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ABSTRACT: NbN-based superconductors have attracted interest for superconducting circuits, quantum
computation and high frequency devices. The superconducting properties of NbN films are predominately
reliant on the microstructure, therefore, an atomic-level understanding of the structure-chemistry is
required to achieve high quality epitaxial NbN films. Here, the thickness-dependent superconducting
properties of NbN films (5, 10, and 50 nm) within NbN/AlN/Al2O3 heterostructures are investigated. NbN
and AlN were epitaxially grown by an industrial scale physical vapor deposition technique. The role of
nanoscale chemistry on the ultrathin NbN superconducting film is investigated at the atomic level for the
first time via atom probe tomography, providing three-dimensional atomic distribution, chemical
homogeneity, effect of impurities, specially, in secondary phase formations and interfacial abruptness.
The NbN film with 5 nm of thickness demonstrates a superconducting transition temperature of 11.2 K as
compared to 50 nm NbN films with a transition temperature of 15.3 K. These thickness dependent
variation of superconducting properties are associated with the chemical inhomogeneity in terms of in-
plane N:Nb distribution, secondary phase formations and NbN/AlN interfacial abruptness as a function of
the NbN films thicknesses. The analysis depicts the interplay between the surface/interface and the
superconducting properties of ultrathin NbN films. These results provide insights on material design and
growth that will enable the development of optimized superconducting NbN films for quantum devices.

Keywords: Thin films, epitaxy, atom probe tomography, compositional inhomogeneity, nitride
superconductor

1. Introduction

The study of niobium nitride (NbN) thin films has been intensified in the last few decades due to
their exceptional physical and chemical features such as hardness [1], wear resistance [2], and
superconducting properties [3]. NbN films (~40 nm) deposited by high-temperature chemical vapor
deposition exhibit a superconducting transition temperature, Tc ~ 16.5 K, superconducting energy gap, ~
2.5 meV, upper critical field, Bc2 ~ 40 T and irreversibility field, Hirr [4]. These distinctive properties
made NbN superconductors highly desirable for Josephson junctions [5], superconducting nanowire
single photon detector (SNSPD) [6], hot electron bolometers (HEB) [7], and kinetic inductance detectors
[4]. Given the much higher transition temperature of NbN, the operating temperature of NbN based
devices, like SNSPD, can be higher in comparison with superconducting silicides counterparts (MoSi and
WSi) with an operating temperature around 2 K [8], [9]. This makes NbN a cost-effective material since
this operating temperature can be realized in economically feasible 4.2 K liquid He cryo-coolers [10],
[11]. However, the long magnetic penetration depth (λ > 250 nm) [12], [13] and short superconducting
coherence length (ξ < 5 nm) [14] of NbN impose severe challenges for Josephson integrated circuit
applications by reducing magnetic sensitivity and increasing propagation delay [12], [15]. It is noted that
these fundamental properties of NbN films are highly dependent on the microstructure and chemical
composition, film thickness, substrate materials, and the processing parameters used to grow the films
[16], [17].

Reduced Tc of 7.66–15.07 K in comparison with a nominal value of 16 K has been reported for
off-stoichiometry NbN films with either excess of N (N/Nb > 1) or N deficiency (N/Nb <1) [16]–[19].
Other defects may also exist in NbN such as phase transformations of NbN films [17], elemental
precipitates, impurities (mainly O and small amounts of C and H) [20]–[24], dislocations/defects
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(interstitial clusters and voids) [18], [25], point defects (N and Nb vacancies, interstitials and anti-site
substitutions) [26], [27]. As the defect density (dislocations and grain boundaries) increases, Tc decreases
and Hirr, increases [25]. Superconducting properties of epitaxial NbN films grown on sapphire (Al2O3)
substrates are also affected by different interfacial phenomena. These include NbN lattice distortion due
to strain from substrates mismatch [28], delocalized O adatoms [29], and H contaminations [30] at the
NbN/Al2O3 interfaces. Furthermore, the superconducting properties of NbN films are observed to vary
with film thickness [20], [31]–[33]. Previous studies reported that Tc decreases monotonically from 13.7
K down to 1.7 K when the film thickness is varied from 40 to >10 nm due to the reduced lattice
parameters of the NbN [20] or increased lattice distortion of the NbN films [34]. As the film thickness
approaches to the superconducting coherence length, the electronic density of states, electron-phonon
coupling and electron-electron interactions are altered [34]. On the other hand, increasing film thickness
results in increased surface roughness. These relationships can be traced back to microstructural
variations. During the initial stage of growth, the microstructure is strongly affected by surface diffusion
of adatoms that results in smaller grain size. As the growth continues for films with larger thickness, the
growth is dominated by self-shadowing that leads to larger grain size and increased surface roughness
[25]. For epitaxial NbN films, strain effect arising from the lattice mismatch between the substrate and
films can drastically affect the superconducting properties of the NbN films [31]. This effect can be
reduced by introducing a buffer layer between the substrate and the NbN film [35]. AlxGa1–xN (x<20%) or
AlN buffer layer significantly lessens the strain effect. For example, 5 nm NbN films on m-plane or c-
plane sapphire substrates could maintain a Tc as high as 13.3 K [35], [36]. It was reported that in
transition metal nitrides like NbN, the N content can vary in a composition range (± 10% or even more
from the ideal value of 50%) without affecting the structure [37], [38]. This challenge becomes more
complicated because a ~10% deviation in N content does not considerably affect the lattice parameter
[19]. However, N stoichiometry can have very significant effect on Tc in NbN. Therefore, the
stoichiometry of NbN and its correlation with the Tc warrants further studies of NbN films grown with
different techniques. Although variation in superconducting properties of NbN films with different
substrates and thickness were reported [25], the microscopic origin of these phenomena is not yet fully
understood. Previous attempts with standard tools were restricted by their detection limit and could not
reveal the impact of low impurity content [18]. It is critical to understand the effect of homogeneity,
stoichiometry, interface/surface and film thickness on the properties of NbN films. Such understanding
would enable the growth of high quality NbN films with desired superconducting properties.

APT with its high spatial resolution and chemical sensitivity is capable of providing the most
accurate quantification of the constituent elements [39]. APT is also the most suitable technique to
determine atomic-level elemental 3D distribution, local heterogeneity, clustering/segregation, interfacial
diffusion, and trace-level impurities [40]. In our previous work, the Tc of (111)-oriented epitaxial NbN
was found to decrease with decreasing film thickness [34]. In this work, we provide evidence to support
the interrelationship between film thickness and superconducting properties through investigation of
surface contamination, chemical inhomogeneity, secondary phase formations and NbN/AlN interface
roughness and abruptness within NbN/AlN/Al2O3 of varying NbN film thickness (5–50 nm). The
difference in local structural chemistry contributes in mitigating the superconducting transition
temperature, Tc from 15.3–13.2 K with reducing the NbN thicknesses from 50–5 nm. These insights will
inform the future optimization of growth techniques and material design for NbN-based superconducting
devices.
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2. Experimental details

Three NbN films with nominal film-thicknesses of 5, 10 and 50 nm were grown on (0001)
sapphire (Al2O3) substrates using AlN as a buffer layer by sputtering method in an industrial physical
vapor deposition (PVD) tool. Briefly, The NbN thin films were deposited on c-plane sapphire substrates
with AlN buffer layer in two separate Applied Materials’ 300-mm Impulse™ physical vapor deposition
(PVD) chambers at a substrate temperature of 400 °C. Details of the growth are reported elsewhere [34].
Standard lift-out and annular milling techniques [41] were employed to prepare the needle-shaped APT
specimens in FEI Quanta 3D FEG scanning electron microscope (SEM) and focused ion beam (FIB). The
APT data acquisition was carried out on a CAMECA LEAP 5000XR in the laser mode (laser wavelength,
λ = 355 nm). The APT experimental conditions were optimized at a base specimen temperature of 60 K,
laser pulse energy of 100 pJ, a pulse repetition rate of 250 kHz, and a detection rate of 0.5–1.0%. The
APT data analysis was conducted using CAMECA’s Integrated Visualization and Analysis Software
(IVAS 3.8.6). High resolution SEM images were utilized for the 3D reconstruction (tip profile method) of
the original specimen since this approach provides better reconstruction accuracy, specially, when multi-
layers are involved [42]. The APT instrumentation details, reconstruction algorithms, and procedures are
reported in the literature [42], [43]. X-ray reflectivity (XRR) was also used to characterize both the
surface and interface roughness of the NbN films with different film thicknesses.

3. Results and discussion

The temperature dependence of the resistivity, ρ(T), of NbN films with different film thickness is
plotted in Fig. 1. The 50 nm NbN film shows a superconducting transition temperature (Tc) of 15.3 K.
The Tc reduces as film thickness decreases. For the 5 nm NbN film, the Tc is 11.2 K. The inset in Fig. 1
demonstrates the residual resistivity ratio (RRR), defined as the ratio of ρ(T) values at 300 K and 90% of
the normal resistivity near Tc. The RRR value is a direct indication of defects and impurities, as the
existence of defects and impurities in the film tends to introduce a larger residual resistance. In other
words, a higher concentration of defect density and/or impurity will lower the RRR value. As shown in
Fig. 1, both the Tc and RRR value are smaller for the 5 nm NbN film in comparison with the 10 nm and
50 nm ones, suggesting a higher concentration of defect density and/or impurities within the 5 nm NbN
film. It has been reported that a reduced percentage of impurities and defects with increasing film
thickness can potentially come from the gettering effect of the first few atomic layers and the annealing
effect, resulting from the extended time at the deposition temperature for growing relatively thicker films
[44]. The thicker films, which have reportedly shown larger grain size, may also contain a larger portion
of higher crystallinity film [34].
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Fig. 1. Temperature dependence of the resistivity of NbN films with thickness d = 5, 10, and 50 nm. Inset
shows the residual resistivity ratio (RRR) as a function of NbN film thickness.

Superconducting properties such as Tc and coherence length depend on material stoichiometry
and purity [45]. Atom probe has high sensitivity with a detection limit greater than 1017 cm-3 and can
detect light elements even at low concentration [46]. This makes APT ideal for the study of electronic
materials with high sensitivity to defects and heterogeneities. The combination of a position-sensitive
detector and sequential field evaporation allows for the three-dimensional reconstruction of atomic data.
The 3D atom map of events from the 10 nm thick NbN film sample is shown in Fig. 2(a). Time-of-flight
data from APT is converted to mass-to-charge ratio and displayed as a mass spectrum, from which all
elements can be identified. The mass spectrum of the major ions detected from the NbN film is shown in
Fig. 2(b), with a zoomed in region showing light elements, hydrogen (H), carbon (C), and oxygen (O) in
Fig. 2(c). It is noted that the additional H ions may have been introduced from residual gases in the APT
analysis chamber, where the H concentration can be estimated by subtracting the chamber H in the
sapphire substrate and from the H concentration measured within the NbN film [47]. Following this
calculation, both H and C ions are considered as trace elements. The oxide species were detected at much
higher levels that suggests surface oxidation. The presence of O and NbO species in Fig. 2(b) and (c)
indicated potential influence of surface oxidation on the NbN film chemistry and quality. Oxidation of
NbN resulted from the exposure of NbN to air can degrade superconductivity at the surface and may
shrink the effective thickness of the film [48].
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Fig. 2. (a) 3D visualization of the atomic distribution (atom map) from the 10 nm NbN film sample. (b)
Mass spectrum of ions identified by APT within the NbN film. (c) Focused region of mass spectrum
between 0 and 18 Da to show the light elements of H, C, and O.

The bulk concentration of each NbN film were close to the expected 1:1 ratio of N to Nb.
Additionally, H, C, and O were detected in all NbN films and reported in Table I. It was observed that O
concentration is significantly higher in all NbN films compared to C and H. With increasing the film
thickness, overall impurity contamination, specially, O contamination decreases. This increased impurity
concentration with reduced film thickness may contribute to the decreased superconductivity and
increased residual resistance as observed in Fig. 1 [20]. The non-magnetic impurities detected here,
specially, high O% drastically affect the superconductivity of the NbN films by worsening the inter-grain
connectivity [49]. These trends in impurity concentration with film thickness suggest that certain species
of impurities, such as O from surface oxidation, have a greater impact on the observed properties (Tc and
RRR). Therefore, it would be critical to understand how this oxidation affects the local structural
chemistry of the NbN films (having the thicknesses of 5, 10 and 50 nm) within the bulk region.

Table I. Bulk compositions of each NbN film extracted from the bulk regions.

Elements 5 nm NbN film (at%) 10 nm NbN (at%) 50 nm film (at%)

Nb 41.450.06 45.980.05 45.630.09

N 38.900.04 44.490.03 45.060.03
O 15.230.04 7.350.01 5.260.02
H 3.52 0.06 1.27 0.03 2.020.04

C 0.510.01 0.910.01 0.310.008
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The 3D atom maps from APT are shown in the top row of Fig. 3 for the 5 nm (Fig. 3a), 10 nm
(Fig. 3c), and the 50 nm (Fig. 3e) NbN films. The composition profile for each sample was obtained
along the depth (z-axis) and is displayed in Fig. 3(b, d, and f). The atomic percentage is measured every
0.1 nm (bin size) along the depth, therefore each point represents the average composition from an in-
plane slice. The metal cap, NbN, and AlN layers are separated by dashed lines for visual aid in Fig. 3(b,
d, and f). The NbN layer cutoffs were chosen to avoid interfacial interaction from adjacent layers and
minimize error in subsequent analysis of the NbN film. Portions of the film, where the percentage of N
(green line) falls below Nb (purple line), are considered N-deficient. Both the 5 nm and 10 nm films have
regions of N-deficiency in addition to a region where Nb (purple) and N (green) intersect, indicating a 1:1
ratio. The 50 nm NbN film is slightly N-deficient through the film thickness. For all three sample film
thicknesses, the N concentration (green line in Fig. 3(b, d, and f)) peaks near the NbN/AlN interface. This
increase in N concentration can be caused by interstitial incorporation of N atoms [19], [50].

Fig. 3. 3D atom maps are shown in the top row with the corresponding 1D depth profiles in the bottom
row for the (a)-(b) 5 nm, (c)-(d) 10 nm, and (e)-(f) 50 nm NbN films. In the bottom row, the grey solid
line is the metal cap deposited for the preparation of APT specimen, the purple solid line is Nb, the green
solid line is N, and the red solid line is Al concentration. The dashed vertical lines serve as a visual aid for
the layer cutoffs.

To investigate the in-plane or lateral chemistry (xy plane) uniformity of N:Nb of the films with
different thicknesses, the of N:Nb ratio was obtained by measuring the average N:Nb within 2 x 2 x 2 nm
voxels of a 2 nm thick slice taken from the center of the NbN film. As shown in Fig. 4, the N:Nb showed
inhomogeneity at nanoscale between 0.80 to 1.35. The in-plane lateral N:Nb profile from the 5 nm thick
NbN film in Fig. 4(a) shows a higher occurrence of N-rich zones as identified by red regions. In contrast,
the 10 nm and 50 nm thick films in Fig. 4(b) and Fig. 4(c), respectively, show a combination of N-
deficient zones (dark blue) and mid-range zones (light blue to green). This local or nanoscale
inhomogeneity may contribute to the observed film thickness-dependent Tc. Furthermore, the impact of
surface and interface on the homogeneity and physical properties of NbN films could be amplified for the
ultrathin films. Reduced lattice strain from the substrate with increasing film thickness could also
contribute to such an observation [34]. As the strain decreases, the variation of the N:Nb ratio through the
film thickness decreases. The thicker (50 nm) films also have prolonged exposure to the growth
temperature, resulting in improved crystallinity and therefore increased uniformity. Film thickness
dependent superconducting properties of NbN films have been reported for films by other growth
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techniques as well [20], [31]–[33].

Fig. 4. Within each film, a 2 nm thick volume was extracted from the bulk region of the film (i.e. z = 2.5,
5, and 25 nm), to visualize the in-plane composition (xy-plane) for the (a) 5 nm (b) 10 nm and (c) 50 nm
thick NbN films. N-deficient zones are dark blue, mid-range zones near 50:50 of N:Nb are light blue to
green, and N-rich zones are red.

Surface oxidation and contamination (as soon as the film is exposed to air after venting the
vacuum chamber) can alter the chemical composition of the very top layer of NbN film. The effect of
surface oxidation on the NbN film thickness is investigated by extracting a volume of 40 nm × 40 nm × 2
nm from the bulk region of each film and illustrated in Fig. 5. Figure 5 (a, c and e) shows the lateral NbN
distributions while Fig. 5 (b, d and f) illustrates the distribution of NbOx along the same planes for 5, 10
and 50 nm films, respectively. The NbN film with 5 nm thickness shows highly inhomogeneous
distribution with a ~20% variation of NbN concentration along the lateral plane as shown in Fig. 5(a).
This inhomogeneity in NbN distribution is accompanied by the formation of high density NbOx as a
secondary phase [22], [24] as illustrated in Fig. 5(b). The formation of this secondary NbOx phase
(marked by the red dotted regions) can be attributed to the surface oxidation of NbN film. The oxidation
could extend in to the bulk region of the film at a thinner thickness such as 5 nm. However, when the film
thickness is higher (10 and 50 nm), the lateral NbN distribution is more uniform as evident in Fig. 5(c)
and 5(e), respectively. The relatively uniform lateral distribution of NbOx in the bulk of these films are
shown in Fig. 5(d) and 5(f), respectively imply the absence of secondary oxide phases. This results clearly
reveal that the reduced Tc and RRR in NbN film with 5 nm thickness may come from the formation of
secondary NbOx which could reduce the effective NbN thickness of the film. In the case of the ultrathin 5
nm film which is approaching a value near the coherence length (ξ ~ 4.3 nm) [51], the effective thickness
of bulk-like superconducting NbN is relatively more impacted by surface oxidation than thicker films.
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Fig. 5. Lateral distribution of NbN for 5, 10 and 50 nm NbN films shown in (a), (c) and (e) extracted for a
volume of 40 nm × 40 nm × 2 nm from the bulk region of each film. The lateral distribution of NbOx for
the same volumes are shown in (b), (d) and (f) for 5, 10 and 50 nm films, respectively. The NbN films
with 5 nm thickness exhibits formation of secondary oxide phase due to surface oxidation as illustrated by
the dotted regions in Fig. 5 (a) and (b).

The interface smoothness between the NbN and the AlN buffer layer may also play an important
role in determining the performance of the superconducting properties of the ultra-thin NbN films.
Measuring interfacial properties through APT, such as abruptness and roughness, can reveal insights on
the effect of interfacial properties on the NbN film growth. The interfacial RMS roughness was calculated
using the CAMECA, Inc. Integrated Visualization Analysis Software (IVAS). We have verified the
interfacial quality for the thinnest (5 nm) and thickest (50 nm) films. The ultrathin 5 nm thick sample
demonstrated a roughness value of 0.24 nm. On the other hand, the interface roughness of the 50 nm thick
film is around 0.93 nm. Fig. 6(a) and 6(d) include regions of interest from the 3D atom maps, capturing
the NbN/AlN interface of the 5 nm and 50 nm thick films, respectively. Flat isosurfaces were generated at
the interface through IVAS. Isosurfaces have a designated threshold concentration value, referred to as
the ‘isovalue’. The isovalue for each interface corresponds with the concentration of Nb measured at the
NbN/AlN interface. The corresponding 1D depth profiles, shown in Fig. 6(b) and 6(e), demonstrate the
interface abruptness (sharpness) by mapping the Nb, N, and Al compositions across the NbN/AlN
interfaces for the 5 and 50 nm NbN samples, respectively. The interfacial abruptness was calculated by
measuring the distance across which the Nb concentration falls from 90% to 10% of the bulk value. The 5
nm NbN film sample showed an abruptness value of approximately 1.8 nm. The 50 nm NbN film sample
showed an abruptness of approximately 4.3 nm, indicating a more diffuse interface. X-ray reflectivity
(XRR) was also used to characterize the surface and interface roughness of the NbN films. The results of
the XRR measurements were plotted as the intensity versus length of the scattering vector that is defined
as QZ = (4𝜋sin 𝜃)/λ [A˚ −1], where 𝜆 is the x-ray wavelength and 𝜃 is the incidence angle. In the XRR
spectra of a well-defined layer on a flat substrate, characteristic oscillations in intensity (called Kiessig
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fringes) are expected, where the frequency of the oscillations is proportional to the layer thickness, and
the oscillation amplitude and its decay are related to the interface and surface roughness. The
experimental XRR curve of the 5 nm and 50 nm films and their theoretical fits, simulated using GenX
software package provided by the Malvern Panalytical, are shown in Fig. 6(c) and 6(f), respectively. The
surface roughness of NbN films measured by XRR increases with increasing film thickness, consistent
with APT analysis. The NbN/AlN interface roughness has been attributed to the residual stress
constrained by the AlN layer [52]. The lower interface roughness observed in our 5 nm NbN films is
expected to contribute to a relatively higher transition temperature of our film in comparison with the
NbN films with similar thickness but deposited at higher substrate temperature [53].

Fig. 6. Regions of interest capturing the NbN/AlN interfaces, with Nb atoms colored in purple and Al
atoms colored in red (top row), the corresponding depth profiles (middle row), and the x-ray reflectivity
(bottom row) for the (a)-(c) 5 nm and (d)-(f) 50 nm NbN films. The distance of interfacial abruptness is
displayed and indicated by dashed vertical lines in the depth profiles for the (b) 5 nm and (e) 50 nm NbN
films. The coherence length
cocccpurple solid line is Nb, the green solid line is N, and the red solid line is Al concentration across the
NbN/AlN interface. The interfacial roughness values were 0.24 nm for the 5 nm film (left) and 0.93 nm
for the 50 nm film (right).

4. Conclusions
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The structure-property correlation of film thickness with nanoscale chemistry was investigated in
epitaxial NbN films grown on sapphire substrate with an AlN buffer layer via APT. From the APT mass
spectrum, C, H, and O as impurities were detected. Such elements might have incorporated into the NbN
film during exposure of these samples to air or growth. All the 5, 10, and 50 nm films exhibit nearly
50:50 bulk stoichiometry for N:Nb with overall homogeneous lateral distributions. This indicates that
uniformity in NbN films was achieved by a physical vapor deposition technique. The NbN film having
lower thickness shows reduced Tc and RRR compared to the films with higher thicknesses of 10 and 50
nm. The suppressed Tc and RRR at lower film thickness are attributed to the formation of NbOx as
secondary phase which reduces the effective NbN thickness. The RMS roughness at the NbN/AlN
interfaces is lower for the ultra-thin 5 nm NbN film. These insights will aid in the future development of
materials growth and processing procedures for optimized superconducting device components.
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