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ABSTRACT

We study thin aluminum Josephson tunnel junctions for spectroscopic applications in high in-plane magnetic fields. These devices, fabricated
via a double-angle evaporation process, feature junction stack thickness below 30 nm and lateral dimensions between 80 and 900 nm.
Measurements of current-voltage characteristics at 25 mK reveal insights into the Josephson supercurrent, superconducting gap, and inelastic
Cooper pair tunneling peaks, driven by the interplay between the ac-Josephson effect and frequency-dependent junction environment imped-
ance. The magnetic field modulation of the Josephson current follows a Fraunhofer pattern for magnetic fields exceeding 1T, while an on-
chip LC electromagnetic mode is probed through the inelastic tunneling peak at fields up to 1.3 T. These findings highlight the robustness of
thin aluminum junctions for probing low-energy excitations, such as Andreev bound states, under high magnetic fields, and their potential in

quantum device integration and topological state exploration.

© 2025 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution-NonCommercial-
NoDerivs 4.0 International (CC BY-NC-ND) license (https://creativecommons.org/licenses/by-nc-nd/4.0/). https://doi.org/10.1063/5.0278518

Josephson junctions (J])s play a fundamental role in a wide range
of applications, including photon detection," superconducting quan-
tum interference devices (SQUIDs),” qubit technologies,“’ and voltage
standardization.” They are also useful for probing quantum noise in
externally driven two-level systems” and shot noise in semiconductor
nanowire-based JJs.°

JJs also enable detection of microwave-driven transitions between
Andreev bound states (ABSs) in superconducting quantum dots via
inelastic Cooper pair tunneling (ICPT), seen as distinct peaks in the
JJs’ current-voltage characteristics (IVCs).”

With the emergence of topological superconductivity, unconven-
tional bound states in hybrid JJs—such as Majorana bound states
(MBSs)—have gained significant attention for their potential in
enabling fault-tolerant quantum computation.”” MBSs arise in hybrid
JJs due to the interplay of spin-orbit coupling, strong Zeeman fields,
and the superconducting proximity effect, as observed in semiconduct-
ing nanowire-superconductor hybrid systems.'*"'

Probing these exotic bound states requires JJs that remain func-
tional under strong Zeeman fields, up to ~ 1 T.

In this paper, we report on the fabrication of thin aluminum (Al)
JJs for spectroscopic investigations in large magnetic fields. NbTiN

offers high field resilience,'” but Al enables simpler fabrication and
integration via Manhattan-style geometries.'”” Bulk Al (thickness
> 1 um) has an in-plane critical field Bﬂ of 10mT, but thinning the
film raises this limit and provides an additional tuning knob in the
form of a large external field.""'” For thicknesses <20nm, Bl can
exceed 1 T—sulfficient to host Majorana modes in ITII-V hybrid devices
with strong spin-orbit coupling.'”'*'? Here, we investigate the feasi-
bility of using thin Al JJs under strong B!x, by tracking the ICPT peak,
mediated by an on-chip LC circuit, at fields up to 1.3 T.

We fabricated Al JJs of various sizes on two Si chips; Fig. 1(a)
shows a representative device with all components. The lateral dimen-
sion, w, of the square shaped junctions ranges from 80 to 900 nm.
First, four 150 nm thick Al bonding pads are deposited. In a second
step, Manhattan-type Al J]s are then defined via double-angle evapora-
tion,"” with junction size set by the width of the two arms. A cross-
sectional sketch of the junction stack is shown in the inset of Fig. 1(a).
The bottom junction arm has a nominal thickness of t, = 13 nm, and
the top junction arm, a nominal thickness of ¢, = 15 nm. The junction
arms are then linked to the bonding pads via 150 nm thick Al patches.

The electrical transport properties of the Al JJs were measured
using a 4-point setup [Fig. 1(a)] in a cryogen-free dilution refrigerator
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FIG. 1. (a) Scanning electron microscopy (SEM) image of the full device together with the measurement circuit setup. The circuit outside the device/chip is represented by
impedances connected to the bond pads. In blue box, the zoom in of the central device geometry with different constituents highlighted in false color. Insert: material stack
(cross section) of the device. (b) A representative measured current-voltage characteristic at T = 25 mK of a ~ 360 x 360nm? SIS Al junction, with 2A ~ 400 1 V. Inset:
ICPT process in which Cooper pairs tunnel inelastically and emit energy into the electromagnetic environment.”>=** (c) Schematic of a circuit representing the electromagnetic
environment shunting the JJ. (See main text for details.) (d) Equivalent circuit at high frequencies (~ 100 GHz) where Cs effectively behaves as a short. R is the effective
resistive load as seen by the junction. (e) 2 x 2 um? AFM scan of the junction sandwich area, more details are available in the supplementary material.

(base temperature of 25 mK) with a vector magnet (=1 T in-plane,
+9 T vertical).

First, we characterized the junctions at zero applied magnetic
field. A typical IVC of a 360nm wide junction measured at
T =25mK is shown in Fig. 1(b). We observe four key features: a
sharp current increase at V a2 400 uV (due to 2A/e, with e being the
elementary charge, and A, the superconducting gap); the normal resis-
tance R, ~ 3kQ above 2A/e; the Josephson supercurrent peak near
zero voltage; and a subgap peak at V ~ 200 uV, attributed to ICPT
processes.

Using the value of A and R,, we determine the critical
current I. of the junctions from the Ambegaokar-Baratoff
relation,”’

B A
T 2eR,’

¢ 1
which gives I, >~ 116.6 nA for the 360 nm junction. This value is sig-
nificantly larger than the height of the Josephson peak near zero volt-
age, which can be attributed to Josephson phase diffusion processes
driven by the Johnson-Nyquist noise from the junction’s electromag-
netic environment.”*”° Ivanchenko and Zilberman (I-Z)*’ have
addressed this case for an overdamped JJ, modeling the environment
as a parallel resistive and capacitive shunt, known as the RCSJ
model.”**” While a parallel RC shunt is a suitable approximation at
low frequencies (see the supplementary material and Fraunhofer anal-
ysis below), a more precise treatment of the frequency dependent

shunting impedance Z(w) is required to accurately capture the ICPT
peak around V =~ 200 u V.

We propose a shunting circuit to model the environment, as
shown in Fig. 1(c), consisting of the junction capacitance Cj, the junc-
tion arm inductance L,, the stray inductance Lg of the bonding pads,
and the shunting capacitance Cg of the pads. At 100 GHz, Cg acts as a
short (see the supplementary material), simplifying the circuit to the
configuration in Fig. 1(d).

In this model, Rgy [see Fig. 1(d)] is an effective resistive load
accounting for all high-frequency losses. To determine the values of
the RLC components that characterize the electromagnetic environ-
ment, shown in Fig. 1(d), we consider the ICPT model [see inset of
Fig. 1(b) and S-III supplementary material] to fit the current peak in
the IVC at finite voltages. In this scenario, an additional DC-current,
Ipc, arising from the ICPT can flow through the junction at a voltage
V smaller than 2A /e provided that an electromagnetic environmental
mode is available to absorb the outgoing Josephson radiation at fre-
quency /21 = 2V /h, where h is the Planck constant.”*" This pro-
cess is described by

ER(Z(w)]
Ipc = Woe 2)
Here, R[Z(w)] is the real part of the junction’s electromagnetic envi-
ronment impedance, which depends on frequency. Ipc and Vpc are
the DC components of the current and voltage, respectively, while I. is
the critical current.
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By fitting this model to the IVC for the different junction sizes,
we obtain the geometrical dependencies of the shunting inductance,
L = Lg + L, and junction capacitance, C;. To fit the resonance peak
at V =~ 200 uV, we fix I, to the Ambegaokar—Baratoff value. A typical
fit is shown in Fig. 2(a) as a green dashed line for a 360 nm wide junc-
tion. The extracted inductance values shown in Fig. 2(b) are inversely
proportional to the junction width w with finite offset Lg. This indi-
cates that there are indeed two components to the inductance
L = Lg + L,: one constant stray inductance value Lg, and L,, which
scales with the length and inverse cross section of the junction arms -L.
We consider L, = Ly + L,y to be the sum of the inductances of the
narrow horizontal and vertical junction arms such that L,
= upA® - (Iy/wrty + Iy /wyty). Here, u, represents the vacuum per-
meability, 4 the London penetration depth, Iy the length, wy v the
width, and tj v the thickness of each respective arm. The indices H
and V refer to the horizontal and vertical junction arm, respectively.
We obtain the best fit to the data [see solid line in Fig. 2(b)] by using a
stray inductance Lg ~ 250 pH, and for the London penetration depth,
/ ~ 176 nm. This value is consistent with the expected penetration
depth for thin Al films in the dirty limit 1 = 1,(0)+/&y/! ~ 200 nm,
with A2 (0) = 16 nm and ¢, ~ 1.6 um being the bulk coherence length
of Al, and using for the mean free path [ >~ 9.5nm, a value slightly
smaller than the film thickness.”’ Furthermore, we attribute L to the
stray inductance of the bonding pads, which also acts as a big shunting
capacitor. Similar values of stray inductance Lg ~ 0.2 nH have been
observed in Josephson microwave circuits implementing planar capac-
itor elements.”’

In Fig. 2(c), we show the extracted capacitance as a function of
junction area w”. The linear scaling C; = ¢;w?, with ¢; ~ 29 {F/um?
(solid line), is typical for Al-AlO,~Al JJs.” We attribute the 1.3 fF
stray capacitance to the junction arms. The above analysis corroborates

ARTICLE pubs.aip.org/aip/apl

that the observed resonance/current peak in the IVCs at finite voltages
is mediated by an LC resonance mode involving the junction capaci-
tance and the inductances of the junction arms in series with the stray
inductance of the bonding pads.

In the following, we discuss the evolution of the IVC under the
application of an BH [see field direction in Fig. 1(a)]. In Fig. 3(a), we
show a set of IVCs measured at T = 25 mK at various applied mag-
netic fields, (B‘ =0T to B(Uxt =05T) As Blelxt is increased, the
Josephson and the ICPT peaks diminish and disappear almost
completely at BH .« = 0.5 T, whereas A(B) shrinks by less than 10%. In
the inset of Fig. 3(a), we show the junction current as a function of bias
voltage and magnetic field for a wider magnetic field range. For this
particular junction, we observe Bl a2 1.6 T above which the Al electro-
des turn normal, consistent with the upper Bl of thin Al films reported
in the literature,'* and the IVC becomes ohmic and featureless. From
the IVC at different magnetic field values, we determine the magnetic
field evolution I.(B) by fitting the I-Z model to the supercurrent peak.
Here, we use a modified version of the I-Z model, where the ohmic
impedance is replaced by the real part of the frequency-dependent
impedance of a parallel RC circuit.” At low frequencies, the capacitance
C is approximately given by the sum of the junction capacitance and
the bonding pad capacitance (see the supplementary material for
details). To obtain these I.(B) values, we first determine the I.(B = 0)
using Eq. (1). Then we fit the modified I-Z model to the supercurrent
peak while fixing the critical current to the value obtained from the
Ambegaokar—Baratoff equation [see blue solid line data in Fig. 2(a)].
This gives the values of R;_; ~ 400 Q, C;_, ~ 20fF, and T;_, ~ 2K
for all the devices.””” The R, C, and T values vary less than 10%
between devices. The large electron temperature T;_, is due to the
lack of proper electrical filtering at the time of the experiment. To
acquire the full I.(B), we fit the I-Z model to the supercurrent peak
data at finite magnetic fields by fixing the values of R, C, and T to the
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FIG. 2. (a) IVC of a 360 nm wide junction at voltages below 2A /e at T = 25mK, and B,,; = 0, featuring a supercurrent peak and current peaks at finite voltages originating

from an on-chip LC electromagnetic mode. The Ivanchenko—Zilberman model””

fit of the measured supercurrent peak around zero bias voltage is shown as the solid blue line

(more details concerning the fit in the main text). The dashed green line represents a resonance current peak fit according to Eq. (2). (b) Fitted inductance values L = Ls + L,
(red dots) for the junction geometries, the solid line is a linear fit to the data (see main text for details concerning the fitting). (c) Fitted capacitance values as a function of the
square junction area w? (red dots). The capacitance is a sum of the area dependent junction capacitance and a stray capacitance. The solid line is a linear fit (see the main

text for details concerning the fitting).
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FIG. 3. (a) Current-voltage characteristics of a 360 nm wide Al junction at various B_',Lt parallel to one of the junction arms measured at T = 25 mK. Near zero voltage, a ther-
mally broadened Josephson peak is observed. At V ~ 200V, an additional peak due to ICPT appears, while above |2A/e| ~ 400 1 V, quasiparticle currents dominate. Both
the Josephson and inelastic peaks decrease with increasing magnetic field, along with a reduction in the superconducting gap, A. The inset shows a color map of current as a
function of bias voltage and magnetic field. (b) /; as a function of an externally applied Bﬂxt to the junction (red dots). The blue line is a fit to Eq. (3). (c) Effective area as a func-
tion of junction width (red dots). The solid line is a linear fit to the data with a slope given by half the junction stack height (see the main text for details). The missing junction
sizes< compared to Figs. 2(b) and 2(c), are not included due their minima in the Fraunhofer being outside the range of measurement.

zero field values and varying only I.(B). In Fig. 3(b), we show the
resulting I as a function of the Bﬂxt (solid disks) for a 360 nm wide
junction, which displays a Fraunhofer pattern. By fitting the expression
with a magnetic field-dependent gap correction term to I.(B),

A(B)

(0) sin(nBA 5 /Dy)
A(0) ¢

1(B) =
( ) T[BAEﬂF/(DO

(©)

with B = B!, being the applied in-plane magnetic field, A(B) the mag-
netic field-dependent superconducting gap value, Ay the effective area
of the junction, and @, the superconductive flux quantum, we obtain
the effective area for each junction size.””* The extracted effective
areas are shown in Fig. 3(c) as red dots and show that the effective area
clearly scales linearly with the width of the junctions. For extremely
thin junction electrodes, where the thickness t < /, Bﬂxt is not effec-
tively screened, allowing the externally applied magnetic field to fully
penetrate the superconductor. In this scenario, the effective area can be
estimated as A,y ~ wt;/ 2% Here, represents the total thickness
of the junction stack, including the tunnel oxide layer (see the
supplementary material for details). Fitting this expression [blue solid
line in Fig. 3(c)] to the effective area, we obtain ¢/2 = 9.5 nm. This is
consistent with the thickness of the junction stack (which was measured
by AFM to be 24.2 nm on average with ¢ < 1 nm across the junctions
in the study), taking into account that 4-5nm of the top Al electrode is
oxidized and 1-2 nm is oxidized from the substrate and upward.”*”’
Finally, we investigate the evolution of the ICPT peak in the IVCs
under an applied paralle] magnetic field, B!xt. Figure 4(a) shows the
conductance of a 360 nm wide Al junction for Be‘xt > 0.8 T. As previ-
ously shown in Fig. 3(a), we observe a continued reduction in the
superconducting gap and an overall increase in subgap conductance

with increasing B!xt. In the conductance curves, the ICPT current
peaks [see Fig. 2(a)] appear as inflection points [see black stars in
Fig. 4(a)] that shift to lower voltages with increasing B!xt.

We attribute the decrease in the inflection point voltage, V, or

. P 1

equivalently the resonance frequency of the LC circuit, f, = T
to an increase in the kinetic inductance L, of the junction arms with
increasing applied Bﬂxl.3 " Using L, ~ 0.25nH and C; = 6 {F from
the analysis shown in Fig. 2, we extract L, for various magnetic fields.
Here, we assume that L; and Cj are independent of the magnetic field.
In Fig. 4(b), we show the normalized variation of the kinetic induc-

% as a function of the magnetic field, which clearly shows

a quadratic increase with the applied magnetic field.
To understand the quadratic dependence, we assume'’ that
for T < T, we have L,(B) x 1/T.(B), and therefore L“(%t)”(o)
_ _ T(B)-T(0)
T

tance

. An applied magnetic field breaks time-reversal sym-
metry of the paired electrons, introducing an effective depairing energy
20, The reduced critical temperature T;(2) in the presence of such pair
breaking is given by

T, (o) 1 1 o
1 =yl —VY(z+——]. 4
") Y (2) ' (2 i 2nkBTc(ac)> | “
where y(z) = T"(z)/T(2) is the digamma function.”
For weak depairing (small ), expanding around 1/2 yields a

linear relation: kp[T.(0) — T.(«)] =Zo. In the thin-film limit
with an applied parallel field, the depairing parameter is given by

_ 1DZB*?
6 h

o . where D is the electronic diffusion constant, and ¢ is

the film thickness.”” Substituting this into the linearized expression
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yields a quadratic dependence of the inductance shift on the mag-
netic field,

L,(B) —L,(0) m De’B*t
L,(0) 24 hkpT.(0)
Here, Ay =D - {* E ) 24hk Fitting Eq. (5) to the data in Fig. 4(b),

and using T.(0) = =0)/(1.76 kg) =~ 1.26 K, where A(B = 0) is
extracted from IVCs at B = 0, we obtain a diffusion constant D rang-
ing from 19 to 36 cm?/s for thicknesses of 11 and 8 nm, respectively.
These values of D are in line with previous findings for thin-film Al of
similar thickness.”****!

The observation of the ICPT in the IVCs at BLIxt > 1 T indicates
that, at these high field strengths, the ultra-thin Al Josephson junction
can still operate effectively as a spectrometer. Such junctions are there-
fore capable of probing various low-energy excitations, such as ABS
excitations’ at energies below 2A(B), which corresponds to approxi-

mately 73 GHz at B!ﬁ =13T.
We have demonstrated that thin Al JJs remain robust and func-

=A; - B (5)

tional for spectroscopy when ngt > 1 T. The devices maintain super-
conductivity, exhibiting pronounced Fraunhofer-like modulation of
the Josephson current with the applied magnetic field. Moreover, their
spectroscopic functionality was confirmed by identifying an on-chip

LC resonance mode when Bﬂx, > 1 T, observed through ICPT peaks
in the IVC.

The junction operability at these B , highlights their suitability
for investigating topological states and low energy excitations, such as
Majorana modes and ABS, in hybrid superconductor-semiconductor
or hybrid superconductor-topological insulator systems.”*”

See the supplementary material for fabrication and measurement
details, a brief description of the ICPT process, a derivation of the
transfer function used in the RLC fitting, a simulation of the frequency
dependent impedance, which underlies the argument used to reconfig-
ure the effective circuit representing the environment, details concern-
ing the estimation of the effective area extracted from Fraunhofer fits
to magnetic field data, details concerning the Ivanchenko-Zilberman
current fitting, IVCs of all devices at B= 0 T and AFM scans of all
devices, and the extracted geometrical parameters.

FIG. 4. (a) Conductance of a 360 nm wide
junction as a function of bias voltage mea-
sured at T = 25 mK for various externally
applied Bth above 0.8 T. The black stars
represent the inflection points, which cor-
responds to the voltage position of the on-
chip LC resonance mo
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