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2Universit�e Côte d’Azur, CNRS, CRHEA, Sophia Antipolis, France
3Single Quantum BV, Rotterdamseweg 394, 2629HH Delft, The Netherlands

a)Author to whom correspondence should be addressed: zwiller@kth.se

ABSTRACT

Superconducting nanowire single photon detectors (SNSPDs) made with thin NbN films can reach high performances. While sputtering has
been the deposition method of choice, here, we show that ammonia-molecular beam epitaxy (NH3-MBE) can produce pertinent epitaxial
cubic NbN thin films on silicon substrates using an AlN buffer. Despite granular morphology and a high density of grain boundaries as well
as the presence of rotational twins, Tc¼ 12.7 K for a 5.6 nm thick film and saturation of internal detection efficiency up to 850 nm are
achieved. Morphology and stoichiometry as well as strain have a strong impact on the detector properties, highlighting the importance of a
precise control of the growth parameters. These results pave the way for high fabrication yield of SNSPDs on large-scale silicon wafers using
epitaxial NbN thin films grown by MBE.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0175699

Superconducting nanowire single photon detectors (SNSPDs)1,2

are widely used in a large number of applications in quantum optics.3

The importance of these devices is based on their outstanding single
photon detection efficiency4 over an unprecedented energy range5–7

combined with very high time resolution,8 high saturation rates,9 and
very low noise.10,11 These characteristics can be influenced by the
choice of superconductor (NbN,12,13 NbTiN,14 WSi,7,15 MoSi,16 or
high Tc material17) morphology,14 thickness,18,19 width,20–22 photonic
environment,10,23 and geometrical design.24–26 Scaling up this technol-
ogy27 to reliably produce large detectors or arrays of detectors requires
films with very uniform and well-controlled properties. The most effi-
cient superconducting nanowire single photon detectors (SNSPDs)
reported till date were made with sputtered thin films, a technology
compatible with silicon CMOS processes, making mass production of
these detectors feasible.4 However, detector fabrication yield is still an
issue as pointed out in Ref. 28. Furthermore, different detection mech-
anisms have been proposed such as hot-spots29,30 and vortices,31–34

but the precise mechanism is not yet fully understood, hampering fur-
ther optimization. Since materials and devices properties heavily
depend on the deposition processes of the superconducting films
(sputtering deposition,14 atomic layer deposition,35 and chemical vapor
deposition36), it is pertinent to assess epitaxial NbN thin films using

molecular beam epitaxy (MBE), which allows for ultimate control of
growth conditions and state of the art epitaxial heterostructures.
Considering recent efforts on the epitaxy of AlN growth on silicon and
the small lattice mismatch between cubic d-NbN and AlN, it is techno-
logically relevant to investigate the growth of NbN on Si substrates
using an AlN buffer layer for the fabrication with high yields of large
areas superconducting detectors. Recently, a step was made in this
direction with detectors made by MBE on AlN templates grown on
sapphire was reported.28 Before that, various studies27,37,38 have shown
the importance of the AlN template structural quality to improve the
superconducting properties of detectors.

In this Letter, we demonstrate that SNSPDs can be fabricated on
Si substrates using NH3-MBE, despite a high density of both cubic
NbN rotational twins and threading dislocations in the AlN buffer
layer. Critical temperature up to 12.7K is measured on a 5.6nm thick
film. SNSPDs with 70 nm width showed saturation of the internal effi-
ciency at 850nm. We also observe that material and detection proper-
ties of thin epitaxial NbN films can be strongly modified by annealing,
demonstrating the need for a fine control of overall growth conditions.

Highly resistive silicon (111) substrates are first de-oxidized in
situ at 1200 �C, and the AlN buffer (50nm) was grown at 1000 �C fol-
lowing a low temperature nucleation step at 600 �C.39 For NbN
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epitaxy, we explored a wide temperature range of 780–1000 �C and a
wide NH3 flux range, from 6 to 200 sccm corresponding to beam
equivalent ratio NH3/Nb from 100 to 4000. Within these temperatures
and flux ratio ranges, different NbN phases (d-NbN, b-Nb2N, and
�-NbN) and/or different stoichiometries were obtained. Regardless of
the phase and stoichiometry, NbN layers grown on AlN are crystalline
and exhibit atomically abrupt AlN/NbN interfaces. Figure 1(a)
presents a high magnification high-angle annular dark-field scanning
transmission electron microscopy (HAADF)-STEM image of a 16 nm
d-NbN layer epitaxially grown on AlN/Si. Above the crystalline NbN,
an amorphous oxide layer is observed with a thickness of about 2 nm.
The interface is atomically sharp [Fig. 1(b)], and the change from
ABAB stacking (wurtzite AlN) to the ABC stacking from the very first
monolayers indicates that the d-NbN cubic phase is stabilized for the
chosen growth conditions (800 �C growth temperature, 6 sccm ammo-
nia flux, and growth rate about 120 nm/h). The epitaxial relationship is
as follows: NbN [111] growth axis along the AlN [0001] axis and the
NbN [�110] axis along the AlN11–14,16–19 axis. The presence of d-NbN
rotational variants is visible in Fig. 1(c), where the arrows highlight the
grain boundaries between domains of different crystallographic orien-
tations. It is also visible that despite these grain boundaries, the NbN
layer is continuous. X-ray diffraction analysis (XRD) (see the supple-
mentary material) clearly shows the cubic NbN (111) diffraction peak
at 35.74�. Well resolved Pendell€osung fringes attest to the interfaces
and the surface sharpness. All thicknesses were extracted from x-ray
reflectivity analysis (XRR) and fitted with GenX software.

For this study dedicated to the fabrication of NbN-based SNSPDs
on silicon substrates, we focus on the cubic phase d-NbN since it is the
phase with the highest critical temperature.36,40 Figure 2 shows the
influence of the NbN thickness on the film morphology and electrical
properties. For reference, Fig. 2(a) shows an AFM image of the AlN
(Al-polar) layer epitaxially grown on silicon exhibiting a smooth sur-
face morphology (rms 1.7 Å). In addition, the AlN surface is composed
of terraces with a high density of atomic steps. The streaky RHEED
diagram (inset) indicates that the AlN buffer layer is monocrystalline
and the growth front is two-dimensional. NbN films having different
thicknesses are epitaxially grown on a 50nm thick AlN buffer [see
Fig. 2(b)]. The AFM images in Figs. 2(d) and 2(e) show that thin NbN
films (5.6 and 6.9 nm) exhibit a smooth surface morphology despite
the granular structure with a relatively homogeneous grain diameter
distribution (around 8nm). On the RHEED [see inset of Fig. 2(d)], the
transversal offset between the spots with regard to the main streaks
indicates the presence of grains having rotational twins,41 as expected
for the epitaxy of a cubic structure on a wurtzite structure.42 Beyond a
critical thickness, which depends on growth conditions, the grains coa-
lesce to form plateaus. Figure 2(f) shows the surface morphology of
such a coalesced thin film (11.5 nm thick) with grains having lateral
size extending to 200 nm and separated by domain boundaries form-
ing grooves. Coalescence is observed to occur only between grains
sharing the same epitaxial relationship, leading to irregular surface pat-
terns [Fig. 2(f)]. The progressive smoothing of the RHEED diagram
allows us to follow in situ coalescence and expansion of domains, con-
firming that the granular structure tends to disappear with increasing
film thickness. In Fig. 2(c), we observe that the superconducting critical
temperature of cubic NbN thin films (5.6–11.5 nm) epitaxially grown
on AlN on silicon is relatively high in the 11–13K range. Interestingly,
an increase in the superconducting transition temperature Tc is
observed with decreasing NbN thickness. This behavior is very likely
related to strain evolution as a function of NbN thickness. Tensile
strain is expected from the in-plane lattice parameter mismatch
between wurtzite AlN (0001) and cubic NbN (111).41 The higher the
tensile strain, the higher the superconducting transition temperature.
Furthermore, the evaluation of the lattice parameter and deformation
of the d NbN cubic lattice parameter, as performed in Ref. 41, indicate
that the tensile strain progressively relaxes when the thickness of the
NbN layer increases, which explains the decreasing Tc with thickness.

The tensile strain due to the lattice mismatch (0.48%) between d
NbN and AlN is likely enhanced by the granular structure of NbN
films.47 While increasing thickness, tensile strain is first partially
relaxed through elastic relaxation mechanisms and then by coalescence
and formation of grooves [Fig. 2(f)]. The increase in the NbN critical
temperature with increasing lattice parameter (tensile stress) up to a
certain point has already been reported.41,43 Since Si has a smaller ther-
mal expansion coefficient than AlN (62% thermal expansion coeffi-
cient mismatch), AlN and then NbN thin films experience an
additional tensile deformation during post-epitaxy cooling from the
growth temperature to room temperature. Surprisingly, resistivity of
NbN films increases with thickness, which could be related to the
strain relaxation mechanism introducing defects. The correlation
between the increase in Tc and the decrease in resistivity has already
been observed.28,43 Because MBE allows for fine tuning, correlation
between resistivity and Tc as a function of thickness and strain could
be carefully investigated.

FIG. 1. (a) HR-HAADF STEM image of the d-NbN/AlN interface showing also the
native NbN oxide at the surface. (b) HR-STEM image of the d-NbN/AlN epitaxial
interface. (c) HAADF STEM image of the NbN layer showing (arrows) grains bound-
aries delimiting rotational variants.
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To assess the performance of these films for single photon detec-
tion, detectors were fabricated on the 6.9 nm thick film. The graph in
Fig. 3(a) presents the evolution of the sheet resistance vs temperature
using the four point measurements technique on patterned samples
(25 � 250lm2). We observe a sharp transition between the normal
and superconducting states and a residual resistance ratio (RRR)
R300=R20

12 of about 0.67. This value is similar to that obtained in a
recent study.28 In sputtered films, the high value of the sheet resistance
is a key parameter for high quality detectors.13

Hairpin-shaped detectors with a series inductor to avoid latching
were patterned with electron beam lithography (resist ma� N2401)
and reactive-ion etching of NbN in a CF4/O2 plasma. Test devices
were inspected by scanning electron microscopy [Fig. 3(b)] to confirm
the nanowire width uniformity over large areas and the small edge
roughness. The detectors were flood illuminated at different wave-
lengths, and the internal detection efficiency (IDE) of 70 nm width
hairpin is shown in Fig. 3(c). The detection curves were measured up
to the onset of dark counts (29 lA) for accurate estimation of the effi-
ciency. Saturation of the internal detection efficiency is obtained with
excitation wavelength up to 850nm. At longer wavelengths, the effi-
ciency drops and reaches 60% at 1550 nm based on a sigmoid curve fit-
ting. It is important to mention that for the samples studied, the
optical cavity has not been optimized and the reflection coefficient at

the AlN/NbN interface is less than 30%. A reflection of around 80%
can be achieved by optimizing the cavity. These performances in
terms of detection efficiency are comparable to the ones reported by
Cheng et al.28 with NbN films epitaxially grown by MBE on AlN
templates on sapphire using a straight nanowire configuration. They
showed saturation up to 1050 nm, at the cost of reducing the nano-
wire width to 20 nm and length to 20 lm. The single photon detec-
tion pulse of our hairpin detectors for different nanowire widths is
shown in Fig. 3(d). By exponential fitting of the pulse decay, the time
constant decreases from 6.7 to 5 ns with increasing nanowire width
from 70 to 100 nm. Assuming that the kinetic inductance of the film
is much larger than the geometrical inductance of the nanowire and
the series inductor, these time constants translate for a 50 X load
impedance to a sheet kinetic inductance of the film of 58 pH/�.44

Interestingly, this value is noticeably smaller than the 80 pH/� typi-
cally obtained for sputtered NbN film for a similar thickness
(7 nm),45 which is advantageous for experiments requiring a higher
detection rate. Comparison of the results (Tc and IDE) reported in
this paper and those reported in previous studies28 show that it is
not mandatory to achieve perfect structural quality of both the buffer
layer and the NbN epitaxial layer to fabricate good detectors. This
highlights that the mechanisms driving the detection processes are
not well understood.

FIG. 2. (a) AFM picture showing the smooth surface morphology of the AlN buffe layer grown on Si. (b) Schematic representation of the samples structure presented in this
paper. NbN thickness varies from 5.6 to 11.5 nm. (c) Critical temperature (circles) and resistivity (stars) of samples grown under low ammonia flux. (d)–(f) AFM pictures of NbN
layers for increasing thickness under low NH3 flux. The various thicknesses are given in (c) in accordance with the color labels. Insets: RHEED patterns of the NbN layers along
the [110] direction. For low thicknesses (d) and (e), a uniform grainy morphology is observed, keeping a very low roughness. Over a given critical thickness, coalescence
between the grains occurs (f).
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Better internal saturation at longer wavelengths is expected to
occur for thinner films, since the energy required to switch the super-
conducting nanowire to its resistive state is reduced along with its cross
section. To assess this assumption with our growth method, a thinner
film (5.6nm) was grown under the same conditions. The critical tem-
perature remains high at 12.7K with RRR around 0.61 [Fig. 4(a)].

However, we obtained similar internal detection efficiency for this
thinner sample, as can be seen in Fig. 4(b). The critical current for the
70nm nanowires went from 29 to 20lA, but no significant improve-
ment in the saturation current was observed at 650 and 850nm, with-
out any saturation at longer wavelengths. It is observed in Fig. 2 that
grains tend to coalesce with the NbN thickness. To achieve a similar
coalescence mechanism for a fixed thin films thickness (needed to
achieve IDE saturation), annealing was performed. A cubic NbN sam-
ple having a similar thickness (5.6 nm) was grown at 800 �C, followed
by an in situ thermal annealing at 900 �C during 3min. To preserve
the cubic phase, the annealing is carried out under an ammonia flow.
As observed by AFM (shown in the supplementary material), anneal-
ing results in partially coalesced NbN layers, which is similar to what is
obtained for thicker non-annealed films (Fig. 2). This change in mor-
phology is also accompanied by a variation in refractive indices (see
supplementary). This indicates that annealing is not only impacting
the morphology but also the stoichiometry and/or the strain. As shown
in Fig. 4(c), annealing results in a drop in the critical temperature by
5.5K, an increase in RRR to 1.56 and also a change in the evolution of
the sheet resistance slope vs temperature. The annealed sample exhib-
its a positive temperature coefficient of resistance until the critical
temperature, which is a typical behavior for metallic films unlike the
non-annealed sample exhibiting semiconductor-like temperature
dependence. The quantum corrections to the temperature dependence
of resistance are linked to the granularity of the films.12,46 This indicates
that annealing is very likely resulting in a stoichiometry modification
(nitrogen depletion) or percolation of grains, which is also in agree-
ment with the drop in the sheet resistance. In terms of the single pho-
ton detection performance, the internal efficiency clearly degraded as
seen in Fig. 4(d). The critical current dropped from 21 to 7 lA, and
internal detection dropped from saturation to 65% at 650nm. All these
observations hint that a slight change in some material properties, not
yet fully identified, could be responsible for a dramatic impact on the
detector properties. Also, these results show that improving the surface
morphology from highly dense small grains to coalesced larger grains
does not necessarily improve detection performances.

In conclusion, we demonstrate that SNSPDs can be fabricated
from epitaxial NbN films grown by NH3-MBE on silicon (111) sub-
strates using an AlN buffer layer. High critical currents and tempera-
tures as well as saturation of the internal detection efficiency at 650
and 850nm are shown. The fact that these good results are obtained
using granular cubic NbN layers exhibiting grain boundaries and rota-
tional twins indicates that detection mechanisms are not solely related
to the crystalline quality of the superconducting layer. Nevertheless,
growth parameters have to be accurately adjusted to provide perform-
ant epitaxial NbN layers for detectors. By fine-tuning these parameters
for single photon applications, it is anticipated that epitaxially grown
NbN by MBE on silicon substrates has the potential to outperform
sputtering in terms of uniformity and reproducibility for the fabrica-
tion of low cost and large SNSPDs arrays.

See the supplementary material for XRD, ellipsometry, and AFM
results on annealed and non-annealed NbN layers.
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annealing for the 70 nm hairpin nanowire.
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