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ABSTRACT
Epitaxial integration of metals and semiconductors can enable enhanced performance and novel functionality. Achieving such pristine inter-
faces with superconducting materials is of increasing interest for quantum devices and detectors, but the experimental demonstration remains
challenging, given the very limited studies on single crystalline systems. To expand the potential materials for these systems, this work explores
the deposition of zirconium nitride superconducting thin films on GaN substrates at various temperatures using molecular beam epitaxy. A
general trend of decreasing superconducting critical temperature is observed as the deposition temperature is reduced. The optical properties
reveal a transition from metallic to dielectric behavior with colder deposition. The plasma frequency of the metallic films is also observed to
be a function of growth temperature. These results pave the way for the integration of a highly tunable metal nitride with a well-established
semiconductor system.

© 2024 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution-NonCommercial 4.0
International (CC BY-NC) license (https://creativecommons.org/licenses/by-nc/4.0/). https://doi.org/10.1063/5.0242982

Interfaces between materials are of utmost importance in mod-
ern electronic device architectures. However, when it comes to inte-
grating metals and semiconductors, the interface is often overlooked
despite the advantages of epitaxial interfaces such as enhanced con-
ductivity and transit time.1,2 Such interfaces could enable hyperbolic
metamaterials,3 metallic contacts with tailored work functions,4,5

and novel device architectures.6 The incompatibility between the
two classes of materials due to differences in bonding, symmetry,
lattice parameter, and growth conditions makes epitaxial integra-
tion difficult. The list of metal–semiconductor systems which have
been successfully demonstrated is relatively small,7,8 and the list of
superconducting metals is even smaller.

The epitaxial integration of superconductors and semicon-
ductors could result in improved performance of Josephson junc-
tion qubits, Josephson junction lasers, and single photon detec-
tors and enable new topological electron systems.9–14 The wurtzite
(InGaAl)N material system allows for a wide tunability of bandgap
ranging from infrared to deep ultraviolet and high breakdown volt-
ages and is the backbone of the blue LED and power electronics
industry. Transition metal nitrides (TMNs) have a range of attractive
properties spanning from high temperatures and chemical stability

to high hardness and can host various forms of magnetism.15–18 In
addition, a number of them are superconducting at low tempera-
tures19 and have also been reported to have strain-tunable supercon-
ducting critical temperatures (Tc).20,21 Select hexagonal (δ′-NbN,
β-Nb2N, and γ-Ta2N) and cubic TMNs (TiN, δ-NbN, TaN, and
GdN) have been demonstrated on III-N or 6H-SiC substrates and
even fabricated into devices with exciting properties.14,22–25 The
hexagonal and cubic polytypes of TMNs deposited on c-plane sub-
strates grow along the [0001] and [111] directions, respectively. GaN
substrates are closely lattice matched to cubic rock salt NbN (+1.4%)
and TaN (+2.0%) when comparing the cubic [110] to the [1120]
direction of the hexagonal materials.

ZrN is another rock salt structured TMN with a lattice mis-
match to GaN of only−0.5%. The mechanical properties of ZrN have
been well-studied,26,27 and it is an ohmic contact to n-type GaN28

and is a known superconductor with a critical temperature of 10 K
and a critical field of 6.40 T.29 Most studies on thin films of this
material have been polycrystalline material synthesized using pulsed
laser deposition or sputtering.30 However, while there are limited
reports of chemical vapor deposition of GaN on sputtered epitaxial
ZrN films,31 there have been no reports of deposition of this material
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via molecular beam epitaxy (MBE) or its growth on GaN. This paper
discusses the MBE growth of ZrN on GaN at several different sub-
strate temperatures. Since it is known that off-stoichiometries are
prevalent in the Ta and Nb nitrides deposited using MBE,23,24,32,33

we will henceforth refer to the thin films deposited here as ZrxNy.
Thin films were deposited on c-plane GaN/Al2O3 templates

at various temperatures using a Veeco GENxplor system. A multi-
temperature substrate holder (III–V components) was used to
simultaneously hold substrates at different temperatures during
simultaneous deposition.34 More details on this setup are provided
in the supplementary material. The substrate was rotated continu-
ously during deposition, and the temperature of each substrate was
continuously monitored using a k-Space Associates BandiT in black-
body mode. All samples were simultaneously exposed to nitrogen
plasma when the hottest sample on the MTZ holder reached 500 ○C
to prevent decomposition of the GaN surface. Nitrogen was supplied
using a Veeco plasma source operated at 300 W and a flow rate of
3 SCCM; corresponding to a N flux of 1 × 1015 atoms/cm2 s cali-
brated using RHEED transients of metal-rich GaN homoepitaxy at
750 ○C. The Zr was supplied via heating 4 N pure pellets in a carbon
crucible and heated using a Telemark electron beam at an output
power correlating to a nominal growth rate of 2.4 nm/min (a flux
of 1.66 × 1014 atoms/cm2 s). Once the substrate temperatures (Tsub)
reached the desired range, the samples were all exposed to Zr and
N for 25 min. The samples were then cooled under exposure to the
nitrogen plasma until the hottest sample was <500 ○C. The influence
of the substrate temperature on the crystal structure, resistivity, and
optical properties was investigated. X-ray diffraction (XRD) mea-
surements were taken on a Bruker D8 Advance x-ray diffractometer,
4-point resistivity measurements were taken as a function of tem-
perature down to 2.5 K on a Quantum Design physical property
measurement system (PPMS), and ellipsometry measurements were
taken on a J.A. Woollam M-2000 ellipsometer with an Auto Angle
ESM-300 Base at room temperature.

Figure 1 shows the XRD for ZrxNy deposited at Tsub from 530
to 970 ○C. The substrate peaks are marked with asterisks and include
those that appear at ∼52○, which are due to the Renninger effect,
which results in diffraction of normally forbidden odd-order peaks
in c-plane GaN.35 The primary diffraction peaks at all tempera-
tures are close to the GaN substrate peaks. At growth temperatures

>738 ○C, a clear peak emerges at ∼40○ corresponding to the (001)
orientation of a matching cubic ZrxNy phase that showed a (111)
peak at the lower angle and is marked with a square. Thus, we pos-
tulate that all the primary peaks are due to the same phase and the
underlying substrate is forcing the material to grow (111) oriented,
despite the formation of (001) being more favorable at elevated tem-
peratures. The ZrxNy (001) peaks are most intense at Tsub = 810 ○C
(yellow); this is also the only temperature at which the peaks near to
the substrate decrease in intensity, suggesting a possible existence of
a growth window for a (001)-oriented ZrxNy.

A closer look at the second order reflections [Fig. 1(b)] reveals
that increasing Tsub results in the diffraction peak shifting to lower
angles, increasing in intensity, and decreasing full-width at half max-
imum. There are several potential stable or metastable cubic and
hexagonal ZrxNy phases, which have (111) or (0001) planes, marked
with triangles, which would also give strong diffraction in the 70–72○

range.36 The lower intensity and peak shift with decreasing Tsub
could correspond to a transition to an amorphous Zr3N4 phase.37

The extracted parameters from peak fitting are plotted in Fig. 1(c).
This peak fitting (details in the supplementary material) reveals that
the high angle shoulders, which are observed in all samples, corre-
spond to diffraction emerging from the Cu kα2 x rays. However, the
shoulder in the sample with Tsub = 810 ○C cannot be fully explained
by Cu kα2 and shows the presence of peaks at 71.24 and 71.44○.
This sample also has the largest parasitic (001) peak at 41○, which
could signify the growth of competing phases with similar lattice
constants under these conditions. RHEED at different rotations, on
similar samples (Fig. S2.1 of the supplementary material), reveals
that an azimuthal relationship is maintained between the deposited
ZrxNy and the underlying GaN substrate, signifying some epitaxial
relationship.

The electrical resistivity (ρ) of ZrxNy films was measured as a
function of temperature and magnetic field. The resistivity of the
samples varies over orders of magnitude; thus, the ρ normalized to
the resistivity at 250 K [Fig. 2(a)] and 11 K [Fig. 2(b)] is plotted
to allow for easier observation of the trends and features, and the
extracted parameters from these data are displayed in Fig. 2(c). The
transport properties of these samples generally follow trends indica-
tive of metallic behavior. The sample deposited at 884 ○C shows
the lowest ρ at both elevated temperature and low temperature,

FIG. 1. 2θ-ω XRD diffraction patterns for ZrxNy over (a) a wide angle and (b) magnified about the second order reflections. (c) Extracted peak positions of the second order
peaks.
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16.5 (T = 16.5 K) and 6.7 μΩ⋅cm (T = 10 K), respectively. The
room temperature ρ for this sample is 19 μΩ⋅cm, close to the value
observed for bulk rock salt ZrN (12 μΩ⋅cm), and within the range of
observed resistivity for films made by other methods.38,39 This sam-
ple also had the highest residual resistivity ratio (RRR), defined for
these samples as ρ(250 K)/ρ(11 K). Deviation from Tsub = 884 ○C
results in higher resistivities and a lower RRR. The sample deposited
at the lowest Tsub has an RRR of ∼1. This contrasts what is displayed
in Fig. 2(a), where ρ/ρ(250 K) > 1. Normalization with respect to
ρ(250 K) was done because of an observed sharp drop in ρ observed
at ∼290 K for this sample (supplementary material). After this drop,
the ρ continues to decrease in a metallic fashion until ∼80 K when
ρ increases, before starting to turn down at ∼3.2 K. Detailed inves-
tigation into the atypical temperature dependent resistivity in this
sample is beyond the scope of the current investigation.

The superconducting critical temperatures (Tc) are defined as
the position of the maximum in the first derivative δρ/δT, and Tρ=0 is
defined by the first data point at which ρ ≈ 0. Decreasing Tsub shows
a general decrease in the observed Tc values [Fig. 2(c3)]. The sample
with the highest Tsub shows the first sharp drop in ρ at Tc1 = 8.5 K.
However, despite another drop at Tc2 = 7.1 K, the resistance does not
drop to zero for this sample. These features suggest the presence of
discrete regions of off-stoichiometry or phases that have different Tc
values.40 When there is no percolation path between these regions,
plateaus arise in the resistivity until the temperature is decreased
below the critical temperature of other regions and a lossless con-
duction path is formed. While the Tc values generally trend toward

lower temperatures as Tsub decreases, the presence of a complete per-
colation path does not follow the same trend. However, there seem
to be shared values in which the temperature drops occur, suggest-
ing that it is not a smooth variation in Tc, and rather the coexistence
of discrete phases or off-stoichiometries, which are more stable in
these samples. The XRD shown previously does not suggest the pres-
ence of a large amount of another phase for any sample other than
Tsub = 810 ○C. Interestingly, this sample also falls most out of the
resistance trends observed, showing a gradual drop that is estimated
to have a Tc of ∼3.9 K, but does not drop to zero in the temper-
ature range measured. The magnetoresistance reveals that samples
with similar critical temperatures also share similar critical fields
suggesting the presence of shared phases. More details regarding
magnetoresistance are provided in the supplementary material.

The as-grown samples for high Tsub were an opaque
silver–gold, but as Tsub decreased, this transitioned to a translucent
purple for the lowest growth temperature. Thus, room temperature
ellipsometry was performed to investigate the optical properties and
correlate with the transport behavior. Figure 3 shows the permit-
tivity in real and imaginary space (ε′ and ε′′), refractive index (n),
and extinction coefficient (k). The fitting details are supplied in the
supplementary material. The samples show a divided behavior; the
high temperature samples (Tsub > 800 ○C) and the low temperature
samples (Tsub < 700 ○C) are grouped together, while the sample with
Tsub = 738 ○C lies between the two types.

Across the wavelengths measured, ε′ is positive for low Tsub
samples signifying more dielectric-like materials, but high values

FIG. 2. (a) Resistivity normalized to the
value at 250 K for samples deposited
at different Tsub. (b) Magnification of the
low temperature region normalized to
ρ(11 K). (c) Extracted parameters show-
ing (c1) ρ at 250 K (black) and 10 K (red),
(c2) RRR, and (c3) temperatures where
drops in ρ are observed.
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FIG. 3. Values of (a) ε′, (b) ε′′, (c)
n, and (d) k, calculated from ellipsom-
etry on samples grown at various Tsub.
The shaded regions represent error bars
from measurements conducted at mul-
tiple locations on the substrate. If not
visible, they lie within the width of the
data points.

for ε′′ would mean they were also lossy. This matches the electri-
cal transport for the lowest temperature sample. Samples with Tsub
≥ 738 ○C have largely negative ε′ over the wavelengths measured, but
the wavelength they cross over zero increases with decreasing tem-
perature from 388, 402 to 534 nm. This corresponds to a change in
the plasma frequency of the material. The imaginary part (ε′′) is pos-
itive for all samples at these wavelengths, but the high temperature
samples begin to approach zero at short wavelengths. The complex
permittivity shows a distinct difference, especially at short wave-
lengths, between the high and low temperature samples. The quality
factor of a plasmonic material can be defined as Q = ε′2/ε′′,41,42 and
while the absolute value of Q is not as high for these materials, as say
Ag or Au, it is still increasing at long wavelengths, so the high Tsub
materials could be useful for long-wave applications.

The refractive indices are also broken into similar groups. The
low Tsub samples show higher values and a more wavelength depen-
dence than the high Tsub samples. With decreasing Tsub, k generally
decreases. This holds true at long wavelengths, but there is an inflec-
tion at ∼500 nm for the low Tsub samples, which begin to absorb
more strongly than the high Tsub samples <450 nm. Reports on
ZrxNy films deposited via other methods show similar tunability
in optical properties by changing other growth parameters such as
N overpressure, flow rate, or oxygen concentration, indicating a
strong dependence on stoichiometry.43 These general trends of these
optical properties agree with the structural and electronic transport
property measurements discussed earlier in this paper. This work
showed the changes in ZrxNy properties as a function of temper-
ature when deposited by MBE. The similarity in the position and
symmetry of peaks observed in RHEED suggests a high degree of
crystallinity and azimuthal orientation with respect to the substrate.
While samples deposited at elevated temperatures appear highly

crystalline, XRD shifts at lower temperatures suggest a variation
in stoichiometry and loss of crystallinity. The shift in diffraction
peaks correlates with different superconducting critical tempera-
tures ranging from 3.2 to 8.8 K, with higher deposition temperatures
showing generally higher Tc values. However, the highest tempera-
ture sample did not show the lowest resistivity. Temperature depen-
dent resistivity measurements showed that decreasing the growth
temperature results in increased resistivity, eventually transitioning
to a more insulator-like behavior. This was supported by room tem-
perature ellipsometry where the low and high growth temperatures
were more dielectric and metallic, respectively. In addition, a growth
temperature dependence of the plasma wavelength of the metallic
samples was also observed. This work opens the door for the inte-
gration of another superconducting and plasmonic transition metal
nitride with wide bandgap semiconductors using MBE.

SUPPLEMENTARY MATERIAL

See the supplementary material for information on the fol-
lowing: (1) multi-temperature zone growth methods, (2) RHEED
images of ZrxNy films on GaN templates, (3) details on XRD peak
deconvolution and relationships with resistivity data, and (4) optical
property characterization using spectroscopic ellipsometry.
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