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The current density in a superconductor with turnarounds or constrictions is nonuniform due to a
geometrical current-crowding effect. This effect reduces the critical current in the superconducting struc-
ture compared to a straight segment and is of importance when designing superconducting devices. We
investigate the current-crowding effect in numerical simulations within the generalized time-dependent
Ginzburg-Landau (GTDGL) model. The results are validated experimentally by measuring the magnetic
field dependence of the critical current in superconducting-nanowire structures, similar to those employed
in single-photon detector devices. Comparing the results with London theory, we conclude that the reduc-
tion in critical current is significantly smaller in the GTDGL model. This difference is attributed to the
current redistribution effect, which reduces the current density at weak points of the superconductor and
counteracts the current-crowding effect. We numerically investigate the effect of the fill factor on the crit-
ical current in a meander and conclude that the reduction of the critical current is low enough to justify
fill factors higher than 33% for applications where the detection efficiency is critical. Finally, we propose

2

a meander design that can combine a high fill factor and low current crowding.
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I. INTRODUCTION

Mesoscale and nanoscale superconductors play a cen-
tral role in contemporary device configurations applied
in various research fields. Inhomogeneous current-density
distributions, often termed current crowding, can occur
at geometrical features such as corners, bends, and con-
strictions and severely impact the device properties of
microwave resonators, filters, and waveguides. Another
prominent example is superconducting-nanowire struc-
tures, which are the crucial building block for realizing
devices capable of detecting light at the single-photon
level [1]. Due to their outstanding performance in terms
of detection efficiency, time resolution, and low intrin-
sic dark-count rates, superconducting-nanowire single-
photon detectors (SNSPDs) have found widespread appli-
cations in, for instance, quantum optics, light detection
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and ranging (LIDAR), biological imaging, and astron-
omy [2—4]. Furthermore, SNSPDs can be embedded
in photonic integrated circuits [5,6], which allows
for miniaturized implementations of complex quantum-
information-processing architectures. In general, the detec-
tion mechanism of SNSPDs [7] relies on operating the
device relatively close to its critical current, to enable the
transduction of single-photon absorption events into an
electrical signal at high quantum efficiency. Hence, for fur-
ther optimization of superconducting detectors and, more
generally, of superconducting device properties, it is nec-
essary to understand and mitigate the impact of current
crowding, as the latter most commonly limits the critical
current and the device functionality.

Current-crowding effects in superconducting-nanowire
structures have previously been reported for the case
of nanowire meanders with high fill factors [8] and
attributed to inhomogeneous current distributions at the
bends within the London model [9]. Moreover, the impor-
tance of the geometry on the critical current [10,11] and
on the observed dark counts during SNSPD operation
[12] has been highlighted. The application of magnetic
fields has been proposed for probing and counteracting
critical-current reduction due to crowding at nanowire
bends using time-dependent Ginzburg-Landau simulations

Published by the American Physical Society
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[13]. Several experiments have demonstrated an asymmet-
ric critical current with respect to a reversal of the direction
of an applied magnetic field perpendicular to the plane
of the nanowire device [14—16]. To provide guidance for
further device-design optimization, it is essential to bench-
mark different theoretical models related to inhomoge-
neous supercurrent distributions, explore their limitations,
and validate them with experimental data.

This paper focuses on the nanowire hairpin, the basic
building block of superconducting meanders, made up
from a single 180° bend connected to two leads. The gener-
alized time-dependent Ginzburg-Landau (GTDGL) model
is used to investigate the effect of the inner-bend geome-
try on the critical current. To verify the simulations, the
effect of an applied magnetic field on the critical current of
such superconducting-nanowire structures is experimen-
tally measured. Our results within the GTDGL model differ
from those obtained with the London model, demonstrat-
ing that the latter significantly overestimates the impact
of current crowding on the critical current in nanoscale
superconductors. Hence, our results provide guidance for
geometrical device design to achieve nanostructures with
current-carrying capabilities close to the material limits.

The paper is organized as follows. In Sec. II, the current-
crowding effect in the Ginzburg-Landau model is studied
for the simple case of an annulus disk geometry and
compared with the London model. In Sec. III, the theo-
retical model and the numerical methods used to simu-
late various hairpin geometries are described. In Sec. IV,
the fabrication and experimental setup are presented. In
Sec. VA, simulations and experimental results for the
critical-current dependence on the applied magnetic field
are presented. In Sec. V B, the current-crowding effects in
the GTDGL and London models are compared for vari-
ous hairpin geometries. In Sec. V C, the critical-current
dependence on the fill factor is studied and in Sec. VD
we suggest a meander geometry to mitigate current crowd-
ing. Finally, Sec. VI gives a summary and discussion of the
results.

II. CURRENT CROWDING IN THE LONDON AND
GINZBURG-LANDAU MODELS

The supercurrent density is given by J o< |/|>(V6 — A),
where ¥ = ||e” is the complex order parameter. In the
London limit, the amplitude || is assumed to be constant
and in the absence of vortices the phase 0 is single valued.
If magnetic field fluctuations are neglected, formally by
letting the London penetration depth A — oo, the current
pattern is described by an incompressible potential flow
J o VO, with V- J o V26 = 0.

The current-crowding effect has been thoroughly stud-
ied in Ref. [9] in the potential flow limit using the London
model. By using conformal mapping techniques to com-
pute the energy barrier for vortex crossings, it has been

concluded that a turnaround or a constriction results in
a reduced critical current compared to a straight super-
conductor. Computation of the vortex barrier to find the
critical current for a general superconducting geometry is
difficult but it is possible to simplify the calculations when
the smallest radius of curvature R is much larger than the
coherence length &, which is often the case in practical
applications. In this case, the critical current is obtained
when the local critical-current density is reached some-
where in the superconductor. It is therefore sufficient to
solve the Laplace equation to find the critical current.

In Ref. [9], it is shown that most 180° turnarounds
result in a significant critical-current reduction and, in
general, that sharper turnarounds tend to result in a
larger reduction. It is also shown that there exists an
optimal turnaround geometry that does not reduce the
critical current compared to a straight superconductor,
within London theory. The inner boundary of the opti-
mal bend is, forx < (2W/m) In2, parametrized as y4 (x) =
+Q2W/m) cos™![exp (wx/2W) /2] (see Fig. 10 in Ref. [9]),
which takes the limiting value y, = +W far from the bend.
This means that two meander lines must be separated by
a distance of 2 in order to use this design. The opti-
mal turnaround geometry is thus ideal in terms of current
crowding. A drawback is that the fill factor, defined as the
fraction of area covered by the superconducting film, is
limited to 33%.

The validity of the London model is limited to small
currents well below /.. Currents close to the critical cur-
rent are outside this regime and hence results from the
London model do not necessarily apply. This motivates
the study of the reduction of the critical current due to
the current-crowding effect in the Ginzburg-Landau model,
which remains valid close to the critical current.

To clearly demonstrate the differences in the current-
crowding effect in the Ginzburg-Landau model compared
to the London model, we consider a superconducting disk
geometry given by the annulus between two concentric cir-
cles. The width is W, the thickness d, the inner radius a,
the coherence length &, and the Ginzburg-Landau param-
eter k — 0o, as depicted in Fig. 1(a). The cylindrical
symmetry of this geometry may be used to simplify the
time-independent Ginzburg-Landau model,

0= (V—iA)*y + (- yHy, (1)

into a nonlinear ordinary differential equation by assuming
that the superconducting order parameter ¥ = |v/|(r)e®®,
where 7 and ¢ are cylindrical coordinates. Dimensionless
units are used, as defined in Sec. III. The resulting ordinary
differential equation is

32|yl Y|
0=r ——
PR

+ =Dy -y, Q)
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FIG. 1. The current-crowding effect in the Ginzburg-Landau

model for an annulus area between concentric circles. (a) The
geometry with inner radius a and width # used in the calcu-
lation. A current / is induced into the superconductor (gray)
by setting k [see discussion below Eq. (2)]. (b) The current
as a function of the applied flux (blue curve) for inner radius
a = 50¢ and width W = 10£. In the limit a > W, the geom-
etry may be approximated with a straight superconductor and
the analytical result from Eq. (3) provides excellent agreement
(dashed orange curve). For a = 10§ and W = 50& (dash-dotted
green curve), the current-crowding effect is non-negligible and
the critical current is reduced below /4, = 0.3851y. (c) The crit-
ical current as a function of the inner radius when W = 10&.
The Ginzburg-Landau model (blue curve) predicts significantly
higher critical currents compared to the London model (dashed
red curve). The critical current is only evaluated for a/&€ > 5 in
the London model due to complications when a is comparable
to & [9]. (d) The current density along a radial cross section for
the London model (dashed red curve) and the Ginzburg-Landau
model (blue curves: dashed-dotted, £ = 5; dashed-double-dotted,
k = 7; solid, k = ).

where 0(p) = ng. A circulating current may be induced
by threading a thin flux tube through the ring or by set-
ting a nonzero winding number 7 of the phase, so that k =
n— &/, where @ is the flux quantum. Isolating bound-
ary conditions are used on the superconductor-vacuum
interface, i.e., d|y|/dr = 0. From the numerical solution
of Eq. (2), the supercurrent density is obtained as J(r)
[Y1>(VO — A) = kly|*/r.

Figure 1(b) shows the calculated current [ =
d faa+WJ(r)dr in units of Iy = AWd/29er’€ as a function
of k. As can be seen, there is a maximal current that can
be sustained by a cylindrically symmetric solution. Higher
currents necessarily break the symmetry by the nucleation
of vortices that start to cross the wire and lead to dissipa-
tion in the system. For a geometry with a large inner radius
compared to the width a/W >> 1, the critical current equals
the depairing current lgep = 2/o/ V27 ~ 03851, and the

curve is well approximated by the formula for a straight
superconductor [17],

k k2
I=L~(1-2), 3
oko( kg) 3)

where the superfluid velocity vg o< k and &y is a normal-
ization factor that sets the maximal current at k = ko/~/3.
For a smaller ratio of a/W, the critical current is less
than the depairing current /¢, and thus demonstrates a
non-negligible current-crowding effect.

In Fig. 1(c), results for the critical current (normalized
to Iy) as a function of the inner radius are compared for the
Ginzburg-Landau and London models. In general, the crit-
ical current is significantly higher in the Ginzburg-Landau
model compared to the London model, which shows that
the current-crowding effect is less pronounced than previ-
ously reported in the literature. This qualitative difference
between the models is caused by the current redistribution
effect, which is shown in Fig. 1(d). For sufficiently large %,
the current density near the inner boundary is large enough
to cause a significant suppression of the superconducting
order parameter |y|. This suppression in turn limits the
current density locally, which forces the current to redis-
tribute. This results in a flatter current profile with smaller
peak values, which increases the critical current and there-
fore weakens the current-crowding effect compared to the
London limit.

ITII. THEORETICAL MODEL

To study the current-crowding effect in a general geome-
try, we consider a superconductor with a thickness d much
smaller than the London penetration depth A—i.e., d K
A—and a width W much smaller than the Pearl length A =
2)0%/d,i.e., W < A. This is typically relevant for materials
and device dimensions used in superconducting quantum
circuits and detectors. In this regime, the magnetic field
from the current passing through the superconductor has
little influence on the magnetic field dynamics [9] and it
is justifiable to take the Ginzburg-Landau parameter xk =
A/& — oo and make the approximation that the magnetic
field B is constant, normal to the superconducting surface,
and equal to the applied magnetic field.

To simulate the superconductor, we employ the GTDGL
model [18-20],

u . yrayl
/1+y2|1/,|2(8t+lﬂ+2 at v

=1 =¥y + (V- iA)’y, 4)

Vi =V - Im[y*(V — iA)y], (5)
—By, Bx,

A= 2yx + Txy, (6)
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where 1 is the superconducting order parameter, A is the
vector potential, and u is the electric potential. We make
a conventional choice for the material parameter u = 5.79
[18] and assume that y = 10. The dimensionless units are
chosen such that distances are measured in the coherence
length &, time is measured in T = oo A2, where o is the
conductivity, voltages are measured in vy = h/2ejoo A2,
currents are measured in Jy = fi/2u9er’&, and magnetic
fields are measured in B., = h/2e&?. Equation (6) is a
result of the approximation that the magnetic field is
constant and equal to the applied magnetic field B.

We simulate the GTDGL model for geometries such
as the turnaround presented in Fig. 2(a). The supercon-
ductor is coupled to two metal terminals with oppo-
site normal-current densities J.y that control the current
flowing through the superconductor. This is modeled by
applying the boundary conditions ¥ =0 and n-Vu =
Jext on the superconductor-metal interfaces. The remain-
ing boundaries are superconductor-vacuum interfaces and
the boundary conditions are given by i - (V —iA)y =0
and i - Vu = 0 to ensure that no supercurrent or normal
current flows across the boundary.

We solve the GTDGL given in Egs. (4) and (5) using
a finite-volume method on an unstructured Delaunay trian-
gulation [21,22], where the edge lengths in the triangles are

(a) (b)

0 i 0
-2 -1 0 1 2 -2 -1 o0 1 2
B (T) B(T)
FIG. 2. (a) Atypical turnaround used in the simulations. A uni-

formly distributed current density J is injected through the lower
metal contact (blue) and the current flows through the super-
conductor (gray) to the upper metal contact. The leg width is
W = 14&, the head width H = 3W, and U varies based on the
fill factor. (b) A scanning-electron-microscopy (SEM) image of
a hairpin device with a square and optimal turnaround. The scale
bar is 200 nm. (c),(d) The experimentally measured critical cur-
rent as a function of the magnetic field (blue diamond) fitted with
simulation data (green curve) for a 33%-fill-factor (c) square and
(d) optimal turnaround (shown in the insets). The experimental
data for a reversed current direction and a reversed magnetic field
(orange circle) overlap the positive current data (blue diamond).

at most £ /2. Link variables are used for the magnetic vec-
tor potential A by introducing U = exp (—i [ A - dl) and
rewriting the covariant derivative as

(V —iA)Y = UV (UY). (7)

This formulation of the covariant derivative preserves the
gauge invariance when discretized on a lattice [23]. The
electrical scalar potential p is treated similarly for the
covariant time derivative. The discretized form of Eq. (4)
is solved using a semi-implicit Euler method and Eq. (5) is
solved with a sparse lower-upper factorization.

IV. EXPERIMENTAL SETUP

Device fabrication is performed on silicon substrates
covered with thermal SiO;, relying on a room-temperature
reactive-sputtering process of Nb, Ti;_,N with stoichiom-
etry optimized for single-photon detectors [24]. The
Nb, Ti;_4N thin films (thickness 9 nm) are patterned into
nanowire structures via electron-beam lithography and
reactive-ion etching. The SNSPDs consist of hairpins with
a width of W =70 nm and a fill factor of 33% (U =
140 nm). The leads are 50 um long and connected to a
lumped-element inductor to avoid latching. The detectors
are mounted inside a closed-cycle dipstick system (Attodry
2100) with He exchange gas at temperatures below 2 K
inside a uniaxial field created by a superconducting magnet
and connected to coaxial cables leading to room tempera-
ture. The SNSPDs are operated using commercial control
electronics (Single Quantum Atlas) containing a bias tee
and a two-stage room-temperature amplifier. The measure-
ment sweeps are controlled using PYTHON and the critical
currents are extracted by fitting a step function using LMFIT
[25]. The measurement configuration is schematically
depicted in Fig. 2(a), whereas representative scanning-
electron-microscopy (SEM) images of the investigated
devices are presented in Fig. 2(b). This device design is
immediately relevant for waveguide-integrated supercon-
ducting single-photon detectors employed in nanophotonic
circuits [26].

V. RESULTS

A. Critical-current dependence on applied
magnetic field

An applied perpendicular magnetic field will, depending
on direction, either increase or decrease the amount of cur-
rent crowding at the inner bend of a turn. This will then
change the energy barrier for vortex crossings and lead
to a lower or higher critical current of the structure and
will show up as an asymmetry in /.(B) about zero field.
For practical applications with both left and right bends,
a homogeneous magnetic field could reduce the current
crowding only at one type of bend. Still, from an exper-
imental viewpoint, this is a useful diagnostic of current
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crowding in hairpin geometries as studied here, since it
relies on comparing the critical current in the same device
at different fields, rather than different devices with vary-
ing geometries, which are susceptible to sample-to-sample
variations.

The critical-current dependence on the applied mag-
netic field is investigated in both experiment and simu-
lation by extracting critical currents from /-V curves for
different constant applied fields. The results from experi-
mental devices with fitted simulation data for the square
turnaround and the optimal turnaround are presented in
Figs. 2(c) and 2(d), respectively. To fit the simulation data,
dimensions are reintroduced to the current by multiplying
with [y = WdJ, and to the magnetic field by multiplying
with B,. We also add an empirical constant offset By
to the simulated magnetic field. The best fit corresponds
to B, = 10 T, Bog = 70 mT, Iy = 75 nA for the device
with the square turnaround and Iy = 67 nA for the opti-
mal turnaround. These values correspond to the estimated
parameters £ &~ 5.7 nm and A &~ 600 nm for 7~ 2 K.
Extrapolation to 7= 0 using BCS theory gives £(0) ~
5.1 nm and A(0) ~ 550 nm [17]. These are consistent with
previously reported values for Nb,Ti;_,N films [27,28].
The assumed magnetic offset B,y moves the simulation-
data peak slightly closer to zero magnetic field and is
needed for a good fit. The origin of the offset is not known.
Howeuver, it is unlikely that it is due to the presence of a
constant magnetic field background, as shown by the over-
lapping data points in Figs. 2(c) and 2(d). In the literature, a
stronger peak asymmetry has been reported [ 14—16], which
motivates further study.

The simulation results in Figs. 2(c) and 2(d) are in good
agreement with the experimental data, showing a larger
asymmetry for the geometry with sharp corners. In a region
around B = —1 T, the simulations display a bump that is
not present in the experimental results. The bump seen
in the simulation data has previously been reported in
Refs. [13,15,29] and is attributed to the formation of a vor-
tex lattice. The precise shape and location of bumps in this
regime is likely to depend on the detailed geometry of the
device. One possible explanation for the missing bumps
in the experimental data shown in Figs. 2(c) and 2(d) is
that vortices move more freely for nonzero temperatures.
Another difference between experiment and simulation is
present for the square turnaround when a positive mag-
netic field is applied, i.e., the simulation predicts a smaller
critical current compared to experiment. This difference is
likely explained by the 90° corners being rounded in the
experimental device, as seen in the upper SEM image in
Fig. 2(b).

Figure 3(a) shows the simulated critical current versus
the magnetic field for different geometries: straight, circle,
ellipse with aspect ratio 1 : 2, square, and optimal accord-
ing to London theory. As expected from the symmetry
of the straight superconducting strip, its critical current is

0.40
¢ Straight B8 (a)
0.351 Circle ] X O*’
¢ Ellipse .. 3 ’.
0301 Square :
0254 * Optimal ‘ s . !
iz ! 8 g Ce ¢
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FIG. 3. Simulation results from the GTDGL model. (a) The

simulated critical current as a function of the applied magnetic
field for geometries with a 33% fill factor (filled markers) and
a 50% fill factor (hollow markers). A straight superconducting
strip (blue diamonds) is added as a current-crowding free ref-
erence. (b)—(e) The superconducting order parameter, showing
the breakdown mechanics slightly above /.. A uniform current
density enters the right leg and flows to the left leg. The posi-
tive magnetic field direction is toward the reader. (b) B/B., =
—0.1. Vortices nucleate on the outer boundary and move across
the nanowire. (c) B/B, = 0. Vortices nucleate at the start of
the inner bend and create a phase-slip line. (d) B/B. = 0.025.
Vortices nucleate at the tip of the turnaround. (e) B/B», = 0.1.
Vortices nucleate on the inner bend and leave the superconductor
on the outer boundary.

symmetric around B = 0. For the remaining geometries,
the critical current is asymmetric around B = 0. As dis-
cussed, this asymmetry is a clear sign of current crowding
being influenced by the screening currents induced by the
applied magnetic field.

For sufficiently strong negative magnetic fields, the crit-
ical currents of the turnaround geometries coincide with
the straight geometry, which is explained by the weak-
est point being located on the legs. This is shown in
Fig. 3(b), where it is seen that the first nonstationary vor-
tices nucleate on the outer boundary of the legs and flow
inward toward the inner boundary. For zero magnetic field,
all smooth geometries at 33% fill factor have a negligi-
ble reduction in the critical current, which is consistent
with Fig. 3(c), where the weakest point is at the start of
the inner bend. For small positive magnetic fields around
B/B., = 0.05, the critical current is reduced compared to
the straight geometry, which shows that the magnetic field
aggravates the current-crowding effect. This is seen in
Fig. 3(d), where the weakest point has moved to the tip
of the turnaround as a result of current crowding. For a
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sufficiently strong positive magnetic field, the critical cur-
rents for the turnarounds approach the value for the straight
geometry. In Fig. 3(e), nonstationary vortices nucleate
everywhere on the inner boundary, which suggests that the
inner bend is less limiting for the critical current.

B. Current crowding in GTDGL versus London

In Sec. II, we show that the current-crowding effect in
the Ginzburg-Landau model is qualitatively different com-
pared to the London model when considering a system of
concentric circles. The difference between the models is
that Ginzburg-Landau takes the suppression of the super-
conducting order parameter into account, which results in
a redistribution of the current density. The current redistri-
bution effect depends on the turnaround geometry and we
therefore investigate different geometries.

In the GTDGL model, we define the critical current
as the current at which vortices start to flow across the
wire, since the vortex motion will generate a voltage. In
the London model, we define the critical current at which
the vortex barrier for crossings is zero. For a bend with a
radius of curvature R much larger than £, this will coincide
with the current when the critical-current density is locally
reached somewhere [9]. For simplicity, the comparison is
restricted to geometries such that R > 10£ by scaling up
the size if necessary [30].

In Fig. 4, the reduction of the critical current is com-
pared between the GTDGL model and the London model
for the different geometries. All geometries, except for the
optimal geometry, display significantly smaller reduction
in the GTDGL model compared to the London model. This
shows that the London model overestimates the impact
of current crowding and turnaround geometry. From the
GTDGL simulations, we may therefore conclude that for
sufficiently wide heads [large H in Fig. 2(a)], the exact
shape of a rounded inner bend does not significantly affect
the critical current for fill factors up to 50%. Defects in the
manufacturing process may be a larger contribution to the
reduction than the geometrical form of the inner bend.

C. Critical-current dependence on fill factor

Figure 5(a) shows the critical-current reduction as a
function of the fill factor for the GTDGL simulations.
The fill factor is tuned for each geometry by changing the
spacing between the legs U while keeping W = 14& fixed
[see Fig. 2(a)] and rescaling the inner bend to leave the
geometry unchanged. The critical current decreases as the
fill factor increases, which is expected since the current-
crowding effect becomes stronger for sharper turnarounds.
The numerical results for the critical current of the rounded
geometries display a reduction similar to that of the experi-
mental results in Ref. [8]. The latter were based on devices
with square inner bends that tend to be rounded due to

1041 @ ] [ ]
A
0.9 1
[
£os{ A
0.7 1 A
A ® GL33%
GL 50%
A London 33%
0-61 A A A London50%
Cirlcle Elli;)se SqL,;are Optilmal

FIG. 4. Reduction of the critical current compared to a straight
superconductor. The reductions predicted by the GTDGL model
with a 33% fill factor (blue circle) and a 50% fill factor (orange
hollow circle) are compared with the London model for a 33%
fill factor (green triangle) and a 50% fill factor (red hollow trian-
gle). All geometries are rescaled such that the smallest radius of
curvature R > 10&, which allows for direct comparison between
the GTDGL and London models without any extra compensa-
tion factors due to small geometries. The width W is 14¢ for
circle 33%, 20¢ for circle 50%, 20¢ for ellipse 33%, 40¢ for
ellipse 50%, 14& for square 33%, and 20§ for square 50%. For
all geometries except for the optimal, the London model pre-
dicts a significantly larger reduction of the critical current than
the GTDGL model.

fabrication limitations, which makes them more compara-
ble to the rounded simulation geometries. Furthermore, the
reduction in the critical current is less than what is expected
from London theory, as has been seen experimentally in
Refs. [31,32].

The shape of the inner bend plays a role in how quickly
the critical current drops as the fill factor is increased. As
a result, the best choice of inner bend may change as the
fill factor increases. In the limiting case approaching 100%
fill factor, it is clear that all radii of curvature are zero, all
geometries have the same shape, and the critical currents
are equal. Figure 5(a) can be used to determine a trade-
off between the optical design for high detection efficiency
[33] and the suppression of the critical current by varying
the fill factor.

D. Meander with arbitrary fill factor and low
current crowding

As shown in Sec. V C, the GTDGL simulations indicate
that the critical current of the structure is not as sensitive
to the geometry as previously reported. However, for high
fill factors, the current-crowding effect still leads to a con-
siderable reduction of the critical current. In the case of
a standard meander composed of straight lines connected
with 180° turnarounds, there is a trade-off between having

064046-6



CURRENT CROWDING IN NANOSCALE SUPERCONDUCTORS...

PHYS. REV. APPLIED 17, 064046 (2022)

(a) (b)
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FIG. 5. (a) The reduction of the critical current compared to

a straight superconductor as a function of the fill factor. For a
33% fill factor, the reduction of the critical current is negligi-
ble for all smooth turnarounds. The critical current is reduced as
the fill factor increases and for an 88% fill factor all geometries
converge to the same critical current. (b) An example of a mean-
der with L bends used to minimize the current-crowding effect,
while simultaneously allowing an arbitrary fill factor. The use of
L bends results in a changed aspect ratio, with a # b.

a high critical current and a high fill factor. One possible
solution is to increase the thickness of the superconduct-
ing film at the bends in order to locally reduce the current
density [34].

We propose a meander design that eliminates the trade-
off between the critical current and the fill factor while
avoiding the need for a variable film thickness. The con-
cept uses L bends, which are turnarounds consisting of
an extra 90° turn before the 180° turnaround, as depicted
in Fig. 5(b). This design allows the fill factor near the
turnaround to be smaller than the fill factor of the light-
detecting meander lines, which makes it possible to use
an arbitrary fill factor while allowing the turnaround to
be wider and have a low fill factor. The downside of this
design is that the meander will be elongated due to the
extra space required for the L bends and, in general, the
ratio b/a > 1.

The ratio b/a may, for a large number of lines, be
approximated as a ratio between the pitch in the L bend
Pp and the pitch in the meander lines P,,. Alternatively, it
can also be approximated using the fill factor of the L bend
[i, the meander ffj;, and the ratio between the width of the
superconducting wire in the bend and in the meander line
k= WB/WM. Thus

b_ Py _ M
a PM ﬁig

(8)

In order to estimate the elongation of an L-bend meander,
we consider the limiting case where the meander lines have
width W, = W and a 100% fill factor, while the L bends
have width Wg = 2W to reduce dark counts and allow for
a 33% fill factor. These dimensions gives b = 6a and the
meander area would increase by about a factor of 3 to cover
the same circular area as a traditional meander.

Recently, the same idea has been independently pro-
posed and experimentally realized for high-fill-factor
superconducting microwire single-photon detectors in
Ref. [35]. The resulting detectors combine high detection
efficiency and low polarization sensitivity.

VI. SUMMARY

We use the GTDGL model (in the limit A — 00)
to explore the current-crowding effect in thin (d < A)
superconducting nanostructures with widths W 2> 14¢.
This regime is relevant for superconducting quantum cir-
cuits and detectors, based on, for example, NbN and
Nb, Ti;_yN. The theoretical predictions are tested exper-
imentally by comparing how the critical current varies
with the applied magnetic field for two distinct nanowire
turnaround geometries. In comparison to the previously
used London model, we show that the reduction of the
critical current due to current crowding is substantially
less pronounced in the GTDGL model. This finding is
explained by the suppression of the superconducting order
parameter near bends, which causes current redistribution
close to sharp turns. Within London theory, it is possible to
design optimal turnarounds without current crowding but
this restricts the fill factor to 33%. Using the more accu-
rate description provided by the GTDGL model, our results
show that it is possible to achieve less than 1% reduction
for a 50% fill factor. We propose that this marked dif-
ference in predicted critical currents considerably loosens
the design restrictions for a large range of supercon-
ducting nanodevices and circuits. Hence, our results may
pave the way toward devices with improved performance
and current-carrying capabilities approaching the material
limits.

The simulation software is available on Ref. [36].
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