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We present our research on fabrication and structural and transport characterization of ultrathin supercon-
ducting NbN layers deposited on both single-crystal Al2O3 and Si wafers, and SiO2 and Si3N4 buffer layers grown
directly on Si wafers. The thicknesses of our films varied from 6 nm to 50 nm and they were grown using reactive
RF magnetron sputtering on substrates maintained at the temperature 850 ◦C. We have performed extensive
morphology characterization of our films using the X-ray diffraction method and atomic force microscopy, and
related the results to the type of the substrate used for the film deposition. Our transport measurements showed
that even the thinnest, 6 nm thick NbN films had the superconducting critical temperature of 10–12 K, which was
increased to 14 K for thicker films.

PACS: 74.62.Bf, 74.78.−w, 81.15.Cd, 81.15.Jj

1. Introduction

Superconducting single photon detectors (SSPD) are
novel optoelectronic devices that are currently subject
of intensive research and development. The SSPDs are
typically meander-type nanostructures consisting of up
to 0.5 mm long and approximately 100 nm wide stripes
patterned in an ultrathin superconducting NbN (NbTiN)
film. They operate below the NbN superconducting crit-
ical temperature Tc and are biased on with a subcrit-
ical current [1]. The absorption of a photon generates
a hot spot that grows until a resistive region is formed
across the nanostripe, thus, producing a detectable volt-
age pulse. Single photons with wavelengths ranging from
infrared (≈ 2 µm) to ultraviolet (< 400 nm) can be de-
tected with efficiencies reaching 57% [2].

Main properties of SSPDs that make them so attrac-
tive for various photon-counting applications are: rela-
tively high quantum efficiency (QE) in visible-light and
near-infrared wavelengths, negligibly low dark-count lev-
els, picosecond pulse-to-pulse timing jitter and ultrahigh
(up to GHz) counting rate [3]. SSPDs are expected
to play a dominant role in such applications as optical
quantum information processing [4], satellite communi-
cations [4], and medical diagnostics [5].

Niobium nitride is a material of choice for manufac-
turing of SSPDs, thanks to its stable superconducting
properties at relatively high temperatures even in the ul-
trathin stripe form (Tc = 16–18 K for bulk material) [6]
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and already well established technological procedures for
the ultrathin-film growth and processing. SSPDs are typ-
ically made by patterning a meander-type nanostructure
in an ultrathin (≈ 5 nm) film deposited on a sapphire [1],
MgO [7], or, recently, 3C-SiC/Si [8] single-crystal sub-
strates. Single-crystal quality NbN films are deposited by
either DC or RF reactive magnetron sputtering on sub-
strates maintained at the 700–850 ◦C temperature range
[1, 9]. According to literature, NbN growth on the MgO
substrate results in the best values of Tc, e.g., Tc = 12 K
for a 4 nm thick film [10].

Currently proposed new SSPD receivers directly in-
tegrated with advanced optoelectronic structures, such
as distributed Bragg reflectors, optical waveguides, or
plasmonic nano-antennas, require, however, the new
optoelectronics-compatible substrates. We present here
our investigations on technology of the NbN thin-film
growth using reactive magnetron sputtering deposition
on different optical substrates, varying from Al2O3

through Si to SiO2 and Si3N4. This work presents struc-
tural characterization of ultrathin NbN films using both
the X-ray diffraction (XRD) and high-resolution X-ray
diffraction (HRXRD) methods. Texture of the films is
evidenced by the XRD spectra [11], while the defect
structure is visualized using the reciprocal lattice maps of
main Bragg reflexes. Surface morphology of our ultrathin
films was imaged by atomic force microscopy (AFM). Fi-
nally, the sample superconducting properties such as Tc

were studied by electrical transport measurements and
directly correlated with structural characteristics.
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2. Experimental

NbN films were grown using a high-temperature reac-
tive RF magnetron sputtering system γ 1000C made by
the Surrey Nanosystems Ltd. The films were deposited
from a 3-inch diameter Nb target at pulsed DC power
of 220 W in N2–Ar gas mixture at pressure of 8 µ bar,
and at controlled substrate temperature in range from
700 ◦C to 850 ◦C. We used Al2O3 (0001), Si (001), as well
as SiO2/Si and Si3N4/Si wafers as substrates. In the
last two cases, our NbN films were deposited on typically
100 nm thick, thermal-grown SiO2 or Si3N4 deposited
by the chemical vapor deposition (CVD) method. High
purity of the films was achieved due to the 4N5 purity
of the target and 6N purity of the process gases, as well
as maintaining the background pressure of 10−8 mbar.
Thickness of the NbN film was controlled by the deposi-
tion time and it was chosen to cover the 6–50 nm. The
accurate thickness was calculated based on a simulation
of the ultrathin film XRD spectrum. Moreover, struc-
ture of the NbN film was modified by post-deposition
rapid annealing (RTP) in Ar at temperature of 1000 ◦C
for 20 min.

Thickness of the NbN film was controlled by the de-
position time and it was chosen in range of 6–50 nm.
The accurate thickness was calculated from simulation of
XRD spectrum of the ultrathin film. Characterization of
structural properties of the NbN films was performed by
analysis of X-ray diffraction 2θ/ω patterns collected in a
full angular range employing Philips X’Pert MPD diffrac-
tometer working in a configuration with an incident-
-beam Johansson monochromator and a semiconductor
strip detector. For HRXRD analysis the Philips X’Pert
MRD diffractometer equipped with the X-ray mirror,
Cu Kα Bartels type monochromator, and 3-bounce ana-
lyzer in reflected beam line was applied.

Fig. 1. X-ray diffraction patterns; 2θ/ω scans for NbN
films on substrates: (a) sapphire(0001), (b) Si(111)/
Si3N4, (c) Si(001)/SiO2, (d) Si(001)/Si3N4.

3. Films properties

3.1. X-ray (XRD) analysis

Figure 1a shows a 2θ/ω scan for a 6 nm thick NbN
wafer deposited on sapphire substrate. We can see the
peaks from first- and second-order reflex from (111)
planes of NbN. The absence of peaks from any other
planes inclined to the (111) NbN planes confirmed the
epitaxial nature (high structural perfection) of the de-
posited films. The further examination of the crystalline
quality of our NbN films deposited on sapphire was done
by HRXRD method. Patterns shown in Fig. 1b, c and d,
collected for NbN films deposited on SiO2, Si3N4, and Si
substrates, respectively, contain NbN reflections of the
same type from peaks 111 and 200. It confirms the poly-
crystalline nature of the films. Absence of other hkl
peaks indicates that the polycrystalline films on Si are
textured. Crystalline grains are preferentially oriented
in the out-of-plane 〈111〉 and 〈100〉 direction, but they
are random in-plane directions.

3.2. HRXRD

The analysis of the quality of our films was also car-
ried out based on the reciprocal lattice maps (RLM) of
the 111 and 311 reflexes. Patterns of the 111 reflexes are
presented in Fig. 2 and they show a perfect dependence of
the intensity changes versus the reflex angle 2θ. A wide
range of oscillation peaks (in literature called “Pendellö-
sung”) visible in Fig. 2 indicates a very sharp and flat
interface. The sample after annealing at 1000 ◦C was
characterized by a perfect crystalline quality of the (111)
planes confirmed by wide range of thickness oscillations
visible in Fig. 2b, as well as by the 111 RLM (not shown)
and a simple ω scan (rocking curve (RC)) collected with
analyzer and shown in Fig. 3a. The value of 11′′ for the
full-width-at-half-maximum (FWHM) of the RC of the
111 NbN reflex indicates a very good crystallinity of the
film. Such low FWHM value is typically attained only
on excellent single crystals for example Si, using high-
-resolution diffractometer. The latter means absence of
a mosaics tilt. A shape of the diffraction signal for the
annealed sample (Fig. 3b) is not symmetrical like for the
as-deposited one, which can be caused by a worse geom-
etry of the sample, having a size smaller than the beam
spot.

In Table, we present values of a lattice constant a cal-
culated for two reflexes assuming a cubic lattice unit.
This is a simple method to check if the unit is distorted.
The results confirm the cubic lattice of our NbN films,
as well that it is relaxed. The a values are lower than re-
ported in literature (a = 4.389 Å [8]) that may be caused
by difference in stoichiometry. The problem requires an
investigation to exclude residual gases being trapped dur-
ing the film deposition.

The changes of diffuse scattering (wide isocontours el-
lipses around the 311 point) collected for the 311 RLM
for an exemplary film are shown in Fig. 4. Both maps
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Fig. 2. The 2θ/ω experimental scan (solid line) of the
111 Bragg reflex and simulation (dotted line) from an
18 nm NbN film deposited on sapphire (0001): (a) be-
fore annealing, (b) after annealing.

Fig. 3. Rocking curve for an 18 nm NbN film deposited
on sapphire (0001): (a) before annealing, (b) after an-
nealing.

are of small intensity and were obtained using a slit be-
fore the detector. Figure 4a shows a very regular circle
map with four times smaller intensity than for the map
in Fig. 4b. It is in the contradiction to the intensities
of corresponding 111 reflexes. The latter indicates that
mosaics twist for the sample before annealing is bigger.
An elongated ellipse seen in Fig. 4b looks like an image
of a perfect thin layer. Small, but still visible two circles
placed on opposite sides of the main ellipse are equivalent
to the “Pendellösung” fringes from Fig. 2.

Based on information presented in Figs. 2, 3, and 4
we can conclude that annealing at 1000 ◦C strongly influ-
enced the crystalline quality of our films. Specifically in
annealed films mosaics tilt seems to be slightly stronger,
although it is close to the experimental error. On the
other hand, the mosaics twist becomes lower. Finally,
the lattice constant a (Table) after annealing is getting
bigger.

TABLE
The values of the lattice constant a calculated from 2 reflexes
assuming cubic lattice unit and the film thickness from sim-
ulation of the 111 Bragg reflection.

NbN
Lattice constant a [Å]

Thickness [Å]
from 111 refl. from 311 refl.

as-deposited 4.368± 0.001 4.366± 0.004 18± 1

after annealing 4.379± 0.001 4.379± 0.004 17.6± 0.3

Fig. 4. Reciprocal lattice map of the 311 reflex for an
18 nm NbN film deposited on sapphire (0001): (a) be-
fore annealing, (b) after annealing. Diagrams represent
intensity scale (counts/s). Maxima of intensities are lo-
cated at centers of the patterns.

3.3. AFM measurement

Surface morphology and roughness of our NbN samples
were studied using the Veeco Innova SPM AFM instru-
ment. The AFM topographic images (1 × 1 µm2 scan
size) were taken in a tapping mode. In Fig. 5, we present

Fig. 5. AFM image of a 9 nm NbN film deposited on
sapphire: (a) before annealing, (b) after annealing.

Fig. 6. AFM image of an 18 nm NbN film deposited
on the SiO2 substrate: (a) before annealing, (b) after
annealing.

AFM images of NbN films deposited on sapphire before
and after annealing, while Fig. 6 shows the analogous im-
ages, but for NbN films on SiO2. Comparing the images,
we see that for the sapphire substrate, the roughness of
the NbN film is generally lower. In addition, annealing
process (Figs. 5b and 6b) improves the film smoothness.
Overall, we observed the analogous behavior to that pre-
sented in Fig. 6, for all our non-epitaxial, ultrathin films,
namely, deposited on Si, SiO2, and Si3N4 substrates. All
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these films were smoother after the RTP process. How-
ever, for thicker NbN films (20 nm and above), the effect
of RTP was opposite, as we observed rapid worsening of
the layer’s smoothness after annealing. The latter is due
to the growth of columnar defects, which are typical for
NbN, and nitrides in general [12].

3.4. Low temperature resistance

Measurements of the resistivity R dependence of our
NbN films on temperature T were performed using a
standard, four-probe technique in a liquid He dewar. The
superconducting transition was observed in all studied
by us films. Figure 7a shows the R vs. T characteristics
for NbN films deposited on 4 types of substrates: Al2O3,
Si, SiO2, and Si3N4. The Tc values obtained for films on
different substrates varied from Tc = 5.5 K to 9.5 K. As
expected, Tc was most suppressed for the thinnest films.
In Fig. 7b one can see the same set of the R vs. T charac-
teristics, but for the annealed films. We observe that the
RTP process results in a significant increase of Tc for all
our films. For films on Al2O3, Si, and SiO2 the Tc values
reach the 13–14 K range. Only for NbN films deposited
on the Si3N4 substrate we observed degradation of the
superconducting properties, but our post-measurement
inspection simply showed that those films cracked dur-
ing RTP.

Fig. 7. Dependence of the resistance vs. temperature
for 20 nm NbN films deposited on sapphire, Si(001),
SiO2 and Si3N4 substrates: (a) as-deposited, (b) an-
nealed in Ar at 1000 ◦C for 20 min.

4. Conclusions

We have presented our investigations of structural and
superconducting transport properties of ultrathin NbN
films deposited on various, electronics and optoelectron-
ics viable substrates. Our active RF sputtering method
of fabrication resulted in an excellent crystalline qual-
ity (very narrow rocking curve, no mosaics tilt) of the
resulting NbN films. The films deposited on sapphire
were epitaxial, while the ones on the Si, SiO2 and Si3N4

substrates were textured, but still possessed very good
properties. All our samples were characterized with good
superconducting properties, with Tc as high as 12.5 K
for 6 nm thick film deposited on sapphire. We have

also demonstrated that the process of rapid annealing
improved smoothness of all our thinnest films and in-
creased their Tc’s. We conclude that presented ultrathin
NbN films due to their substrate compatibility have a
good potential to be used in SSPD devices integrated
with other either electronic or optoelectronic circuitry.
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