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ABSTRACT
We report the phase-selective epitaxy of δ-NbN, γ-Nb4N3, and β-Nb2N thin films on AlN/sapphire templates by sputtering. Structural 
analysis revealed coherent epitaxial growth with sharp x-ray diffraction fringes, phase-dependent surface reconstructions observed by 
reflection high-energy electron diffraction, and atomically flat morphologies with a root-mean-square roughness below 1 nm. Reciprocal 
space mapping confirmed lattice coherence, while rocking curves exhibited narrow full width at half maximum values for δ-NbN and 
β-Nb2N, with slightly broader peaks for γ-Nb4N3. Transport measurements showed distinct superconducting behaviors: δ-NbN displayed 
an insulating-like resistivity upturn with Tc ∼ 12 K, γ-Nb4N3 exhibited metallic behavior with Tc ∼ 10 K, and β-Nb2N showed metallic con
duction with Tc as low as 0.4 K, indicating high phase purity. The retention of high Tc values in ultrathin films underscores the robustness 
of sputter-grown NbNx on AlN. These results define the growth windows for multiple NbNx phases and establish AlN as a versatile 
platform for integrating superconductivity with III-nitride semiconductors in future hybrid devices.

© 2026 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license 
(https://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0311297

I. INTRODUCTION
Niobium nitride (NbNx) has long attracted attention as a 

superconducting material due to its relatively high critical temper
ature (Tc ∼ 17–18 K for δ-NbN),1 short coherence length 
(ξ ≈ 4–7 nm),2 mechanical robustness,3,4 and chemical stability.5
Owing to these favorable properties, NbNx is widely explored for 
applications in superconducting qubits,6,7 single-photon detec
tors,8,9 and hot-electron bolometers.10,11 However, the perfor
mance of these devices is highly sensitive to the crystalline phase 
and structural homogeneity of the NbNx films. The spontaneous 
formation of multiple polymorphs during growth can introduce 
local variations in the Tc and magnetic penetration depth, which 
lead to increased noise in detectors and reduced coherence times 
in quantum circuits. Since the discovery of superconductivity in 
NbN in 1941,12 numerous studies have revealed that NbNx forms 
several crystal polymorphs in addition to the stable rocksalt 

δ-NbN phase, including γ-Nb4N3,13 β-Nb2N,14–16 ϵ-NbN,4 and 
others.17,18 These polymorphs exhibit markedly different super
conducting transition temperatures, yet systematic investigations 
of epitaxial single-crystal films remain limited, leaving the relation
ship between crystal phase, structural coherence, and supercon
ducting properties unresolved.

The epitaxial growth of NbNx has been demonstrated on 
MgO19,20 and SiC21,22 substrates, with lattice mismatches of 
approximately 4.3% and 0.7% for δ-NbN, respectively. However, 
group-III nitrides such as AlN8,23,24 and GaN25–29 offer distinct 
advantages: They provide even closer lattice compatibility with 
NbNx (−0.2% for δ-NbN/AlN and 2.7% for δ-NbN/GaN), while 
also enabling mature device technologies and supporting high 
breakdown fields. This combination makes III-nitrides attractive 
platforms for superconductor–semiconductor integration. 
Notably, GaN/NbN heterostructures have been reported to host 
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two-dimensional electron gases,27,30 underscoring the potential for 
combining superconductivity with III-nitride functionalities.

Despite their promise, reports on the epitaxial growth of dis
tinct NbNx phases on AlN remain scarce, and their structural and 
superconducting characteristics are not yet well understood. 
Establishing a growth window that allows for the selective stabili
zation of a single NbNx phase on AlN is therefore essential for 
eliminating the detrimental effects of phase coexistence and for 
the realization of high-performance hybrid quantum devices. In 
this work, we demonstrate the phase-selective sputter epitaxy of 
δ-NbN, γ-Nb4N3, and β-Nb2N thin films on atomically flat AlN/ 
sapphire templates. The surface morphology, crystalline quality, 
and superconducting transport properties of these films were sys
tematically characterized, establishing the growth windows for 
each phase and providing a foundation for future superconductor– 
semiconductor hybrid devices.

II. EXPERIMENTAL
Epitaxial NbNx thin films were grown on AlN/sapphire tem

plates consisting of a 200 nm-thick AlN layer deposited by sputter
ing and subsequently annealed in a face-to-face configuration at 
1700 °C,31 followed by the growth of a 160 nm-thick AlN homoe
pitaxial cap layer by metalorganic vapor phase epitaxy. The result
ing AlN templates exhibited an in-plane lattice constant of 
∼3.09 Å and x-ray rocking curve (XRC) measurements yielded full 
width at half maximum (FWHM) values of 10–12 arc sec for the 
(0002) reflection and 240–260 arc sec for the (10�12) reflection. 
DC-pulsed sputtering was carried out using a 2 in. Nb target 
(99.9%) at a base pressure ∼10−8 Pa. To control the phase-selective 
growth, the gas chemistry and pulsing parameters were optimized 
for each phase. For δ-NbN and γ-Nb4N3, pure N2 was introduced 
(Ar:N2 = 0:100 SCCM) at a total pressure of 2.7 Pa, with a pulse 
frequency of ∼4.2 kHz and a pulse-on time of 40 μs (duty 
cycle ∼ 17%). For β-Nb2N, the nitrogen partial pressure (PN2) was 
reduced to 0.5% using an Ar:N2 ratio of 400:2 SCCM at a total 
pressure of 0.54 Pa, with a pulse frequency of 5 kHz and a 4 μs 
pulse width (duty cycle 2%). The PN2 was drastically reduced to 
0.5% for β-Nb2N growth to achieve the required sub- 
stoichiometry, as the β phase is only stable under very low nitro
gen chemical potentials compared to the δ and γ phases.24,32 The 
pulse powers were set to 50–55 W. Substrate temperatures of 800, 
1000, or 1100 °C were employed, and the resulting film thicknesses 
ranged from 5 to 25 nm. Phase selection was achieved by simulta
neously tuning the substrate temperature and nitrogen partial 
pressure via these optimized pulsing and gas-flow conditions.

Structural and surface characterizations were performed 
using high-resolution x-ray diffraction (2θ/ω scans and symmet
ric/asymmetric reciprocal space mapping), reflection high-energy 
electron diffraction, and atomic force microscopy. The supercon
ducting transport properties were evaluated by low-temperature 
four-probe resistivity measurements in a 3He cryostat. Indium 
electrodes were deposited on the samples and connected to the 
measurement probe with gold wires. Tc was defined as the temper
ature corresponding to 50% of the normal-state resistance. 
Magnetic-field-dependent measurements were conducted using a 
physical property measurement system (PPMS).

III. RESULTS AND DISCUSSION
X-ray diffraction 2θ/ω scans (Fig. 1) revealed the phase- 

selective epitaxy of NbNx on AlN/sapphire. The diffraction peak 
positions systematically shifted with growth conditions, enabling 
identification of the corresponding crystalline phases. Under 
N2-rich conditions (PN2 = 100%), increasing the substrate tempera
ture transformed the phase from δ-NbN at 800 °C to γ-Nb4N3 at 
1100 °C, consistent with previous reports by Kobayashi et al.24 and 
Wright et al.32 In contrast, reducing the N2 fraction to 0.5% at 
1000 °C stabilized β-Nb2N, which has not been previously 
reported for sputter epitaxy. All films exhibited sharp diffraction 
peaks with pronounced interference fringes, confirming coherent 
epitaxy on the AlN/sapphire templates. XRC measurements were 
performed to assess the crystalline quality of δ-NbN, γ-Nb4N3, and 
β-Nb2N films. Tilt components were analyzed using the (111) 
reflection for δ-NbN, (112) for γ-Nb4N3, and (0002) for 
β-Nb2N. All films showed narrow full FWHM below 400 arc sec, 
with δ-NbN exhibiting the sharpest peak. The XRC FWHM values 
below 400 arc sec for all films indicate high crystalline quality 
across the investigated thickness range. Twist components were 
evaluated using the (002) reflection for δ-NbN, (004) for γ-Nb4N3, 
and (10�12) for β-Nb2N. δ-NbN and β-Nb2N exhibited FWHM 
values below 800 arc sec, whereas γ-Nb4N3 exceeded 1000 arc sec, 
indicating reduced in-plane coherence. To contextualize these 
results, a quantitative comparison with previously reported 
FWHM values for epitaxial NbNx films grown by various methods 
and on different substrates is provided in Table S1 in the 
supplementary material. Our sputtered films exhibit crystallinity 

FIG. 1. XRD 2θ scans of δ-NbN, γ-Nb4N3, and β-Nb2N epitaxially grown on 
AlN. The growth temperature and N2 partial pressure (PN2) are indicated.

J. Appl. Phys. 139, 185301 (2026); doi: 10.1063/5.0311297                                                                                                                                            139, 185301-2 
© Author(s) 2026 

 
1
0
 
J
u
n
e
 
2
0
2
6
 
0
5
:
3
5
:
0
1

https://doi.org/10.60893/figshare.jap.c.8433342
https://pubs.aip.org/aip/jap


Journal of  
Applied Physics 

ARTICLE pubs.aip.org/aip/jap

comparable to previously reported high-quality films grown by 
MBE, highlighting the effectiveness of the atomically flat AlN tem
plates. The crystalline quality of the NbNx films is fundamentally 
constrained by the structural anisotropy of the AlN template. The 
template’s narrow out-of-plane tilt (10–12 arc sec) allows for 
nearly ideal vertical alignment, which is a prerequisite for the 
observation of pronounced Pendellösung fringes and the mainte
nance of atomically flat surface morphologies. Conversely, the 
broader in-plane twist of AlN (240–260 arc sec) establishes the 
baseline for the in-plane mosaicity of the NbNx layers. The NbNx 
films inherit and further expand this mosaic spread, as reflected in 
their in-plane FWHM values. No systematic dependence of XRC 
FWHM on film thickness (5–25 nm) was observed, suggesting that 
crystallinity remains largely thickness-independent within this 
range. This indicates that the epitaxial growth is stable across the 
investigated thickness range and that structural degradation with 
thickness is negligible. Overall, all NbNx phases exhibited narrow 
XRC widths indicative of high crystalline quality, with γ-Nb4N3 
showing slightly degraded in-plane coherence compared with 
δ-NbN and β-Nb2N. Detailed thickness-dependent structural and 
superconducting parameters are summarized in Table S1 in the 
supplementary material. The in-plane misorientation of β-Nb2N is 
primarily attributed to the lattice mismatch with the AlN template 
(−1.8%). Despite the hexagonal-on-hexagonal symmetry match
ing, this relatively significant mismatch promotes the formation of 
in-plane domain boundaries and mosaicity.

Reflection high-energy electron diffraction (RHEED) patterns 
(Fig. 2) were recorded along the AlN[11�20] and [10�10] azimuths 
for (a) δ-NbN, (b) γ-Nb4N3, and (c) β-Nb2N. All films exhibited 
streaky features, confirming atomically flat surfaces. For δ-NbN 
and γ-Nb4N3, half-order streaks were observed along both 

azimuths, corresponding to a (2 × 2) surface reconstruction, 
which is commonly associated with the ordering of adatoms or 
vacancies on (111)-oriented nitride surfaces. Previous studies 
have shown that nitrogen loss from NbN surfaces can induce a 
(2 × 2) reconstruction, suggesting that such reconstructions may 
be related to nitrogen vacancy formation.33,34 In contrast, 
β-Nb2N displayed one-sixth-order streaks along the AlN[10�10]
azimuth, indicative of a (1 × 6) reconstruction. While Katzer 
et al. reported a (2 × 2) reconstruction for MBE-grown β-Nb2N,14

our observation of a (1 × 6) periodicity may reflect a different 
long-range ordering, possibly related to nitrogen vacancies or 
surface relaxation in sputter-deposited films on AlN. However, 
direct evidence of vacancy ordering is not available in the present 
study. The presence of these well-defined, phase-specific recon
structions provide compelling evidence of high crystalline quality 
and an atomically ordered surface, confirming a controlled epi
taxial growth mode.

AFM images (Fig. 3) reveal the distinct surface morphologies 
of the AlN template and the epitaxial NbNx films. The AlN tem
plate [Fig. 3(a)] exhibited atomically flat step-and-terrace struc
tures oriented along the AlN[�1100] direction. Both δ-NbN 
[Fig. 3(b)] and γ-Nb4N3 [Fig. 3(c)] inherited this morphology, dis
playing triangular and inverted-triangular domains characteristic 
of twinned growth on AlN. This twinning arises from the symme
try mismatch between the threefold rotational symmetry of the 
cubic δ-NbN (111) [or tetragonal γ-Nb4N3(112)] growth plane and 
the sixfold symmetry of the hexagonal AlN(0001) template. On 
such a surface, two distinct domain orientations rotated by 180° 
are energetically equivalent, leading to the nucleation of triangular 
grains pointing in opposite directions. Such twinning in δ-NbN is 
consistent with previous reports,23 while its occurrence in 

FIG. 2. RHEED patterns of (a) 
δ-NbN, (b) γ-Nb4N3, and (c) β-Nb2N 
films grown on AlN, recorded along 
the AlN[11�20] and [10�10] azimuths. 
Streaky features confirm atomically flat 
surfaces. δ-NbN and γ-Nb4N3 exhibit 
(2 × 2) surface reconstructions, while 
β-Nb2N shows a (1 × 6) 
reconstruction.
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γ-Nb4N3 likely arises from the structural similarity between δ-NbN 
(111) and γ-Nb4N3 (112) growth planes. All NbNx films exhibited 
RMS roughness values below 1 nm, confirming their smooth sur
faces. Among them, β-Nb2N showed the flattest morphology 
[Fig. 3(d)], which is attributed to the matching hexagonal crystal 
symmetry between β-Nb2N and the AlN substrate, which sup
presses the formation of rotational twins. To further investigate 
the domain structures and the origin of the triangular features 
observed in AFM, azimuthal φ-scans were performed for off-axis 
reflections, such as the (002) reflection for δ-NbN and (004) for 
γ-Nb4N3. As shown in Fig. S1 in the supplementary material, these 
scans exhibit sixfold rotational symmetry instead of the threefold 
symmetry expected for a single-domain crystal. This result pro
vides structural evidence for the formation of 180° rotational 

twins, which arises from the symmetry mismatch between the epi
taxial layers and the hexagonal AlN(0001) surface.

Reciprocal-space maps (RSMs) around the AlN(10�13) reflec
tion (Fig. 4) confirm coherent growth of δ-NbN (10 nm), γ-Nb4N3 
(6 nm), and β-Nb2N (24 nm), as evidenced by the coincidence of 
their qx coordinates with that of AlN. For γ-Nb4N3, a single recip
rocal lattice point was observed when grown coherently on AlN, 
whereas Wright et al.32 reported two distinct reciprocal points for 
γ-Nb4N3 grown on sapphire, attributed to a slight tetragonal dis
tortion. This difference indicates that γ-Nb4N3 grows on AlN in a 
δ-NbN-like epitaxial mode. For β-Nb2N, coherent growth was 
maintained despite a large in-plane tensile strain of 1.8%, calcu
lated from the bulk lattice constant (a = 0.3055 nm14). This behav
ior suggests that the β phase may accommodate strain through 

FIG. 3. AFM images of (a) AlN template, (b) δ-NbN (10 nm), (c) γ-Nb4N3 (15 nm), and (d) β-Nb2N (24 nm) films. All surfaces are atomically smooth with RMS rough
ness below 1 nm.

FIG. 4. RSMs around AlN(10�13) for 
(a) δ-NbN (10 nm), (b) γ-Nb4N3 
(6 nm), and (c) β-Nb2N (24 nm) films 
grown on AlN/sapphire.
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structural flexibility associated with the configurational freedom of 
nitrogen-site occupancy, which may contribute to the observed 
coherent growth despite the lattice mismatch. Specifically, in 
transition-metal nitrides, the nitrogen sublattice typically contains 
a significant concentration of vacancies. The redistribution of 
these nitrogen vacancies within the interstitial sites of the Nb sub
lattice allows the system to adjust its stoichiometry and unit-cell 
volume. This flexibility may contribute to the accommodation of 
strain under epitaxial constraint and thus to the observed coherent 
growth despite the lattice mismatch.24 To quantify the structural 
properties, the lattice parameters of the epitaxial films were ana
lyzed using both symmetric XRD and RSM measurements. The 
in-plane lattice parameters for all three phases were found to be 
constrained to that of the AlN template (a ≈ 3.09 Å). The experi
mental out-of-plane d-spacings for each phase were determined 
from the peak positions: d111 = 2.54 Å for δ-NbN, d112 = 2.50 Å for 
γ-Nb4N3, and d0002 = 2.46 Å for β-Nb2N. These values, while 
slightly shifted from bulk standards due to the Poisson effect 
under the lattice-mismatched constraint, are consistent with the 
formation of phase-pure epitaxial layers as supported by RHEED 
analysis.

The superconducting transport properties of the NbNx thin 
films were systematically evaluated. Figure 5(a) shows the tempera
ture dependence of the normalized resistance up to 300 K, while 
Fig. 5(b) presents an enlarged view of the superconducting transi
tion region. The temperature-dependent behavior clearly varied 
with crystal phase. δ-NbN exhibited an insulating-like resistivity 
upturn upon cooling. In contrast, γ-Nb4N3 and β-Nb2N showed 
metallic conduction, with resistivity decreasing toward low tem
perature. The magnitude of the resistivity change differed among 
the phases, as reflected in the residual resistivity ratio (RRR), 
defined as R(300 K)/R(T just above Tc). The estimated RRR values 
were approximately 0.7 for δ-NbN, 1.1 for γ-Nb4N3, and 1.7 for 
β-Nb2N. Because the low-temperature resistivity approaches the 
residual value determined by impurities and lattice defects, the 
larger RRR of β-Nb2N indicates higher crystalline purity and fewer 
scattering centers. To explain the temperature dependence of 

resistivity in δ-NbN, we consider the model proposed by Treece 
et al.,35 which assumes that the film is composed of metallic NbN 
grains encased in an insulating Nb3N4 shell. Under the nitrogen- 
rich growth conditions used for the δ phase, the formation of such 
resistive Nb3N4 inclusions at grain boundaries may dominate the 
transport behavior at low temperatures, resulting in the observed 
“insulating-like” resistivity upturn prior to the superconducting 
transition. The superconducting transition temperature Tc also 
varied systematically with phase: ∼12 K for δ-NbN, ∼10 K for 
γ-Nb4N3, and 0.4 K for β-Nb2N. Tc was defined using the 50% cri
terion of the normal-state resistance. δ-NbN consistently exhibited 
the highest Tc, whereas β-Nb2N showed the lowest, consistent with 
previous reports.24,32 The phase purity of the β-Nb2N films is sup
ported by the absence of superconducting signatures above 1 K, 
although the presence of minor secondary phases cannot be 
completely ruled out due to the absence of direct structural confir
mation. Given that the δ and γ phases possess Tc values an order 
of magnitude higher, their presence as secondary phases would 
likely trigger a detectable resistance drop at higher temperatures.

The observed variations in Tc—ranging from ∼12 K for 
δ-NbN to ∼0.4 K for β-Nb2N—can be understood by structural 
symmetry and nitrogen stoichiometry.1 The δ phase, characterized 
by a symmetric rocksalt structure and high nitrogen content, facili
tates a high electronic density of states at the Fermi level and 
robust electron–phonon coupling, leading to the highest Tc among 
the polymorphs. In contrast, the hexagonal β phase exhibits a sig
nificantly lower Tc due to its reduced nitrogen concentration and 
lower crystalline symmetry, which alters the Fermi surface topol
ogy. The metallic conduction observed in our β-Nb2N films down 
to 0.4 K further underscores the high phase purity achieved 
through our sputter epitaxy process.

The superconducting upper critical fields HC2 of δ-NbN and 
γ-Nb4N3 thin films were evaluated using a PPMS equipped with a 
0–14 T superconducting magnet. The magnetic field orientation 
(parallel or perpendicular to the film plane) was controlled by 
rotating the sample stage. The temperature-dependent resistance 
was normalized to the normal-state resistance at 50 K (R50), 

FIG. 5. Temperature-dependent nor
malized resistance of δ-NbN, γ-Nb4N3, 
and β-Nb2N thin films grown on AlN/ 
sapphire. (a) Full temperature range 
up to 300 K, illustrating phase- 
dependent metallic and insulating 
behaviors. (b) Enlarged view of the 
superconducting transition region, with 
Tc determined using the 50% criterion 
of the normal-state resistance.
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corresponding to the fully normal conducting state for all samples. 
Figure 6 shows the temperature-dependent normalized resistance 
R/R50K of a 5 nm-thick δ-NbN film [Figs. 6(a) and 6(b)] and a 
6 nm-thick γ-Nb4N3 film [Figs. 6(c) and 6(d)] under magnetic 
fields applied perpendicular and parallel to the film plane, respec
tively. Given their nearly identical thicknesses, these two samples 
provide a direct comparison of the phase-dependent anisotropy in 
the 2D limit. Tc decreased with increasing magnetic field, with a 
weaker suppression for the in-plane field, indicating pronounced 
anisotropy in the upper critical field. Figure 6(e) summarizes the 
relationship between Tc and the applied magnetic field for δ-NbN 
and γ-Nb4N3 films in both field orientations. The experimental 
data near Tc were fitted using the Ginzburg–Landau (GL) model 
for anisotropic superconductors.27

H?c2(T) ¼
Φ0

2πξ2 1 �
T
Tc

� �

, (1) 

Hkc2(T) ¼
ffiffiffiffiffi
12
p

Φ0

2πξd
1 �

T
Tc

� �1
2

, (2) 

where H?c2(T) and Hkc2(T) are the upper critical fields for magnetic 
fields applied perpendicular and parallel to the film plane, 

respectively. Φ0 ¼ h/2e is the magnetic flux quantum, ξ is the GL 
coherence length at zero temperature, d is the superconducting 
film thickness, and Tc is the zero-field transition temperature. 
The zero-temperature upper critical fields, H?c2(0) and Hkc2(0), 
are defined as the T → 0 limits of these expressions, i.e., 
H?c2(0) ¼ Φ0/(2πξ2) and Hkc2(0) ¼

ffiffiffiffiffi
12
p

Φ0/(2πξd), and were experi
mentally determined by extrapolating the fitted curves to T = 0. 
The fitting yielded H?c2(0) values of approximately 21 T for δ-NbN 
and a smaller value of 13 T for the γ-Nb4N3 film. The correspond
ing GL coherence lengths (ξ) were estimated to be approximately 
4 nm for δ-NbN and 5 nm for γ-Nb4N3, both smaller than their 
respective film thicknesses. The in-plane upper critical field Hkc2(0)
reached 55 T for the δ-NbN film and approximately 38 T for the 
γ-Nb4N3 film, indicating that δ-NbN possesses a higher tolerance 
to in-plane magnetic fields. For the 25 nm-thick γ-Nb4N3 film, 
similar measurements were conducted under magnetic fields 
applied parallel and perpendicular to the film plane. 
Superconductivity was suppressed at relatively low magnetic fields 
of ∼4 T (perpendicular) and ∼6 T (parallel). While the degree of 
anisotropy is reduced compared to the ultrathin films, the distinct 
difference between the two orientations indicates that the film is 
in a dimensionality crossover regime. For the 25 nm-thick 
γ-Nb4N3 film, this reduced anisotropy reflects a crossover from the 
ultrathin regime toward more three-dimensional superconducting 

FIG. 6. Temperature-dependent normalized resistance (R/R50) of 5 nm-thick δ-NbN and 6 nm-thick γ-Nb4N3 thin films under magnetic fields applied perpendicular and 
parallel to the film plane. δ-NbN [(a) and (b)] and γ-Nb4N3 [(c) and (d)] films measured under 0–14 T. The in-plane field exhibits weaker suppression of Tc than the per
pendicular field, indicating strong anisotropy in the upper critical field. (e) Plots of Tc vs critical magnetic field with Ginzburg–Landau fittings.
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behavior. In this regime, the observed anisotropic behavior is still 
described within the framework of the GL model. The extracted ξ 
for our films are summarized in Table S2 in the supplementary 
material, alongside reported values for various NbNx polymorphs 
on different substrates. For the δ-NbN phase, we obtained 
ξ ≈ 3.9 nm, which is consistent with values reported for sputtered 
films on MgO (4.3–5.0 nm) and sapphire (4–6 nm). The larger ξ 
(∼11 nm) observed in some MBE-grown films on SiC may be 
related to their relatively lower Hc2(0) and Tc values compared to 
our sputtered films, as ξ is inversely proportional to the square 
root of Hc2(0) in the Ginzburg–Landau framework.

IV. CONCLUSIONS
In summary, we achieved the phase-selective sputter epitaxy 

of δ-NbN, γ-Nb4N3, and β-Nb2N thin films on atomically flat AlN 
templates. All NbNx phases exhibited coherent epitaxial growth 
with atomically smooth surfaces and high crystalline quality. 
Superconducting transport measurements revealed distinct phase- 
dependent characteristics, with Tc ≈ 12 K for δ-NbN, ≈10 K for 
γ-Nb4N3, and 0.4 K for β-Nb2N. High-field measurements showed 
pronounced anisotropy of the upper critical field in ultrathin 
δ-NbN and γ-Nb4N3 films, whereas thicker γ-Nb4N3 displayed 
nearly isotropic behavior. This thickness-dependent evolution of 
Hc2 highlights the role of dimensionality in determining the super
conducting properties of NbNx. These results define the growth 
windows and superconducting properties of NbNx polymorphs on 
AlN and provide key insights into phase stability, strain accommo
dation, and dimensional effects in transition-metal nitride super
conductors. The demonstrated structural and superconducting 
compatibility between NbNx and III-nitride semiconductors estab
lishes a solid foundation for future hybrid quantum and electronic 
devices that integrate superconductivity with wide-bandgap 
functionality.

SUPPLEMENTARY MATERIAL
See the supplementary material for additional structural and 

superconducting data. Figure S1 presents azimuthal ϕ-scans of 
off-axis XRD reflections for δ-NbN and γ-Nb4N3 films, providing 
evidence of rotational twinning. Table S1 contains a comprehen
sive comparison of the structural properties, specifically the XRC 
FWHM, of δ-NbN, γ-Nb4N3, and β-Nb2N thin films with previ
ously reported values. Furthermore, Table S2 offers a comparison 
of superconducting parameters, including upper critical fields and 
Ginzburg–Landau coherence lengths, between this work and the 
existing literature.
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