of 10 nm, con-
sistent with observations from transmission electron microscopy
(TEM) micrographs from a MgHfN, lamella (S Appendix, Fig.
S3). TEM energy-dispersive X-ray spectroscopy measurements

Table 1. Target and measured compositions of Mg-TM-N thin
films on glass substrates

Cation stoichiometric Mg-rich
Target Measured Target Measured
MgTiN, Mgo.97TiN2 03 Mg+ 5TiosN2 Mg+ .54Tio.a6N1.82
MgZrN; Mgo.06ZrN1 87 Mg 5Zro sN2 Mg1.54Zr0.46N1.81
MgHfN, Mg1.03HfN3 24 Mg sHfo 5N Mg+ 52Hfo.48N1 88
Mg,NbN; Mg2.04NbN; 78 Mg>.sNbg sN3 Mg2.46Nbo 54N2.47

Substoichiometric nitrogen measured from Mg-rich compositions is likely
partially substituted by oxygen. Oxygen content measured from similar films
deposited on C ranged from ~3 at % (stoichiometric) to ~7 at % (Mg-rich).

Bauers et al.
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also support the absence of amorphous Mgs;N, or HfN in the
film. For each TM the peaks can be indexed to a simple NaCl-
type rocksalt structure (SG 225), with reference positions shown
at the top for a = 4.46 A. The lack of additional reflections,
which would be present for the rocksalt-derived ground-state
structures (Fig. 1B), suggest substitutional disorder on the cat-
ion lattice. This is not surprising given the similar ionic radii
of Mg (0.86 A) and the TMs (0.75 to 0.85 A) (32), the prevalence
of cation disorder in closed-shell oxide rocksalts (33), and the
similar formation energy of structures with different local motifs
(81 Appendix, Table S1).

The experimental confirmation of rocksalt-derived materials
reported here, along with the already known cation-disordered ter-
nary nitrides in wurtzite-derived crystal structures (11-13), suggests
opportunities for future materials design with other “host” crystal
structures. By considering additional materials, especially with
structures known to accommodate substoichiometric defect pha-
ses (e.g., CsCl type, CaF; type), and elements that have capacity
for redox stabilization by the inductive effect (e.g., TMs), it is likely
that additional compounds with tunable properties can be re-
alized. This design principle might extend beyond 4-coordinate
wurtzites and 6-coordinate rocksalts, since some TMNs can adopt
structures with up to 8-coordinate bonding, depending on com-
position (16, 34).

Next, we report measured optical and electronic properties of
Mgg.3+xIM; NG thin films (Fig. 2). The cation-stoichiometric
films prepared for this study had conductivities >1 S cm™" and did
not exhibit clearly defined optical absorption onsets, presumably
due to degenerate carrier densities. Following the strategy of
preparing ZnSnN, with low carrier densities by making it Zn-rich
(35), we prepared Mg-rich compositions of Mgg_3.xIM;_xNg.»
(x ~ 0.5). As presented in Fig. 24, each Mg-rich composition
exhibits an absorption onset (defined here as a = 10* cm™") in
the visible range (1.8 to 2.1 eV) with Ez, ~ Ey¢ < E1i < Enp.
Our experimental results agree with recent reports on MgTiN,
and MgZrN,, where a metallic-to-semiconducting transition is
observed as Mg is added to TMN (27, 28).

Variable-temperature resistivity measurements from Mg-rich
films are presented as an Arrhenius plot in Fig. 2B. The increase
in resistivity with decreasing temperature is slightly weaker than
exponential, indicating thermally activated transport is convo-
luted either with temperature-dependent mobility or other extrin-
sic factors. The calculated activation energy of the Zr-containing
sample is 120 meV, suggesting the presence of a shallow defect.
Room-temperature resistivities are significantly higher than at
stoichiometric compositions, confirming that extrinsic carriers are
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Fig. 2. Measured optical and electronic properties of Mg-rich Mg 3,xTM1_xNg.2
materials. (A) Experimental optical absorption spectra exhibit absorption onsets
in the visible range. The horizontal dashed line indicates absorptivity of 10*cm™".
(B) Semiconducting behavior is supported by an exponential increase in resistivity
with decreasing temperature. The vertical dashed line indicates a switch in

measurement conditions at ~200 K.
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Table 2. Transport properties of MgZrN, grown on
MgO substrates

Substrate P, Q-cm 4, cm? Vst n, cm™
(111) Mgo 0.0192 90 + 60 (-5+3)x10'®
(100) MgO 0.00118 42 +9 (-1.3 +0.3) x 10%°

Error is SD from 3 measurements.

partially compensated in Mg-rich films. Negative Seebeck voltages
measured from MgZrN, films on glass substrates show n-type
transport, likely from uncompensated oxygen acting as electron
donors (~3-7 at % for witness samples on C substrates). Pre-
liminary Hall effect experiments indicate that MgZrN, films
grown by sputtering on MgO [similar to ScN epitaxy (36-38)]
have mobilities approaching 100 cm® V~".s! (Table 2), which is
very promising for a sputtered material.

To support these experimental property measurements,
we computed electronic structure and resulting properties of
Mgg 3TMNG., materials using many-body perturbation theory in
the GW approximation (where G is the Green’s function and W is
the screened Coulomb interaction) (39). The calculation results
are summarized in Table 3. Electronic bandgaps of the rocksalt-
derived structures are between 1 and 2 eV. The optical absorption
(shown in Fig. 3B for MgZiN,), exhibits a slow onset, nearly 1 eV
above the bandgap, due to the indirect/forbidden nature of the
optical transition (compare SI Appendix, Fig. S4 for other
Mgg3TMNG., compounds and for comparison with experiment).
Notably, we obtain very large dielectric constants of 30 to 80 e,
where g is vacuum permittivity, similar to the case of halide pe-
rovskites (40). This is likely because the @° configuration of the TM
cations allows for large cation displacements at minute energy cost,
thereby leading to a large ionic contribution to the dielectric con-
stant (33). The electron and hole DOS effective masses (derived
from density of states calculations) are between 0.6 and 1.9 m,
(Table 3) which is comparable to Si (41), and is likely overestimated
compared with E(k) effective masses (derived from band structure
calculations) due to degeneracy and/or nonparabolicity in the bands.

To understand the effects of cation-site disorder on material
properties, we performed Monte Carlo supercell calculations,
using the effective temperature (7.¢) concept (42). Note that Teg
is used to quantify nonequilibrium disorder due to kinetic limi-
tations during thin-film growth at low and moderate temperatures,
and does not directly relate to the actual growth temperature. We
considered both a moderate level of disorder (T ~ 2,000 K),
common for oxides and nitrides (42, 43), and strong disorder (T ~
10,000 K). Detailed energetics of the disordered structures are
given in SI Appendix, Table S3. The fraction of octet-violating
polyhedra has been useful for describing disorder in tetrahedrally
coordinated ternary nitrides (30, 44, 45). We take a similar ap-
proach and Fig. 34 shows the fraction of motifs found in the dis-
ordered structures of MgZrN,. With moderate disorder almost
50% of octahedra have octet-rule-violating motifs, which do not
significantly increase at higher T.g. This is possibly because octa-
hedrally coordinated compounds can have both clustered and dis-
persed forms of charge-neutral motifs, so increased disorder could
be reasonably accommodated without additional charged motifs.

Calculated absorption spectra in Fig. 3B suggest that disorder
alleviates the selection rules, thereby bringing the absorption
onset closer to the bandgap energy. Relative to tetrahedrally
coordinated ternary nitrides (30, 43), bandgaps are less affected
by moderate and even strong disorder [Table 3, AE; =0.1t0 0.3 eV
for MgG_3TMNG_2 VS. AEg =0.6 eV at Teff =0Kvs. 3,000 K
for ZnSnN, (30)], despite considerable deviations from the ideal
octet-rule-conserving motifs in disordered Mgg3TMNg.,. The
changes to the bandgaps and effective masses with disorder
depend on the interplay between band dispersion and more
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Table 3. Calculated properties of Mgg.3TMNg., materials

Compound Disorder state Gap type Ey eV Eg°p‘, eV m&/mq mj/mo eileo NN
MgTiN, Ground state Indirect 0.91 2.1 1.4 1.4 71.4 8.4
Moderate-dis NA 0.92 1.2 14 1.4
Strong-dis NA 0.81 1.0 1.5 1.5
MgZrN, Ground state Direct forbidden 1.47 25 0.6 1.6 31.6 6.9
Moderate-dis NA 1.67 2.2 1.1 2.1
Strong-dis NA 1.39 1.8 1.3 2.4
MgHfN, Ground state Direct forbidden 1.79 29 0.6 1.5 25.6 6.3
Moderate-dis NA 1.92 2.6 0.8 2.0
Strong-dis NA 1.79 24 1.1 2.1
Mg,NbN3 Ground state Indirect 1.84 2.7 0.6 1.9 61.0 71
Moderate-dis NA 2.14 2.3 1.5 3.6
Strong-dis NA 1.66 1.8 1.3 3.7

Electronic bandgap types, electronic bandgaps, optical absorption onsets (E4

opt

, defined as energy when a = 10% cm™"), DOS effective masses, and dielectric

constants (g; = ionic, g = electronic). In disordered materials, the gap is not well defined (NA, not applicable).

localized perturbations and can be nonmonotonic (e.g., one
would expect E, to close in the limit Tt — c0). We also note that
disorder stabilizes the rocksalt-like structure of Mg,NbN; over
the distorted hexagonal structure of the ordered ground state
(compare SI Appendix, Table S3), consistent with our observa-
tion of rocksalt in experiment.

To further examine the role of structural disorder on elec-
tronic properties of Mgg.37MNg., compounds, we performed
inverse participation ratio (IPR) calculations (46, 47) on ground
state, moderately- and strongly-disordered MgZrN,. Fig. 3C
shows that the IPR of the ground-state structure is around 2 near
the band edges, indicating about half the atoms contribute to
these states, as is the case for many compound semiconductors.
In the disordered materials, the magnitude of the IPR in the
vicinity of the band edges is hardly affected, and no localized
midgap states are observed. Thus, these IPR data indicate that
MgZrN, and related semiconductors are electronically highly
tolerant to disorder, even for the “worst-case” scenario of Tg =
10,000 K. The results are striking compared with tetrahedrally
coordinated ternary nitrides, where already for T = 2,000 K the
IPR increased by over 2x at the valence band edge with a con-
comitant bandgap reduction by one-third (30). We attribute such
“defect tolerance” (48, 49) to the exceptionally strong dielectric
response in the rocksalt structure, where the potentially adverse
effects of breaking the local octet rule are largely screened out.

The calculated structural, electronic, and optical properties of
the Mg 3TMNg_, rocksalt materials are summarized in Fig. 4.
As inspired by “bandgap engineering” (50) in zincblende and
wurtzite compound semiconductors, Fig. 44 shows bandgap vs.
effective lattice parameter for the rocksalt-derived crystal struc-
tures of Mgg3TMNg., in comparison with related nitrides (51,
52). Also included is Mg,TaN3, which was not experimentally in-
vestigated in this study, but is predicted to form in the same
rocksalt-derived structure as Mg,NbNj3 (SI Appendix, Table S1).
The group-IIl TMN rocksalts and heterovalent AEG3TMNg.»
rocksalts contain several compounds with a bandgap range of
~1 to 2 eV. These ternary rocksalt nitrides have effective cubic
lattice parameters between 4.3 and 5.0 A and effective hexagonal

lattice parameters (dcybic/ \/§) of 3.0 to 3.5 A. Since TM-N rock-
salts with a similar span of lattice parameters are known to form
as ternary alloys and superlattices (36, 53), we postulate that
similar materials could be made from AE-TM-N compounds.
The hexagonal projection of Mgg37MNg., lattice parameters
also falls within the range of InN-GaN-AIN a-lattice parameters.

Fig. 4B shows a color map of optical absorption onsets (a =
10 cm™") for Mgg.3TMNg., with contour lines indicating elec-
tron effective masses, both as a function of effective temperature
and lattice parameter. The 2D linear interpolation is generated
from the calculated values highlighted by white hexagons for
ground-state, moderately disordered, and strongly disordered
structures. Even though disorder only marginally affects the

A1 ol @ ground state ' ' ' B 10'g 3 C R
.0r 1 F—— ground state ! VBM | | CBM
- F — moderate-dis 1 - MgZrN, Lo 7
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Fig. 3. Calculated properties of MgZrN,. (A) Fraction of octet-rule-violating motifs as a function of effective temperature. (B) Optical absorption spectra and
bandgap for the rocksalt-derived ground-state structure, and absorption of moderately (moderate-dis) and strongly (strong-dis) disordered structures. (C) IPR
data show that carrier localization and bandgap change negligibly with disorder.
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electronic bandgaps, absorption onsets systematically decrease
in energy with disorder. Thus, the degree of disorder could be
utilized to tune the absorption strength to the needs of an appli-
cation without deteriorating charge-transport properties. Since the
absorption onset is generally more sensitive to disorder than to
lattice parameter, these “disorder-tuned” materials might also be
“structurally tuned” to the desired lattice constant via TM alloying.

Finally, we speculate about potential future applications of
the Mg 3TMNg_, materials reported here. The coexistence of
multiple useful phenomena, such as superconducting and semi-
conducting properties, is a key feature of metal nitrides. For
example, structural compatibility between (111) NbN and (001)
GaN was recently demonstrated in epitaxial heterostructures
with a 2D electron gas in GaN and superconductivity in NbN
(54). These Mgg.3TMNg., materials, which are structurally
compatible with both III-N semiconductors and 7TM-N super-
conductors, will allow for such types of integration. In particular,
semiconductor/superconductor heterojunctions with complete
structural and chemical compatibility across Mg 3 TMNg_o/TMN
interfaces might be achievable. Such high-quality interfaces, with
defect-tolerant high-k Mgg_3TMNg., barriers, might enable low-
loss Josephson junctions for next-generation quantum computers
(55, 56) and other emerging applications.

In conclusion, we have introduced a family of Mgg 3TMNg.»
(TM = Ti, Zr, Nb, Hf) semiconducting materials with rocksalt-
derived crystal structures, and studied their optical and elec-
tronic properties using both sputtered thin-film experiments and
ab initio calculations. For each studied material, the measured
diffraction patterns are consistent with the calculated rocksalt-
derived structures, but with significant antisite disorder on the
cation sublattice. When the materials are synthesized with Mg-
rich stoichiometry, they exhibit semiconducting properties, in-
cluding temperature-activated electrical conductivity and optical
absorption onsets in the visible range. Ab initio calculations
suggest that the optical absorption onset can be tuned both by
choice of TM and the degree of ordering on the cation sublattice,
while the bandgaps and effective masses exhibit a remarkable
tolerance to structural cation disorder. These rocksalt semicon-
ductors may be a subset of a larger family of chemically intui-
tive compounds formed from host materials containing TMs in
structures known to accommodate off-stoichiometric defect
phases. This suggests opportunities for design of defect-tolerant
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semiconductors outside of the familiar space of main-group tetra-
hedrally bonded materials. The potential for integrating these
Mgg.3TMNg., rocksalt nitrides into semiconductor/superconductor
heterostructure devices is highlighted by their structural compati-
bility with several existing nitrides, and by the promising transport
properties measured from sputtered epitaxial films.

Methods

Thin films were grown by radiofrequency sputtering from elemental targets
onto glass substrates at a deposition temperature of 400 °C. A gas cracker was
used to increase nitrogen reactivity. These films were analyzed for structure
via X-ray diffraction at the Stanford Synchrotron Radiation Lightsource (SSRL)
and for composition using Rutherford backscattering spectrometry. Electronic
transport and optical properties were determined by resistivity and Hall
measurements in a van der Pauw geometry, and UV-visible spectroscopy, re-
spectively. Experimental data used by this study have been analyzed using the
COMBIgor software package (57) and are publicly available in the National
Renewable Energy Laboratory (NREL) high-throughput experimental materials
database at https:/htem.nrel.gov (58).

First-principles density-functional and many-body perturbation theory
calculations were performed with the VASP code, employing the generalized
gradient and GW approximations, respectively (59, 60). The ground-state
structure search was performed using the “kinetically limited minimiza-
tion” approach, which is unconstrained and does not require prototypical
structures from databases (11). Disordered structures were generated through
first-principles Monte Carlo sampling in supercells between 64 and 96 atoms
(5 random seeds per each case) using the Metropolis criterion for 2,000 and
10,000 K as effective temperature (42) for moderate and strong disorder,
respectively. To calculate the electronic structure and optical absorption for
these supercells, we used the single-shot-hybrid plus onsite potential ap-
proach (30, 51), with parameters fitted to the GW calculations of the ground
states (S/ Appendix, Table S4). More detailed information regarding the ma-
terials and methods are available in the S/ Appendix.
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