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Abstract: Oxide materials with the perovskite structure have been used in sensors and actuators
for half a century, and halide perovskites transformed photovoltaics research in the past decade.
Nitride perovskites have been computationally predicted to be stable, but few have been
synthesized, and their properties remain largely unknown. We synthesized and characterized a
nitride perovskite lanthanum tungsten nitride (LaWN;) in the form of oxygen-free sputtered
thin films, according to spectroscopy, scattering, and microscopy techniques. We report a large
piezoelectric response using scanning probe measurements that together with synchrotron
diffraction confirm polar symmetry of the perovskite LaWN;. Our LaWN; synthesis should
inspire growth of other predicted nitride perovskites, and measurements of their properties
could lead to functional integration with nitride semiconductors for microelectromechanical
devices.

One-Sentence Summary: Lanthanum tungsten nitride thin films with perovskite crystal
structure and strong piezoelectric response were synthesized
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Main Text:

Nitride materials are revolutionizing the way humans access information and communicate with
others. For example, 4th generation (4G) wireless networks feature piezoelectric aluminum
nitride (AIN) film bulk acoustics resonators (FBARs). Radio-frequency (RF) transistors based on
semiconducting gallium nitride (GaN) are becoming an important part of the 5G
telecommunication technology. The emerging telecommunication infrastructure would further
benefit from improved piezoelectric materials, especially if they are easy to integrate with nitride
semiconductors. We synthesized lanthanum tungsten nitride (LaWN;) thin films with a
perovskite crystal structure, polar symmetry, and strong piezoelectric response. Synthesis of this
nitride member of the broad family of perovskite structured materials with ABX; stoichiometry
(e.g., oxides, halides, chalcogenides), suggests that other computationally predicted nitride
perovskites with useful properties should be also possible to synthesize.

Materials with the perovskite crystal structure (Fig. 1A) are arguably the single most famous
class of oxide compounds (/). Oxide perovskites (e.g., Pb(Zr,T1)O; (PZT), (Ba,Sr)TiO; (BST))
with strong piezoelectric response have been extensively used for ceramic capacitors (2),
microelectromechanical actuators (3), electrochemical cells (4), and many other applications
(5,6) over the past century (7). In the past decade, research activity on halide (X = CI, Br, I)
perovskites (e.g. CH;NH;Pbl;, CsPbls) has skyrocketed because of their potential application as
inexpensive and efficient optoelectronic devices (8). Giant optical anisotropy and nonlinear
optics applications have recently attracted attention to chalcogenide (X = S, Se) perovskites (e.g.
BaTiS;, SrTiS;) (9). In contrast to oxides, chalcogenides, and halides, very few experimental
reports of nitride perovskites exist in crystallographic databases or the literature (Fig. 1B). The
few reported perovskites with high nitrogen content include powder TaThN; synthesized from
oxide precursors (/0), and powder LaReNj; synthesized from azide precursors (/7). Other known
inter-metallic materials (e.g. Mg;SbN, Mn;CuN) have an anti-perovskite structure and low
nitrogen content (/2). The relatively low number of reported nitride perovskites is surprising,
because pnictide (X = N, P) ABX; materials (including perovskites and others) are statistically
more likely than the halide ABX; materials (Fig. 1B) due to a larger possible number of cation
combinations that satisfy -9 collective anion valence versus the combinations for satisfying -3
collective anion valence (Table S1). This leads us to the question of how to discover nitride
perovskites and evaluate their potential properties.
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Fig. 1. Nitrides and other materials with the perovskite structure. (A) Cubic ABX;
perovskite unit cell showing the larger A cation sites and smaller B cation sites in BX¢ octahedra.
(B) Comparison of anion diversity in possible charge-balanced vs. experimentally reported
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ABX3 compounds, showing that nitride perovskites are more likely but less reported than halide
perovskites. (C) Comparison of materials measured in this report, demonstrating strong
piezoelectric response of LaWN3.

Computationally-driven experimental discovery is an effective approach to predict and
synthesize new materials (/3). In the field of nitrides, we recently synthesized ~10 ternary nitride
materials out of ~200 computational predictions (/4). Among nitride perovskites, LnMNj3
(Ln=La, Ce, Eu, Yb, M=W, Re) materials were predicted by other groups to be
thermodynamically stable (15,16), with lanthanum tungsten nitride (LaWN;) having large 350
meV/f.u. formation enthalpy. LaWN; was also predicted to have ferroelectric properties, with a
large 61 pC/cm? spontaneous polarization and a small 110 meV barrier to polarization reversal
(17). However, synthesis of LaWNj by traditional bulk solid state chemistry methods remains
extremely challenging (18), often leading to oxynitrides (e.g., LaWO,¢N,4) (19). If pure nitride
perovskites can be synthesized, a century of experience in perovskite property engineering (7)
could be combined with decades of advances in nitride semiconductor integration (20). This
would likely have an enormous impact on both fundamental and applied research. We
synthesized LaWN; nitride perovskite with polar symmetry and measured a piezoelectric
response comparable to oxide perovskites and much greater than other known nitrides (Fig. 1C).

We used physical vapor deposition (combinatorial co-sputtering) to synthesize crystalline
LaWN; thin films on a heated substrate in ultrahigh vacuum to minimize oxygen contamination,
and with a nitrogen plasma source to maximize nitrogen incorporation (2/). We detected no
measurable oxygen (below 3%) throughout the thickness of films beyond a thin (nm-scale)
surface oxide layer (Fig. 2A-D) using Auger electron spectroscopy (AES), even after 72 hours of
atmospheric exposure. These measurements were performed for a sample with the cation-
stoichiometric composition (La/W=1) as determined by X-ray fluorescence spectroscopy (XRF).
However, our AES measurements indicate some nitrogen loss (i.e., 51 at.% instead of 60 at.%)
which can be written as LaWNj3,, (x=0.5) or LaWN, 5. This nitrogen deficiency may result from
either preferential N removal during AES depth profiling measurement (27), or the well-known
tendency of the perovskite structure to accommodate large anion deficiency (4,/1). Our scanning
transmission electron microscopy (STEM) measurements with energy dispersive x-ray (EDX)
analysis from the cross-section of an identical film (Fig. 2E-H) confirm a polycrystalline
microstructure (150-200 nm grain size) and demonstrate chemical homogeneity on the
nanometer scale. The corresponding X-ray diffraction (XRD) patterns of the cation-
stoichiometric composition (La/W=1) are consistent with the modeled phase-pure perovskite
reference pattern, with W or WN and amorphous minor secondary phases at W- and La-rich
compositions, respectively (Fig. S1). We performed electrical and optical property measurements
as a function of cation composition, which show 104-10* €2 cm resistivity and 1.0-2.5 eV optical
absorption onset with increasing La content (Fig. S2). The upper bound of these measurements is
the most representative of LaWN; due to the optoelectronically inert character of the amorphous
lanthanum oxide second phase at La-rich compositions.
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Fig. 2. Chemical composition of LaWN3 thin films. (A) Differentiated AES results and (B)
depth-resolved color intensity map for O and N, showing negligible oxygen signal beyond a thin
surface layer (RSF = Relative Sensitivity Factor). (C) Depth profile and (D) resulting element
concentration for all elements, with the average and ideal composition indicated by stars and
diamonds at the bottom and top, respectively. (E-F) STEM and EDX images, showing a
polycrystalline microstructure and chemical homogeneity of La, W and N in LaWN3 thin films.

To determine the crystal structure of LaWN;, we synthesized randomly-oriented polycrystalline
thin films by rapid thermal annealing (RTA) of atomically-dispersed amorphous La-W-N
precursor films. These samples were sputter deposited on glass substrates and protected from
oxidation with an AIN capping layer (21). The capped amorphous sample libraries were also free
of oxygen (Fig. S3) and had a distinct color change close to the La/W=1 composition (Fig. S4),
from black on the W-rich side to translucent yellow on the La-rich side. This yellow color
change is indicative of a <2.5 eV band gap. Following the RTA, we observed a randomly-
oriented polycrystalline microstructure that was evident from uniform Debye-Scherrer rings (Fig.
3A). Our Rietveld refinement of the integrated XRD patterns (Fig. 3B) shows a majority
perovskite phase along with a minority metallic tungsten (W) phase (<5% by volume) and
possibly WN phase (<1%) (Table S2). For the perovskite crystal structure refinement, we chose
candidate space groups (Table S3) calculated to be within ~100 meV/f.u. of the lowest energy
predicted R3¢ symmetry of LaWN; (17), as well as the higher energy 14 space group reported for
the LaWQ, 6N, 4 oxynitride perovskite (/9). The structure refinement, performed for the unit cell
lattice vectors and angles with all other variables held constant, resulted in low and statistically
indistinguishable residuals for both the rhombohedral (R3c, space group 161) and tetragonal (14,
space group 82) symmetries (Fig. S5). We refined lattice parameters of the ground state R3c
perovskite structure to be a = 5.64A, o = 60.33° in rhombohedral notation (2/),and a=5.67A, ¢
= 13.79 in hexagonal notation, consistent with theoretical prediction for LaWN; (/7). Our TEM-
based selected area electron diffraction (SAED) results (Fig. 3C-F) confirmed the perovskite
structure that we determined by XRD, and were similarly unable to resolve the non-polar 14 (SG
82) versus polar R3c (SG 161) structural distortions.
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Fig. 3. Crystal structure of LaWNj3 thin films. (A) Two-dimensional XRD pattern, indicating
randomly oriented polycrystalline microstructure. (B) Rietveld refinements of XRD data for
LaWNG3 thin films with a predicted rhombohedral unit cell of R3¢ symmetry (space group 161)
and bee-W minority phase (<5% by volume). (C) STEM-HAADF (high angle annular dark field)
image of an as-deposited crystalline film highlighting a single grain (in white), and (D) SAED
from this grain showing a pseudo-cubic perovskite [001] type pattern. (E) High resolution image
of a single grain showing the pseudo-cubic (011) lattice spacing and (F) the associated fast
Fourier transform of (E) indexed with a pseudo-cubic [113] type pattern.

To distinguish between the two possible polar and non-polar symmetries of LaWN; (/7,19), we
conducted piezoresponse force microscopy (PFM) measurements (27) of the crystalline LaWN;
film synthesized on the heated substrate (Fig.1, Fig. S1-2). We used a <25 nm tip radius to probe
the electromechanical response of uncapped crystalline thin films that were insulating according
to conductive atomic force microscopy (c-AFM) measurements (Fig. S6). Our PFM results show
qualitatively unambiguous piezoelectric response (Fig. 4A-F), with 65% of >4k pixels in a map
(Fig. 4D) having R>>0.8 fit of piezoelectric amplitude versus drive voltage (Fig. 4E). Our
statistical analysis of these measurement results (Fig. 4F) in terms of mean and median of all the
pixels with R>>0.8 indicate ds;¢ = 40 pm/V magnitude of effective piezoelectric strain
coefficient. This LaWNj value (Fig. 1C) is 4x larger than that of the Aly,ScosN (~10 pm/V) and
LiNbO; (~10 pm/V) reference samples (Fig. S7-8), yet smaller than the highly engineered
PbZr,5,Tip 4305 (PZT) reference sample (~150 pm/V) (Fig. S9). Our PFM results clearly indicate
a non-centrosymmetric unit cell, supporting the predicted R3c (SG 161) polar symmetry of
LaWN; (17), and ruling out I4 (SG 82) (19) as well as other centrosymmetric possibilities within
~100 meV/f.u. from the ground state (Table S3). While we are hesitant to claim quantitative
values of piezoelectric coefficient from such PFM measurements (22), the results confirm polar
symmetry of LaWNj; and indicate its strong piezoelectric response (Fig. 4A-F).
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Fig. 4. Piezoelectric properties of LaWNj thin films. (A) Atomically smooth surface of a
single LaWN3 grain, and (B) phase, (C) linearity, (D) slope of each of >4K pixels with R> > 0.8
for piezoelectric amplitude vs. drive voltage fits. (E) The best and worst fits included in this
analysis resulting in (F) a 3D histogram of these ds3 rand R? values, indicating a mean (green)
and median (magenta) value of the piezoelectric response. See supporting information for
analysis of LiNbO3, PZT, and (Alp.92Sco.08)N reference samples and details of the PFM
measurements (Fig. S7-10).

Considering the computationally predicted ferroelectric character of LaWN; (17), we attempted
to measure LaWN;j polarization reversal (Figs. SI0C-D). Our PFM measurements of the
crystalline film (27) show that the phase of the piezoelectric response of a single 200 nm grain
switches in the 0.25 - 0.50 MV/cm range. These values are similar to PbZr 5, Ti 4505 (PZT) that
we measured under identical conditions (Fig. S10), albeit with 150° instead of 180° phase change
indicating either incomplete switching or substantial charged-defect accumulation in the sample.
Due to known challenges with such PFM ferroelectric measurements (22), we attempted domain
writing across 10x10 ym area (Figs. SIOE-H), but the results were inconclusive, suggesting the
presence of defects at this larger scale. We also attempted macroscale electrical measurements
for the samples with a narrow composition gradient and small 100 ym radius contacts (27), a
process benchmarked by ferroelectric Al, ScN thin films synthesized and characterized in our
lab (23). We deposited these (111)-oriented perovskite films (Fig. S11) on several conductive
substrates (i.e., p* Si, Pt/Si) under many conditions (e.g., total power, gas ratio, film thickness,
etc.) meant to simultaneously maximize crystallinity and minimize conductivity (Fig. S11A).
Despite multiple persistent attempts, we observed no definitive polarization-field (P-E)
ferroelectric loops up to the measurement field of ~1 MV/cm, with the signal dominated by
leakage current (Fig. S11B). These microscale and macroscale electrical measurements are
difficult due to a combination of residual minor impurities (e.g., metallic W or WN measured by
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XRD) and point defects (i.e., N deficiency suggested by AES). Synthesis of higher-quality
LaWN; (theoretical E, = 1.8eV) or wider-gap LaMoN; (theoretical E, = 2.7 eV) (24) may help
decrease the leakage and help determine if these materials are indeed ferroelectric.

Nitride perovskites could substantially extend the range of possible applications of existing
commercial nitride semiconductor devices. GaN, AIN and related III-N alloys are well-
established for electronics (e.g., radio-frequency transistors), photonics (e.g., light emitting
diodes), and telecommunication (e.g., film bulk acoustic resonators) (20). Nitride perovskites
may offer additional integration advantages compared to oxide perovskites on wurtzite nitrides.
High quality epitaxial layers of thermodynamically stable nitride perovskites (similar to oxide
perovskites) would be easier to synthesize at high temperature than the recently reported
metastable (Al,Sc)N wurtzite alloys with high (>30%) Sc content (25,23). Also, compared to
oxide perovskites, nitride perovskites would be easier to integrate with GaN, similar to other
nitride wurtzites. This is because there would be no competing N/O anion exchange reaction
resulting in interfacial layer formation known from growth of oxide perovskites on Si (26). Thus,
epitaxial integration of nitride perovskites on nitride semiconductors may lead to entirely new
types of devices for a broad range of applications (20), as highlighted by examples of quantum
computing and single-photon detectors in superconductor/semiconductor nitride heterostructures

27).

Our successful synthesis and characterization of LaWNj; perovskite with polar symmetry should
lead to more experimental measurements of its properties, as well as growth and characterization
of many other theoretically predicted nitride perovskites. In addition to our measured substantial
piezoelectric response (40 pm/V) and theoretically predicted ferroelectricity (/7), there are
multiple theoretical predictions of other interesting and useful LaWN; properties that await
experimental confirmation, including unique spin textures (28) and degenerate p-type doping
(24). The relatively narrow band gap of LaWN; (theoretical E, = 1.8 €V) (24) compared to oxide
perovskites (e.g., 3.4 eV in BaTiO;) could also offer an advantage in studying a controversial
topic of solar energy conversion in perovskite materials with polar symmetry (29). Other nitride
perovskites computationally predicted to have interesting properties are metallic TbReN; with
very high anisotropy and large saturation magnetization (/6) and TaThN; with topological
insulating behavior (30). Nitride perovskites may also harbor other emergent properties or
hidden states due to the mixed covalent/ionic character of the metal-nitrogen bonds that results
from smaller electronegativity of N compared to O (/8). Thus, our work on LaWN; opens the
door to synthesis of other predicted nitride perovskites with exceptional electromechanical,
magnetic, optoelectronic, thermoelectric, topological, and quantum properties.
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