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ABSTRACT
Ultrathin (5–50 nm) epitaxial superconducting niobium nitride (NbN) films were grown on AlN-
buffered c-plane Al2O3 by an industrial scale physical vapor deposition technique at 400°C. Both
X-ray diffraction and scanning electron microscopy analysis show high crystallinity of the (111)-
oriented NbN films, with a narrow full-width-at-half-maximum of the rocking curve down to 0.030°.
The lattice constant decreaseswith decreasingNbN layer thickness, suggesting lattice strain for films
with thicknessesbelow20 nm. The superconducting transition temperature, the transitionwidth, the
upper critical field, the irreversibility line, and the coherence length are closely correlated to the film
thickness.

IMPACT STATEMENT
This work realized high quality ultrathin epitaxial NbN films by an industry-scale PVD technology at
low substrate temperature, which opens up new opportunities for quantum devices.

ARTICLE HISTORY
Received 14 April 2021
Accepted 16 April 2021

KEYWORDS
Ultrathin superconducting
films; NbN; epitaxial growth;
physical vapor deposition

Introduction

The ability to growniobiumnitride (NbN) films by differ-
ent techniques and the relatively higher superconducting
transition temperature (TC) in comparison with other
transition metal based superconducting materials have
madeNbN one of themost widely studied superconduct-
ing materials for a range of applications. For example,
NbN has emerged as a preferred material for super-
conducting nanowire single photon detectors (SNSPD)
[1–5]. Epitaxial NbN films have also been investigated
as the superconducting electrode for Josephson junctions
in superconducting quantum interference devices, super-
conducting qubits, and rapid single flux quantum logic
circuits [6–11].
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Superconducting NbN thin films have been deposited
using different methods including reactive DC/RF mag-
netron sputtering [12,13], pulsed laser deposition (PLD)
[14,15], chemical vapor deposition (CVD) [16,17],
molecular beam epitaxy [18,19], atomic layer deposition
[20,21], and polymer-assisted deposition (PAD) [22].
Different materials such as MgO [5,23], SiC [24,25],
Al2O3 [26,27], Si [28,29], and GaAs [3,30] have been
used as the substrates for the growth of NbN films. It
is known that the superconducting properties (e.g. TC)
of NbN films are sensitive not only to the deposition
techniques but also to the growth conditions for a given
deposition technique. The substrate materials and the
film thickness also play important roles in determining
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superconducting properties. For instance, Hazra et al.
reported a TC of around 17K for 50 nmNbNfilms grown
by high temperature CVD at 1300°C on sapphire and
AlN [16]. Zou et al. reported the growth of 18 nm epi-
taxial NbN film on SrTiO3 with a TC of 14K by PAD
[22]. Linzen et al. deposited 40 nm NbN films using a
plasma-enhanced atomic layer deposition, with a TC of
13.7 K [31]. The effect of the substratematerials on super-
conducting properties of NbN films grown by PLD has
also been reported, showing a TC of 13.1 K on MgO and
15.2 K on Al2O3 substrates [32]. Furthermore, the Tc of
NbN films is extremely sensitive on N concentration. As
indicated by Kalal et al., both deficiency or excess of N
from equiatomicNbN composition could lead to a reduc-
tion in TC when reactive magnetron sputtering of Nb
target at different partial pressure of N2 was used to grow
NbN films [33].

For certain applications, epitaxial NbN film is pre-
ferred. EpitaxialNbNfilmwith a thickness of 5 nmgrown
by DC magnetron sputtering on GaN-buffered sapphire
showed a maximum TC of 13.2 K and an upper criti-
cal magnetic field (Hc2) greater than 15 T at 0 K [17].
On the other hand, epitaxial NbN films deposited by
sputtering on MgO (001) with a film thickness >50 nm
showed Hc2 around 20 T [34]. To reduce the strain
effect of substrate materials on the properties of NbN
films, a buffer layer between the NbN film and the sub-
strate has been explored. NbN films with thickness close
to 5 nm deposited by magnetron sputtering on c- and
M-plane sapphire substrates with eitehr a AlxGa1−xN
(x < 20%) or an AlN buffer layers respectively showed
a maximum TC of 13.3 K [17,26]. TiN buffer layer on
Si has also been investigated where the TC of NbN
film could be improved by about 1–3K than that on
bare Si (100) substrate [29]. A monotonic decrease in
TC with decreasing NbN film thickness is commonly
observed when the film thickness is less than 100 nm
[13,35,36]. Therefore, it is imperative to investigate the
processing-structure-property relationship of the NbN
films grown by a particular deposition technique, with
the purpose of optimizing their performance for specific
applications.

In this work, we show that wafer scale and high
crystallinity superconducting NbN thin films (5–50 nm)
can be epitaxially grown on AlN buffered (20 nm)
c-plane Al2O3 by sputtering at a substrate temperature
of 400°C. The epitaxial NbN films exhibit an in-plane
strain when the film thickness is less than 20 nm. The
strained ultrathin (∼5 nm) epitaxial NbN film shows
an upper critical field of 36± 2 T and an irreversibil-
ity line of 16± 1 T at 4.2 K, and a coherence length of
2.542± 0.002 nm.

Materials andmethods

The AlN and NbN layered structures were deposited on
2-inch c-plane sapphire in two separate Applied Materi-
als’ 300-mm ImpulseTM physical vapor deposition (PVD)
chambers. Both AlN buffer layer and NbN layers were
deposited via reactive ion sputtering from Al and Nb tar-
gets respectively in Ar andN2 ambient at a substrate tem-
perature of 400°C. The crystal structure and microstruc-
ture of NbN films with varying thickness were analyzed
by x-ray analysis and scanning TEM (STEM) using high-
angle annular dark-field (HAADF) detector. The details
of the processing parameters to grow the films, the x-
ray analysis, TEM characterization, and superconducting
property measurement can be found from the Supple-
mentary Information.

Results and discussion

The superconducting properties of the epitaxial NbN
films depend strongly on their crystalline quality. The
surface and interface also play important roles in deter-
mining the superconducting properties of ultrathin NbN
films. Therefore, it is essential to fully characterize the
structure of the NbN films. The film orientation with
respect to the single crystal c-plane Al2O3, phase purity,
crystallinity, and interface roughness were characterized
by x-ray diffraction including θ-2θ scans, ω-rocking
curves, φ-scans, and surface reflectivity measurements.
Figure 1 shows the x-ray θ-2θ scans of the films with dif-
ferent film thicknesses at 2θ angle around (111) diffrac-
tion of the cubic NbN. The θ-2θ scans over a wide range
of 2θ angles is shown in the Figure S1 (Supplemen-
tary Information). It is noted that the (111) diffraction
peak shifts to the smaller angle with increasing the film
thickness. Inset in Figure 1 shows the full-width-at-half-
maximum (FWHM) of the ω-rocking curve of the (111)
diffraction and the a-axis lattice parameter of the NbN
thin films with different film thicknesses, where the lat-
tice parameter is calculated from the (002) diffraction. As
can be seen from the thickness dependent lattice param-
eter of the NbN films shown in the inset of Figure 1,
the lattice parameter of NbN remains nearly constant
at 4.392Å for films with a thickness ranging from 50
to 20 nm, and then decreases monotonically to 4.365Å
(5 nm). This suggests an a-axis lattice strain of up to 1%
(considering the lattice constant of bulk NbN as 4.39Å)
for the 5 nm NbN film. This can be understood by con-
sidering that the lattice constant of Al2O3 is 4.785Å. The
change of lattice parameter with film thickness is fur-
ther confirmed by analyzing the selected area electron
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Figure 1. X-ray θ -2θ scans of the NbN films with different film thicknesses. Inset shows NbN film thickness dependent lattice parameter
and full width at half maximum ofω-rocking curve of the NbN (111) diffraction.

diffraction (SAED) patterns (see Figure S2 in Supple-
mentary Information). Using Al2O3 (006) plane spacing
as the reference, the lattice parameter evaluated from
SAED patterns is 4.370 Å and 4.390Å for 5 and 50 nm
NbN films, respectively. Both (001)-oriented AlN and
(111)-oriented NbN films are compressively strained in-
the-plane based on the crystal structure and the epitaxial
relationship between the film and the substrate. It is noted
that the 5 nm NbN film may not be in coherent strain
due to the extra interface roughness resulted from the
AlN buffer layer as shown in Figure 2. The FWHMof the
rocking curve as shown in the inset of Figure 1, on the
other hand, remains almost constant with a value around
0.030° ∼ 0.033° when the NbN film thickness changes
from 5 to 50 nm. Such a narrow rocking curve clearly
indicates that high crystallinity (111)-orientedNbNfilms
could be deposited by a low temperature sputtering
technique.

The growth of highly crystalline epitaxial NbN films
at a low substrate temperature by sputtering is further
confirmed by the φ-scan of the (002) NbN film and the
(116) Al2O3 (see Figure S3 in Supplemental Informa-
tion). The (111) NbN basal plane is well aligned with
the substrate as illustrated by the six diffraction peaks
60° apart from each other. Based on the θ-2θ scan of
NbN/AlN/Al2O3 heterostructure and the φ-scans of the
(002) NbN and the (116) Al2O3, the overall epitax-
ial relationship between the NbN and c-plane Al2O3

can be described as (111)NbN||(001)AlN||(001)Al2O3 and
[11̄0]NbN||[100]AlN||[120]Al2O3. We suggest that the AlN
buffer layer plays a critical role in the epitaxial growth
of NbN on c-plane Al2O3 since the lattice mismatch
along the [100] AlN (aAlN = 0.311 nm) and [11̄0] NbN
(
√
2aNbN/2 = 0.310 nm) is less than 0.3%.
Figure 2 shows the STEM-HAADF image with cor-

responding energy dispersive x-ray spectroscopy (EDS)
maps of the NbN film (5 nm) on AlN-buffered c-plane
Al2O3, obtained when the Al2O3 was aligned along
<120> zone axis. The high-resolution HAADF image
shown in Figure 2a illustrates a sharp interface between
the AlN buffer layer and Al2O3 substrate. The interface
between the NbN and AlN very much follows the mor-
phology of the AlN buffer layer. The crystallographic
orientation relationship between the films and substrate
can be identified by observing the Fourier-filtered trans-
form (FFT) patterns from the AlN/Al2O3 interface and
theNbNfilm (shown in the insets of Figure 2a). The over-
all epitaxial relationship of NbN onAlN-buffered c-plane
Al2O3 matches with the x-ray diffraction measurement.
It should be noted that the NbN film is expected to
grow in two equivalent domains related by 180° rota-
tion about the vertical axis or by the twin relationship
on (111) planes, considering the symmetry of cubic NbN
(111) on hexagonal AlN (001) plane and the orientation
relationship between the two phases (NbN and AlN).
The twinning structure in NbN is indeed observed in
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Figure 2. STEM analysis of NbN film (5 nm) on AlN-buffered c-plane Al2O3. (a) HAADF image of the layered structure NbN/AlN/Al2O3.
Insets show the FFT patterns from the AlN/Al2O3 interface (bottom square region) and the NbN film (top square region); (b) EDSmaps of
the chemical components of layered structure; (c) EDS spectrum of each component.

the FFT pattern shown in the inset, in which the spots
are related by 180° rotation about the vertical axis. The
EDS maps shown in Figure 2b are displayed according
to three principal components with NbN in red, AlN in
green and Al2O3 in blue, respectively, obtained by the
principal component analysis of the EDS spectral imag-
ing. Figure 2c shows the respective spectrum for each
component, verifying the three phases.

Given the heteroepitaxial nature of the NbN films, it is
important to explore the thickness dependent supercon-
ducting properties of the films. Figure 3 shows the thick-
ness dependent TC of the NbN films, where TC is deter-
mined from the peak position of the dR/dT vs. T plot
and R is the resistance of the film. As can be seen from
Figure 3, the TC decreases linearly from 15.3 K (50 nm
film) to 11.2 K (5 nm film) with the inverse film thick-
ness, 1/d, where d is the film thickness. Using Simonin
model [37] (d) = TC,bulk(1 − dC/d), we find that the crit-
ical thickness dC where the TC of the film disappears, is
1.38 nm. The suppression of TC with decreasing thick-
ness can be attributed to increase in lattice disorder of
the NbN film [38]. It is further noted that the films show
sharp transition width (�TC) (derived from FWHM
value in dR/dT vs. T plot) from 0.4 to 0.06K by increasing
NbN thickness.

Thickness dependent TC has been widely reported
for superconductingmaterials. In particular, lattice strain
can play an important role in determining TC of very
thin epitaxial superconducting films. It is widely accepted
that electron-phonon coupling can bemuch enhanced by
biaxial strain, and thus a much higher TC can be induced

Figure 3. NbN film thickness dependent TC and transition width,
�TC. The TC decreases linearly with increasing 1/d. The �TC, on
the other hand, increases with 1/d.

in the biaxial strained films. For example, it has been
reported that in-plane compressive strain can enhance
the TC of SrTiO3 by up to a factor of two, resulting from
the strain-induced modification of phonon modes [39].
More study further revealed that both strain and disor-
der could control TC [40,41]. A systematic increase of
TC with epitaxial tensile strain in MgB2 films has also
been reported, resulted from the softening of the bond-
stretching phonon mode [42]. On the other hand, it has
been reported that strain can cause significant sub-lattice
distortion in the lattice structure of Nb3Sn, and lead to
reduction of its superconducting properties, primarily
due to changes in the density of states at Fermi surface
with a lesser contribution due to change in the phonon
spectrum [43]. For superconducting NbN, the situation
can be more complex since the lattice parameter can
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increase continuously with an increase in N concentra-
tion due to an expansion and distortion in NbN lattice
caused by the interstitial incorporation ofN atoms [33]. It
has been reported that the lowest Raman peak in δ-NbN
due to acoustic phonons shifts to higher frequencies with
increasing deviation from stoichiometry [44]. This could
lead to a sharp decrease in TC. The thickness depen-
dent TC of our ultrathin NbN films may not result from
the increase in N concentration and/or deviation from
the ideal stoichiometry. As shown in Figure 1, the lat-
tice parameter decreases with decreasing film thickness.
Our NbN films were deposited under the same process-
ing conditions except for the film thickness. The high
crystallinity epitaxial NbN films may suggest that the
surface, the interface, and the grain size can all affect
the TC. Accordingly, the grain size, calculated based on
the Scherrer’s equation from x-ray diffraction, was found
to be around 15 and 38 nm for NbN films with thick-
ness of 5 and 50 nm, respectively. Furthermore, it is well
known that the TC of a given superconductor decreases
significantly when the film thickness is comparable with
the coherence length of the superconductor. Given that
TC is closely related to the phonon spectrum, the elec-
tronic density of state, the electron-phonon coupling, and
electron-electron interaction, more detailed study is nec-
essary to deconvolute the fundamental mechanisms that
control the TC at a film thickness comparable to the
superconducting coherence length.

The superconducting transition width, �TC, at dif-
ferent applied magnetic fields is directly related to the
upper critical field (Hc2) and irreversibility field (Hirr).
Figure 4(a) shows �TC as a function of external mag-
netic field (H) perpendicular to the film surface, where
the film thickness is 5 and 50 nm, respectively. It can be
seen that TC shifts to lower temperatures with increas-
ing H, as shown in Figure 4(b), regardless of the film
thickness, where the field dependent resistivity vs. tem-
perature characteristics of the 50 nm thick film is shown
in Figure S4 (Supplementary Information). Importantly,
�TC increases with H for both films as shown in
Figure 4(a). For the thinner film (5 nm), �TC rises from
∼1.5 to ∼3K as the magnetic field increases from 0 to
7 T. On the other hand, the variation of �TC is much
smaller and changes from ∼0.15 to ∼0.5 K for the
thicker film (50 nm) when magnetic field increases from
0 to 7 T.

Both the upper critical field Hc2 (at which the super-
conductor becomes normal) and the irreversibility field
Hirr (at which the superconductor ceases to carry super-
current) are a strong function of film thickness. The
Hc2 and Hirr at a given temperature are defined as
the fields at which the resistance of the superconduct-
ing film is 90% and 10% of the normal state resis-
tance, respectively. Figure 4(c) and (d) show the nor-
malized temperature, T/TC, dependence of Hc2 and
Hirr for both 5 and 50 nm NbN films, respectively. To

Figure 4. Magnetic field dependent superconducting properties. (a) Superconducting transition width, �TC, as a function of field. (b)
Resistivity vs. temperature characteristics at different fields for a 5 nmNbNfilm. (c)Hc2 and (d)Hirr as a functionof normalized temperature
of both 5 and 50 nm NbN films.
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extrapolate μ0Hc2 and μ0Hirr at liquid helium tempera-
ture, the generalized Ginzburg-Landau (G-L) model [45]
is used: Hc2(T) = Hc2(0)[1 − (T/Tc)

a]b and Hirr(T) =
Hirr(0)[1 − (T/Tc)

a]b. The generalized G-L model can
best fit our data with a = 1.0, and b = 0.82 for Hc2(T)
and a = 1.8, and b = 1.18 for Hirr(T). Theμ0Hc2 (4.2 K)
extracted from the plots is 36± 2 T and 60± 2 T for
NbN films of 5 and 50 nm, respectively, while μ0Hirr
(4.2 K) is 16± 1 T and 57± 1 T for NbN films of 5 and
50 nm, respectively. From the G-L theory, the effective
coherence length at 0 K can be described by ξ(0) =√

φ0/[2πHc2(0)], where φ0 = 2.07 × 10−7Gcm2 is the
magnetic flux quantum. The coherence length of the
epitaxial NbN films on AlN-buffered c-plane Al2O3
is ξ(0 K) =2.542± 0.002 nm and 2.055± 0.001 nm for
NbN films of 5 and 50 nm, respectively. Apparently,
increasing film thickness can increase μ0Hc2, and thus
decrease the coherence length.

Conclusion

Wehave grownhigh-quality ultrathin epitaxial supercon-
ducting NbN films on c-plane Al2O3 using sputtering at
a substrate temperature of 400°C, where AlN is used as a
buffer layer. Both x-ray diffraction and transmission elec-
tron microscopy studies reveal that the (111)-oriented
NbN films are of high crystallinity. Epitaxial NbN film
with a thickness less than 20 nm is under strain. For
an ultrathin NbN film (5 nm), the lattice strain is about
1%. Our experimental results also indicate that the TC
of (111)-oriented epitaxial NbN films decreases with the
film thickness, where the TC is suggested to disappear at a
film thickness around 1.4 nm. A 5 nm NbN film exhibits
a TC of 11.2 K, an upper critical field of 36± 2 T, an irre-
versibility line of 16± 1 T at 4.2 K, and a coherence length
of 2.542± 0.002 nm. This demonstrates the feasibility of
producing high-performance epitaxial superconducting
films for quantum devices using an industry-scale PVD
technology.
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