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High Kinetic Inductance in Platinum-Coated Aluminum

Nanobridge Interferometers

lvan A. Nazhestkin, Sergey V. Bakurskiy, Alex A. Neilo, Irina E. Tarasova,

Nidzhat G. Ismailov, Vladimir L. Gurtovoi, Sergey V. Egorov, Sergey A. Lisitsyn,
Vasily S. Stolyarov, Vladimir N. Antonov, Valery V. Ryazanov, Mikhail Y. Kupriyanov,
Igor 1. Soloviev, Nikolay V. Klenov, and Dmitry S. Yakovley*

The transport properties of a nanobridge superconducting quantum interference
device made of Al/Pt bilayer have been studied. Measurement and approximation
of the voltage-field dependencies allow to estimate the inductance of the
structure. It is found that this value significantly exceeds the expected geometric
inductance and exhibits an atypical temperature dependence. To explain this
effect, a microscopic model of electron transport in SN bilayers is developed,
considering the proximity effect, and the available regimes of the current
distribution are described. The measured properties may be indicative of the
formation of high-resistance aluminum with high values of kinetic inductance

during the fabrication of Al/Pt bilayers.

1. Introduction

Thin-film aluminum structures have long been the foundation of
superconducting quantum technologies."~*! Over the past two
decades, superconducting aluminum (Al) qubits demonstrated
remarkable advancements in the coherence times and gate fidel-
ity, thus becoming a leading technology for quantum comput-
ing.**! However, defects and impurities at the interfaces and
surfaces remain a significant hurdle in achieving scalable quan-
tum systems.[*® It is established that the surface oxide that spon-
taneously forms on aluminum under ambient conditions is a

primary source of microwave loss and
decoherence.®'% Coating aluminum with
protective layers, such as noble metals,
has shown a significant reduction in the
effect.! ™" However, the bilayers of a
superconductor (S) and a normal (nonsu-
perconducting, N) metal have several prop-
erties that require further attention. One of
them is the relatively high kinetic induc-
tance of S/N bilayers, which may work in
positive and negative directions.

Kinetic inductance (KI) refers to the
inductance of a film due to the inertia of
its carriers. The concentration of quasipar-
ticles becomes exponentially small below
the critical temperature T < T (typical of modern quantum tech-
nologies), and the surface impedance of the superconductor is
primarily governed by the KI, which arises from the kinetic
energy of the Cooper pairs. Superconducting films exhibiting
high KI have been used in microwave kinetic inductance detec-
tors (MKIDs),"*® superconducting single-photon detectors
(SSPDs),?*  bolometers, > vortices  detection,**%
parametric amplifiers (PAs),?*>7® rapid single-flux quantum
(RSFQ) and neuromorphic circuits,>*** and more recently,
superconducting qubit circuits (QCs).***% Superconducting
quantum interference devices (SQUIDs) made of such films have
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shown flux sensitivities as high as the single electron spin-flip detec-
tion. The devices have been fabricated using various pure supercon-
ducting materials such as Al, grAl, Nb, NbN, TiN, or MoRe, P ag
well as the bilayer superconductor/normal metal films.

In this work, we conduct an experimental and theoretical study
of the kinetic inductance of platinum-coated aluminum films.
The bilayer is used to fabricate SQUID with the Dayem nano-
bridges instead of the traditional Josephson junctions (JJs). In
such a design, the Pt layer acts as a thermal shunt, providing
effective thermalization of the system. This effect in Al/Pt nano-
bridges suppresses the hysteresis of the I-V curve,® a common
problem of SQUIDs. As a result, we can carry out experiments in
a wide cryogenic temperature range, down to 10 mK. We have
found an interesting property of the Al/Pt bilayer: a high kinetic
inductance, which is several orders of magnitude larger than the
geometric inductance over a wide temperature range.

By analyzing experimental data, we arrived at a consistent
microscopic theory of the observed effect. The study sheds light
on the phenomenon of the kinetic inductance in hybrid S/N
bilayers and opens avenues for their wider application to
quantum technologies, such as tunable inductive elements in
quantum circuits and noise-resistant detectors.

2. Experimental Section

The schematic of the SQUID with Dayem bridges is depicted in
Figure 1a. It consists of a superconducting ring with four
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interconnecting terminals and nanobridges. The SQUID is made
of a 27/10 nm-thick Al/Pt film. Technology of device fabrication
is given in detail in our previous study.'*” Terminals V+ and V—
are utilized to measure the switching voltage, while terminals I+
and I— are designated for the bias current. Figure 1b shows a
scanning electron microscopy (SEM) image of the device. The
SQUID has 2 pm diameter loop. The nanobridges 32 nm wide,
as shown in Figure 1c, are significantly smaller than the thin-film
penetration depth Ay, = 42/d, where d represents the thickness
of the film, and 1 is the bulk penetration depth."

Energy-dispersive X-ray spectroscopy (EDXS) colormap
bilayer Al/Pt intermetallic structure is shown in Figure 1d.
EDXS chemical distribution maps are obtained from spectral
intensities of the aluminum (light green), platinum (blue),
silicon (yellow), and oxygen (red), respectively. The cross-
sectional morphology and EDXS analysis confirmed the
formation of the bilayer is formed without oxide between the
Al and Pt.

The transport measurements of the sample are done by stan-
dard four-point technique in *He—*He dilution refrigerator in the
temperature range from 15 mK to 15 K. The measurements are
performed with a room-temperature differential amplifier.
Current bias is applied symmetrically through accurately
matched precise resistors. To improve the accuracy of the current
bias, an inverted voltage drop on the sample is used as a refer-
ence for the differential amplifier. The power lines of the ampli-
fier are filtered with 1 pF capacitors to decouple the amplifier

0 Il 1 1 1 1 1
0.4 0.6 0.8 1.0 1.2 1.4 1.6 1.8 2.0
Temperature (K)

(d)

Figure 1. a) Schematic circuit of an Al/Pt bilayer nanobridge SQUID. A nanobridge section of SQUID is zoomed in at the top. b) SEM image of the device.
c) Zoomed image of one of the nanobridges. It is 32 nm wide at the narrowest point. d) EDX map image of the layered nanobridges. e) Temperature
dependence of the SQUID resistance at 10 nA current bias; the insert shows typical -V curve at the base temperature T=20 mK.
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schematic from 50 Hz harmonics. The measurement scheme
details are described elsewhere.[*%]

Figure le shows the R(T) curve of the measured sample.
There is a superconducting transition of Al/Pt film at ~1K.
Due to the proximity effect,(****! the critical temperature is lower
than that of the pure Al film produced under the same techno-
logical conditions,’®” which is around 1.4 K. The critical current
and normal-state resistance of nanobridges at 20mK are
I.=3pA and R, ~ 24 Q.

We measure the voltage-field curves of the SQUID at different
bias currents; see Figure 2a. One can see a modulation of the volt-
age with a period corresponding to the superconducting flux quan-
tum through the area of the SQUID loop. The amplitude of the
modulation decreases with increasing bias current. From the
above data, it appears that the real inductance of the circuit is sev-
eral orders of magnitude larger than the value obtained from direct
estimates of its geometric inductance (Lioop = o - 27~ 2.72 pH).
Let’s look at the possible causes of this oddity in the next section.

@39

www.aem-journal.com

3. Theoretical Methods and Results

3.1. Distribution of the Current Density in SQUIDs

To explain the discrepancy between the predicted inductance and
experimental value, we calculate the current density distribution
in the SQUID using the 3D-MLSI software.® The results are
shown in Figure 2d. The model is based on solving the
London and Maxwell equations on the triangular mesh using
the finite element method. The equations are solved under
the approximations that the current flows in the 2D surface,
which is correct in cases when d<«1 and d~ 1;, where d is
the film thickness, | is the characteristic structure size, and
Ar is the London penetration depth. Then, the algorithm of
3D-MLSI software package estimates the inductance of the
SQUID in a few steps. Firstly, the distribution of the supercur-
rent density j(¥) and the flux function w(7) = Vj(¥) are calcu-
lated. Then, the integral energy expression is derived and

Bias current =
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Figure 2. a) Voltage-field V(B) curves for SQUID at different bias currents. The period of oscillations is 3.5 Gs. b) Modeling of voltage-field V(B) curves
with the resistively shunted junction (RSJ) model at bias currents Ip,s = 0.65 pA. €) Ipias = 0.95 pA (solid lines). d) 3D-MLSI simulation of the current
distribution in a dc SQUID (2 x 2 pm? loop, 30 x 30 nm? junction). The simulation shows the normalized density of the current flowing through the
superconductor and the schematic circuit diagram of the SQUID. Below is an equivalent circuit with two well-localized regions where a phase jump of the
superconducting order parameter occurs (@7 and @,). The applied magnetic field corresponds to a normalized flux ¢ex; J =1 — .
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minimized. The simulation gives the SQUID loop inductance of
L=5.7pH.

The aluminum London penetration depth A; = 50 nm and the
film thickness d =27 nm are used in the calculation. The equa-
tions are solved on the h=3.91 nm mesh, which is reduced to
h, = 1.95 nm near the SQUID boundaries. These sizes are much
smaller than the London penetration depth and the minimum
SQUID dimensions (30 nm for bridges). To ensure the stability
and convergence of the solution, we varied the mesh sizes. We
found the variance of the estimated kinetic inductance around
0.01 pH, which is ~0.1% of the estimated value. As we can
see, the values for the SQUID inductance that are obtained still
cannot explain the experimental results.

3.2. SQUID Inductance from the Experimental Curves

The SQUID inductance can be extracted from the voltage-field
V(B) curves by fitting with the well-known RS] model
(Figure 2b,c).”®®) The current across each junction (Dayem
bridge) is written as follows.

KC; d2 nod
hCyd*p @
Iy = I. 1
T 2¢ a2 +2@R a " sing (1)

where Cj is the capacitance of a junction, Ry is the resistance of a
junction, I is the critical current, and ¢ is the wave function
phase difference across the junction. The capacitance of
Dayem bridges is small and can be neglected. According to
Kirchoft’s law, the given bias current is the sum of two currents
across junctions

/) dqﬂl
ZeRll dl‘»

+ Igsing; +5———*+I,sing, 2)

2eRy, dt

Here ¢;, ¢, denote the phase differences on the banks of
junctions 1 and 2; Iy, I, refer to their critical currents; Ry;, Ry,
are the resistances, shunting junctions 1 and 2 in the
RSJ-model. Substituting #, = IITbl and t = ;- (where o, = 211 Ryy),

one can make this equation dimensionless
@1 =1, —sing; — ap; —nsing, 3)

I R .
Here, the parameters n = i and a = R—ﬁ are responsible for
2

the asymmetry of inductance and resistance of SQUID weak
links, correspondingly. From the other side, the total magnetic
flux over the SQUID can be written as follows.

=0, - L} + L], 4)

where @, is the external magnetic flux and L, , are the inductan-
ces of SQUID arms. Substituting currents over arms, one can
write
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n do
=0, - <ZBR]1 dtl + I sin (p1>

h de,
+ L, 2R, a —l—Iczsmq)z

. . L L
Now, one can make a substitution f;; = L—l,ﬂLz = —?, where

L= 281 and also make this equation dimensionless

P1 = @2 = P — Pr1(@1 + sing;) + fra(ag, +nsing,) (6)
From (3) and (6), one can write a final equation system which
can be used to describe V(B) curves

@1 =2 (lb + (01 — 92 —we)%z) — sing,
0 =y (ib + (@1 — 92— cﬂe)%l) —Isin g,

From that, voltage-flux characteristics can be derived as

\% _ L, . I L
IRy Li+L L+,

®)

We emphasize that this simple method allows us to trace the
influence of the scattering of the parameters of the Josephson
contacts in our experiment.

Nota bene: An asymmetry in the critical currents of the
Josephson contacts in the SQUID can reduce the modulation
depth of V(B). However, the effect will only be noticeable if
the difference is unrealistically large. In addition, such an asym-
metry shifts the positions of the zero of the V(B) curve, which is
not seen in the experiment.

3.3. Model of Kinetic Inductance in Microscopic Theory

To calculate the kinetic inductance of the S/N bilayer, we numer-
ically solved the boundary problem in the framework of self-
consistent Usadel equations!®”!

2p &G
7k T E2 (G% - Fd—;’) —oF=-GA, G2 +F,F:, =1
X X

+ﬂkBTZ( - ):o (10)
with Kupriyanov-Lukichev boundary conditions!”®

dF, FdG G,
yB/:l(—l——l—l) =F-Fg (11)

Here, G is the normal Green function, F is the anomalous
Green function corresponding to the pair amplitude, A is the pair
potential, and w =zT(2n+ 1) are the Matsubara frequencies,
where n is an integer. The nonlinear problem is solved iteratively
with loops on G(x) and A(x).

The calculated spatial distribution of the pairing amplitude
allows estimation of the penetration depth distribution
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_ _ Tps _ zﬂllokBT
A2 (x) =252 =) Re(F(x)?); 12 ="T——""° 12
() = 2 3 el 257 = 12
and corresponding kinetic inductance of the S/N bilayer
d -1
X
L :% /(A(x))‘zdx (13)

0

The spatial distribution of the order parameter and thus the
properties of the kinetic inductance in the S/N bilayer depend
strongly on the parameters and thicknesses of the film."*~">!
In the proximity effect, the ratio of the layer thicknesses d
and d,, and the coherence lengths & and &, play an important
role. The key parameters of the modeling are the boundary resis-
tivity yp = /TR;“, which depends on the specific resistivity of the

//::g:.’ determined by the spatial area in which
the order parameter is suppressed due to the proximity effect.
The general types of the spatial distribution of pair amplitude
F (left column) and inverse square of penetration depth 4~ (right
column) are shown in Figure 3. Note that the spatial distribution
of the current j(x) is proportional to ™2 and can also be estimated
from the right column of Figure 3.

In the case of y> 1, superconductivity suppression occurs
principally in the region of the superconductor, leading to a sig-
nificant decrease in the critical temperature and weak penetra-
tion of superconducting correlations into the normal metal
layer (Figure 3c,d). In the opposite case, y < 1, the pairing ampli-
tude decreases in the normal metal region. In this case, the sup-
pression of the critical temperature is weak, and the normal layer
has nonzero pairing amplitude (Figure 3a,b). An increase in the
specific resistance at the boundary (and hence the parameter yg)
leads to a weakening of the proximity effect, which is accompa-
nied by a decrease in both the suppression of the critical
temperature and the penetration of paired correlations into the
normal layer.

The distribution of currents in the bilayers is determined by
the ratio of the inductance of the layers, Lx in (13). The reverse
inductance is proportional to the square of the pairing amplitude,
which is fully determined by the proximity effect calculation and
is inversely proportional to the resistivity of the layer. Such
dependence provides the special case for low-resistance metal
with high coherence length y < 1 and p, < p; (Figure 3i,j). In this
case, a sufficiently high pairing amplitude of the low-resistance
metal makes the effective kinetic inductance of the normal layer
lower than that of the superconducting layer. Then, the supercur-
rent flows mainly through the normal metal.

This is the operating limit”® for many S/N structures, which
are actively used to make single-photon detectors”””# and non-
linear elements for parametric amplifiers.”®) They work in the
following way: when the current concentration increases, the
superconductivity in the normal metal layer is destroyed, leading
to current flow into the superconducting layer and a significant
change in the kinetic inductance.

In the alternative limit of high-resistive (compared to a super-
conductor) normal metal, the current flows through the super-
conducting layer. In this case, the main effect of normal
metal on top of a superconductor is a decrease in the critical

boundary R, and y =
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Figure 3. Spatial distribution of pair amplitude F(x) (left column) and
inverse square penetration depth A2 (right column) for common types
of S/N bilayers as a function of layer thickness, material parameters,

and interface quality. a,b) Parameter y = 552 > 1, the pairing amplitude
decreases in the normal metal region, the suppression of the critical tem-
perature is weak, and the normal layer has nonzero pairing amplitude.
c,d) y> 1, superconductivity suppression occurs principally in the region
of the superconductor, leading to a significant decrease in the critical tem-
perature and weak penetration of superconducting correlations into the
normal metal layer. e,f) McMillan (thin layers with opaque boundary) limit:
ds< &, dn<< &, yg>>1. gh) Cooper limit (ds <&, dn <&, y8<1).
i,j) Low-resistance metal with high coherence length y <1 and p,, < ps, high
pairing amplitude of the low-resistance metal makes the effective kinetic
inductance of the normal layer lower than that of the superconducting layer.
Then, the supercurrent flows mainly through the normal metal.

temperature and suppression of the superconductivity. The pair
of crystalline Al (£y=120nm, pa=18pQcm)B” and Pt
(Epe=321nm, pp=11pQcm)®! presumably makes this limit.
Depending on the resistivity parameter of the boundary yg,
the critical temperature can be shifted significantly. As a result,
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the kinetic inductance of the bilayer film in the operating tem-
perature range can be several times higher than its value at low
temperatures. Because of the shift of the critical temperature,
hybrid structures based on aluminum layers are actively used
for kinetic inductance detectors.[®>54

In the limit of thin layers, d; < & and d, < &,, the solution of
the Usadel equation has specifics. The spatial distribution of the
pairing amplitude in each layer becomes constant. For the trans-
parent boundary, y < 1, the Cooper limit'® is realized, where the
superconductivity in the layers is averaged, and the bilayer can be
considered as a single superconductor with suppressed T
(Figure 3g,h). For an opaque boundary, y5> 1, the McMillan'**!
limit is realized: the normal layer is weakly proximized
(Figure 3e,f), and the critical temperature can be estimated as

" ”ng
re=Te(1-5.5) .

4. Discussion

We estimate the kinetic inductance of the Al/Pt bilayer using
Equation (10)—(13) and compare it with the experiment; see
Figure 2b,c. Each arm of the SQUID is a sequential connection
of a nanobridge of 50 nm long and 32 nm wide, and a half-ring of
2pum diameter and 150 nm wide. Josephson effect in such a
SQUID is associated with the phase slip in nanobridges. At
the same time, the inductance of the arm is determined by
the half-ring. It exceeds the inductance of nanobridge by a factor
of more than 10. We calculate the geometric part of inductance
using the 3D-MLSI simulation software package.®”~*! Using the
sample parameters from Table 1, we find geometrical inductance
of 5.7 pH. At the same time, the estimation of the inductance of
the SQUID arm from the experimental voltage-field dependen-
cies V(B) gives us 5-10 nH in the temperature range from 0.3 up
to 0.7 K, and this value increases with increasing temperature
(see the red dots in Figure 4a,b). Thus, the estimated geometrical
inductance is three orders of magnitude lower than the value
obtained from the experiment.

The calculation of the kinetic inductance of the diffusive bilayer
of polycrystalline Al (p = 1.8 u2 cm) and Pt (p = 11 pQ cm) films is
shown in Figure 4a. The value of the kinetic inductance at low
temperatures is of the order of 100 pH. Near the critical tempera-
ture T~ 0.7 K, the kinetic inductance can increase by orders of
magnitude due to suppression of superconductivity. However,
the inductance is almost equal to its low-temperature value in
the wide range of lower temperatures. This shape of the L(T)
dependence contradicts the experimental data, which are repre-
sented by the red dots in Figure 4a.

Such discrepancy can be resolved by assuming a significant
change in the morphology of aluminum upon platinum coating.
Ref. [60] demonstrates that the sputtering of the Pt film above the
Al layer increases the total resistance of the structure despite the

Table 1. Relevant parameters for the measured device at 700 mK.
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Figure 4. Inductance of the SQUID arm L¢ made of 27/10 Al/Pt bilayer
versus temperature T, calculated in the framework of the microscopic
model for a) low resistivity crystal Al with p = 1.8 pQ cm for different inter-
face parameters yg and for b) high resistivity granulated Al with
p=353pQcm. The red dots on panels (a,b) are the inductance taken
from the fit of the field V(B) dependence at different temperatures.

increase in the cross-sectional area of the strip. The increase in
aluminum’s resistivity may be explained by the formation of the
intermetallic compounds Al/Pt””! The EDX map in Figure 1d
partially confirms this assumption: on this map, one can see
the inclusion of Pt clusters in the Al matrix.

Assuming the change of the Al-layer morphology, we solved
the Usadel problem with free parameters pa; and £a; and tried to
fit the experimental Ly(T) data. We found that in the limit of the
huge resistance pa =353 pQcm and small coherence length
Ea1=9 nm, kinetic inductance is in the order of a few nH in
the whole temperature range with monotonous growth with
an increase of temperature; see Figure 4b.

\Vconsmction

Sample I [pA] RAP Q] [nm] da [nm]

dgy [nm] L [nm] SH [G]

At [um’] Te [K] Pa [Q nm]

Al/Pt 293 24 311 27 £1

10+1 50+10 53 3.8 0.8 40.93
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This transport regime significantly differs from that on which
we based our preliminary estimates. Our numerical calculations
show that despite the rather large magnitudes of y=9 and
ys = 65, the small value of Pt thickness dy/én~ 0.3 allows the
diffusion of the superconducting correlation from Al to Pt.
Their magnitudes are weak, leading to a large difference between
the energy gap in the density of state in Pt compared to that in Al
At the same time, the significant difference in resitivities
(ps/Pn ~ 30 leads to the concentration of a bias supercurrent
in the N part of the SN bilayer. As a result, the kinetic inductance
of Al/Pt bilayer depends on the temperature-sensitive weak prox-
imization of Pt layer, providing atypical almost linear Lg(T)
dependence.

Calculated properties of the Al-layer from our fit are similar to
granular aluminum, grAl. Granular aluminum has a resistivity in
the range pga1=10 ... 10*pQcm and a grain size of about
3nm.>17% We guess that bilayers of grAl with low-resistive
normal metals or crystalline Al should demonstrate the similar
transport properties demonstrated in Figure 4b with high and
growing kinetic inductance in the whole temperature range.

The assumption of high resistive aluminum allows us to
explain the unexpectedly large kinetic inductance of the mea-
sured structure. However, the comparison of this model with
the resistive transport measurements (Figure 1d) is an issue.
The resistivity of the structure in the normal state is 24 Q, which
is inconsistent with estimates for both the low and high alumi-
num resistivity limits.

Rough estimates show that the resistance of the constriction is
about 5-10 times smaller than the resistance of the SQUID
arm. In the case of a crystalline aluminum structure with
pa= 1.8 uQ cm, the main conduction channel is localized in
the aluminum layer. An estimate of the SQUID resistance in this

case is Ry = Zﬁilllw ~ 4.5 Q, which is 5 times smaller than the

measured resistance.

Assuming that the aluminum layer is highly resistive
pal = 353 pQ cm, most of the current flows through the platinum
layer. However, the resistance estimates in this case are

Rp, = Zla)iitf/v ~ 75 Q, which is three times larger than the experi-

mental value.

A possible explanation is the inhomogeneous distribution of
low and high-resistivity aluminum in the structure. Low resistiv-
ity aluminum has a large coherence length &5~ 120 nm, so this
fraction is completely suppressed by the proximity effect with the
normal metal. In turn, the coherence length of high resistivity
aluminum is a few nanometers, which reduces the influence
of the proximity effect, resulting in this fraction becoming a
source of superconductivity, providing a high level of kinetic
inductance shown in Figure 4b. Normal transport, on the other
hand, flows through a heterogeneous composition of low- and
high-resistivity aluminum fractions, which explains the interme-
diate value of the structure’s effective resistivity of the order of
4-5 pQ cm.

5. Conclusion
In conclusion, we have demonstrated the high kinetic inductance

of SQUIDs fabricated on an Al/Pt bilayer system across a wide

Adv. Eng. Mater. 2025, 2402385 2402385 (7 of 9)
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temperature range. The unconventional temperature depen-
dence of the kinetic inductance, Lx(T), is attributed to the forma-
tion of a high-resistivity aluminum layer and the proximity effect
between aluminum and platinum layers. We developed a micro-
scopic model of electron transport in superconductor-normal
metal (SN) bilayers to elucidate this phenomenon, incorporating
the proximity effect.

Notably, the Al/Pt bilayer exhibits efficient thermalization, as
evidenced by the absence of hysteresis in the current-voltage
characteristics. Combined with the high kinetic inductance
and robust superconducting behavior, this property positions
the Al/Pt system as a promising candidate for advanced super-
conducting electronic applications.
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