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NbTiN has a high critical temperature (T.) of up to 17 K, making it
a great candidate for superconducting nanowire single-photon detectors (SNSPDs) 0
and other applications requiring a bias current close to the depairing current. % %
However, superconducting inhomogeneities are often observed in superconducting
thin films, and superconducting inhomogeneities can influence the vortex nucleation
barrier and furthermore affect the critical current I. of a superconducting wire.
Superconducting inhomogeneities can also result in stochastic variations in the P
critical current between identical devices, and therefore, it is crucial to have a Sample Bias (mV)
detailed understanding of inhomogeneities in SNSPDs in order to improve device %
efficiency. In this study, we utilized scanning tunneling microscopy/spectroscopy r ’
(STM/STS) to investigate the inhomogeneity of superconducting properties in | —
meandered NbTiN nanowires, which are commonly used in SNSPDs. Our findings
show that variations in the superconducting gap are strongly correlated with the film
thickness. By using time-dependent Ginzburg—Landau simulations and statistical modeling, we explored the implications of the
reduction in the critical current and its sample-to-sample variations. Our study suggests that the thickness of NbTiN plays a critical
role in achieving homogeneity in superconducting properties.
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can arise due to even the slightest degree of disorder, leading
to variations in the superconducting gap (A) and critical
temperature (Tc).20

Superconducting devices, such as SNSPDs, are often
operated with bias currents that are close to the depairing
current. However, material inhomogeneity can affect the vortex
nucleation barrier, leading to stochastic variations in the critical
currents (I.) of other identical devices. A recent study points
out that smooth edges are critical for obtaining a high critical
current due to it owing a higher maximal vortex velocity and
shorter energy relaxation times (7) compared to strips with
rough edges.”' For instance, experimental studies have shown
that an overall reduction in I is observed as wire lengths
increase.”””’ To realize high-performance superconducting
devices, ™7 including SNSPDs with high detection efficiency
and excellent temporal resolution,”® niobium-based nitrides are
widely used materials.”’ Previous studies have demonstrated

Nanoscale devices based on superconducting thin films are
essential components of modern quantum technologies, as
demonstrated in a variety of applications including super-
conducting”” and photonic quantum computing,’ quantum
sensing of single spin excitations,” and high-fidelity quantum
communication.” In recent experiments, superconducting
nanowire single-photon detectors (SNSPDs) have been used
to detect visible or infrared photons with high detection
efficiencies approaching unity,”” sub-3 bs temporal resolution,”
and milli-Hertz dark count rates.”'’ The performance of
SNSPDs critically depends on the local inhomogeneity and
spatial variations of the superconducting properties in the thin
film material.

Disorder in superconducting thin films is primarily
influenced by the growth method used, such as molecular-
beam epitaxy,"' chemical vapor deposition,'” atomic layer
deposition,”” and magnetron sputtering.'* Among these
techniques, magnetron sputtering is the most widely used for
superconducting device fabrication. The resulting level of
inhomogeneity has often been difficult to discern, but it would
have a considerable impact on the device properties. Multiple
studies have demonstrated that disorder-driven effects in
superconducting thin films, such as superconductor-insulator =
transitions,'> disorder-induced phases,'® spatially inhomoge-
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Figure 1. STM characterization of the nanowires structure. (a) Schematic diagram of a patterned NbTiN on SiO,. The inset shows the structure of
nanowires. (b) Large-scale STM image that shows the nanowire structure (1000 nm X 1000 nm, V, = — 1.0 V, I, = 1.0 nA). (c) Line profile taken

s

along the white arrow in panel (b). Width of NbTiN nanowires is 70 nm, as shaded by the orange region.

that NbTIN, a ternary compound, exhibits considerable
disorder that affects properties such as critical temperature
(T.) and I.*°~* In addition to microscopic parameters such as
film thickness, grain sizes, and point defects, the Nb/Ti ratio
can be adjusted to tune the composition of the material, which
can have an impact on the superconducting properties and,
ultimately, the performance of SNSPDs.**

In this study, we used STM/STS to investigate the
superconducting properties of meandered NbTiN nanowires
commonly used in superconducting quantum devices. We
analyze the local superconductivity and observe that the depth
of Avaries across the NDbTIN nanowires. The further
examination reveals a strong correlation between the variation
of the superconducting gap and the local film thickness. By
incorporating microscopic characterization of the super-
conducting inhomogeneity into time-dependent Ginzburg—
Landau simulations, we can quantify reductions in critical
current compared to the depairing current in a material with a
statistically fluctuating disorder. We deduce that scaling laws of
NDTiIN critical currents are a function of wire length and
correlate them with experimentally observed data. Overall, our
findings provide important insights into the superconducting
properties of meandering NbTiN nanowires and their
performance in superconducting quantum devices.

The devices were fabricated on a silicon substrate that was covered
with a layer of thermally grown SiO, with a measured thickness of 250
nm. A 9 nm thick film of NbTiN was deposited using a reactive
sputtering process.”* To pattern the film into 70 nm wide parallel
nanowires, e-beam lithography (Microresist ma-N 2401) and reactive
ion etching based on CF,/O, chemistry were used. The resist was
then stripped overnight (Microresist mr-Rem 700). For the NbTiN
nanowires used in critical current measurements at 2.5 K, the same
fabrication process was followed, but the resist stripping step was
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omitted. In this case, a device configuration consisting of a single 100
nm wide strip connected to two contact pads was chosen. Critical
current measurements were carried out using a commercial single-
photon detector from Single Quantum B.V.

To prepare the meandered NbTiN nanowires for STM/STS
measurements, the nanowires were introduced into the UHV
chamber at a base pressure of 2 X 107" torr. The surface was then
cleaned by Ar* ion-bombardment at 0.3 keV for 10 min, followed by
annealing at 120 °C for 15 min (2 cycles). After carrying out the
surface treatment, the surface roughness remained almost the same.
(The surface still has particle grain-like features but the large-scale
surface roughness before/after is 153/121 pm.) The STM/STS
measurements were conducted under a liquid He condition, and the
STM images were acquired in constant current mode. The STM tips
were made of tungsten, which was prepared by electrochemical
etching in a 3 M NaOH solution. STS was carried out using a lock-in
amplifier operating at 687.7 Hz with a 400 ¢V modulation.

The dynamics of the superconducting wire is described by a 2D
(generalized) time-dependent Ginzburg—Landau (GTDGL)
model®* ™ in zero magnetic field

2 2
u [3+W+y_a|y/|]
[T+ p2 > \ 0t 2 ot
= V2 — (P — 1A(x)/ APy (1)
Viu = V-Imly V] (2)

in reduced units, y is the superconducting order parameter whose
nominal size is proportional to the superconducting gap A(r)/A; 4 is
the electric potential; £ is the superconducting coherence length; and
7 is proportional to the inelastic electron—phonon scattering time. u is
the ratio of relaxation times for the order parameter and the current in
dirty superconductors. We set u = 5.79 and y = 10. The disorder of
the film is encoded as a random local gap A(r). The spatial
correlations of the disorder are implemented as a set of randomly
generated convex domains, each with independent random A(r)
values drawn from a normal distribution with relative standard
deviation o. These convex domains are generated using the
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Figure 2. STS spectra taken along with nanowires. (a) STM image of a single nanowire in 100 nm X 100 nm size at 4.9 K (V, = — 1.0V, I, = 1.0
nA). (b) Line profile along the points on the white arrow given in panel (a). (c) Plot of all the dI/dV spectra acquired at the points in (a) across the
NbTiN nanowire. The gradient color indicates the depth of superconducting gap. (d) Dual plot showing the depth of the superconducting gap and

relative heights along with the points in (a).

microstructpy package,”®*’ giving a distribution for the domain size d
as the input. With this model, we simulate the critical current
distribution for a rectangular superconducting geometry W X L, see
Figure 4a, with typical width W =20 £ and length L, = 100 &. Lengths
are measured in units of the superconducting coherence length, which
for the NbTiN films has been determined to be £ ~ 4—5 nm.** A bias
current density J, is injected and extracted as normal currents on the
left and right edges via a boundary condition y = 0, -Vy = ], applied
to a surrounding buffer zone of W X 10 £ on either side. The presence
of the buffer zones allows the order parameter to recover while the
normal current transforms to supercurrent. For the isolating
boundaries along the wire at y = i% the boundary conditions
9 Vy = 0, 3Vu = 0 are used. The critical currents are extracted,
similarly to ref 40, from IV curves simulated by using around 5000
different realizations of the disorder configuration, giving an empirical
probability distribution P; (I.).

The structure of the NbTiN film on SiO, used for STM/STS
imaging is shown in Figure la. The film is 9 nm thick and has a
square shape that is surrounded by eight patterned areas,
consisting of the same material and thickness. The middle pad
structure is an aim for us to locate the NbTiN thin film due to
the poor optical resolution of CCD installed in STM (Figure
S1). The patterned areas consist of structures with 70 nm wide
NbTiN nanowires separated by 110 nm. The schematic of the
nanowires structures is shown in the inset of Figure la. A large-
scale STM image of the area with the strip structures is
presented in Figure 1b, while Figure 1c shows the line profile
along the direction of the white arrow in Figure 1b. The line
profile clearly shows the height and width of the strip
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structures. These nanowire configurations are commonly used
in SNSPD devices.”"*!

Figure 2a displays an STM image of a single nanowire in the
strip areas, exhibiting an inhomogeneous height. Figure 2b
shows the corresponding line profile across the white arrow in
Figure 2a. The STS spectra corresponding to the positions
labeled in Figure 2a are demonstrated in Figure 2c. All STS
spectra exhibit a clear gap near the Fermi level, indicating
superconducting behavior. However, the NbTiN thin film is a
disordered superconducting material, and it has been shown
that the coherence peak is hard to define.*” To determine T,
we introduce zero-bias conductance (ZBC) to be an index for
comparing the T, because as the temperature increases,
thermal fluctuations can break up Cooper pairs and create
free electrons, which reduces the number of available states in
the energy gap and decreases the depth of the dip, indicating
these two properties are correlated. The ZBC is the deepest
point in the spectrum. The depth and width of the
superconducting gap vary among the measuring points,
revealing the inhomogeneous properties along the nanowire.
To further understand the reason leading to this super-
conducting inhomogeneity, the film thickness is considered.
Figure 2d shows the extracted depth of the superconducting
gap and relative heights from each measuring point, revealing a
strong correlation between them.

To confirm the presence of superconducting inhomogeneity
in NbTiN nanowires, a similar measurement was performed on
an unpatterned NbTiN film of the same thickness. The STM
topographic image (30 X 30 nm) of the unpatterned NbTiN
film with a relatively large corrugation is shown in Figure 3a.
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Figure 3. Temperature-dependent STS spectra in NbTiN thin film. (a) STM image in 30 nm X 30 nm size of NbTiN thin film at 5.8 K (V, = — 1.0
V, I, = 1.0 nA). (b) A 3D plot of the STM image in panel (a). (c) STS spectra measured on A, B, and C in panels (a) and (b) at 5.8 K. (d)

Temperature-dependent STS spectra taken at points A, B, and C.

The large-scale image is shown in Figure S2. The height
difference between points A and C is emphasized in a 3D view
in Figure 3b. Regions A—C show heights of 6.0, 3.0, and 5.3
nm, respectively. Figure 3¢ shows the STS spectra acquired on
points A—C at 5.8 K. The highest point region has the smallest
ZBC, indicating the same tendency as the patterned nanowire
case. Temperature-dependent STS measurements were carried
out on points A, B, and C within 5.8 < T < 10.0 K to
understand the correlation between ZBC and critical temper-
ature, as shown in Figure 3d. The depth of the super-
conducting gap decreases as the temperature increases and
vanishes when the temperature reaches T.. Based on the
vanishing superconducting gap, the T. determined from the
spectra on points A, B, and C are about 10.0 9.4, and 10.0 K.
However, we observed that the ZBC is different for each point.
Point B obtains the lowest T with the smallest dip in the ZBC.
Meanwhile, point A has the largest dip in ZBC, suggesting that
superconductivity is stronger at point A, although its T is
comparable to that of point C.

We estimated the local variations of microscopic parameters,
superconducting gap A, thickness h, and grain size and used
those as inputs to a model of an inhomogeneous super-
conductor. The length scale for superconducting variations in
the experimental results is around S to 15 nm, inferred from to
the line profile shown in Figure 2b. Meanwhile, the relative
standard deviation of the gap A is around 10—20%, based on
the estimation of the energy gap (5.4—6.3 meV) from the
fwhm of a Gaussian fitted to the STS spectra. Examples of
disorder configurations generated using a uniform distribution
in the interval [1 &, 3 £] for the domain size d and a normal
distribution with mean one and relative standard deviation
0.125 for the gap amplitude A(r)/A, in nanowires of
dimensions L; X W = 100 £ X 20 & are shown in Figure 4a,
together with the breakdown of superconductivity by the
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nucleation of a vortex traversal path just above the critical
current. For a disorder realization yielding very low I, the
modulus of the superconducting order parameter Iyl typically
shows a single line (an example is shown in the second row in
the figure), while a realization yielding I, close to the median
(4th row) will usually show 2 or more. This illustrates that
disorder configurations that result in a very low I, are typically
dominated by a few very severe defects.

In Figure 4b, the N = 1 case shows a histogram of the I,
normalized to the depairing current simulated with the same
parameters. It is not practical to extend the system size to
much longer wires due to the rapid increase in computational
cost. Instead, we may consider a long wire as composed of
many smaller segments, each of length L, = 100 &, and
estimate the critical current of the whole length L using
extreme value statistics as the minimum of the critical currents
of the N = L/L, segments. The critical current is thus limited
by the weakest point along the wire. If L, is large enough (L, >
W), the I. of each segment will be uncorrelated and the
cumulative distribution of the critical current for the whole
wire will be

Byl <x) =1—[1 =R <x)]"

~ 1 - exp (-NB(I, < %)) )
where the latter approximation will hold for a large N. In this
way, we are able to estimate the statistics for a much larger
geometry with no extra computational cost. For a larger N, the
weight of the distribution is shifted toward lower currents and,
due to the finite number of disorder realizations simulated,
toward poorer statistics. In order to work around this, we have
found that a fit of the lower tail (I, < I.*) of the cumulative
distribution works well, with a function of the form
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generated with uniform [1, d,,,,] distribution for the domain sizes and normal distribution with mean 1 and standard deviation o. For the solid line,
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The curves collapse on top of each other and show good agreement with the functional form of the Gumbel distribution.

B(I < %) = C1n(2) exp (—(x — )*/1) @
where Iy, I}, and C are fitting parameters. The upper cutoff I *
for the fit was chosen such that a good fit to the data was
obtained in the tail. Using this fitted form, we may extrapolate
Py to much larger values of N, but with this method, there is
instead a lower bound for N because the weight of the
distribution must lie in the range I < I* for the fit to be valid.
Figure 4b shows several resulting histograms of the critical
current extrapolated to longer wires. As seen, the typical I,
decreases with increasing length, and the distribution is also
getting narrower. The functional form stays rather similar and
slowly approaches a Gumbel distribution for longer lengths, as
shown in Figure 4d. The median I, is easily extracted by
solving Py (1) = 0.5, and is plotted against length L = NL, in
Figure 4c. The error bars represent 1 standard deviation of the
median I, calculated by bootstrap resampling of the initial
histogram. The reduction of 1. depends sensitively on both
domain size d and magnitude of disorder fluctuations o in a
nonlinear way. As shown in Figure 4c the median I, depends
almost logarithmically on the length of the wire, similar to
previously reported results.””*® The deviation from a pure
logarithmic dependence can be analyzed in the regime of a
moderately large N where the fitted function D, is valid. In this
regime, we can invert the expression for Py to find the
analytical form of the median
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I~ I, — I{/In(CN) (s)
A similar calculation shows that the width of the distribution
decreases approximately as 1//In(CN) . As an example, for the

parameters of Figure 4, the simulations show that these kinds
of inhomogeneities in a wire of length L = 10° & &~ 500 ym can
lead to a reduction of the typical values of the critical current
by about 25%.

To assess these theoretical findings, the critical current I, of
100 nm wide NbTiN nanowires with different lengths was
measured. This corresponds to the simulated case of a S nm
coherence length and nanowire width of 20 coherence lengths.
Four devices for 5 and 500 ym lengths were tested, resulting in
I. =442 + 22 pA and I. = 42.1 + 1.1 pA, respectively. The
experimentally observed reduction of around 5% for a
hundred-fold length increase is generally in line with the
theoretical predictions for some of the used parameters (see
blue and green curves in Figure 4c), validating the presented
model and, hence, providing quantitative statistical values for
NbTiIN inhomogeneity.

In summary, our study using STM/STS measurements
revealed the inhomogeneous superconducting behavior of
NbTiN nanowires in SNSPDs. We have identified the
inhomogeneity of T, in the film and its strong correlation to
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the local film thickness through temperature-dependent STS
imaging. We have also demonstrated, using theoretical
calculations and experimental data, that this inhomogeneity
in the NbTIiN film has a significant impact on the critical
currents of the nanowire devices. Our findings shed light on
the intricate properties of superconducting materials utilized in
advanced quantum devices and hold important implications for
the development of future quantum technologies.

The Supporting Information is available free of charge at
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