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Stacked Josephson junctions for quantum circuit applications
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Low-loss inductors are essential components in various superconducting circuits, such as qubits or
digital electronics. In this study, we investigate highly compact inductors formed by vertically stacking
Josephson junctions. Our implementation employs several layers of aluminum separated by tunnel barri-
ers. Individual stacks are connected by suspended superconducting bridges, which are free of additional
dielectric materials and, therefore, should not contribute significantly to losses. We present implementation
details, fabrication results, and device characterization measurements.
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I. INTRODUCTION

The distribution of electrical currents in superconduct-
ing circuits often requires the use of inductors. This is
particularly the case in quantum circuits, where dissipative
circuit elements, such as resistors, are typically avoided,
owing to their Nyquist contribution to the overall noise.
Inductive elements are realized either by creating a mag-
netic field, for instance by using a sufficiently long wire,
or by exploiting the kinetic energy of the charge carri-
ers. Wires made of a material with low charge carrier
density (see, e.g., [1–7]) or Josephson tunnel contacts are
particularly suitable as kinetic inductors because of their
small size and very low stray magnetic field. Notable
applications include a variety of qubit types [8–11], com-
pact microwave resonators [12–15], traveling-wave para-
metric amplifiers [16–19], tunable superconducting filters
[20], or superconducting digital electronic circuits [21–
26].

Arrays of Josephson junctions are advantageous when
a linear current-phase relation with a high inductance is
required (up to microhenrys, see, e.g., [27–29]). The junc-
tions are typically arranged side-by-side on a dielectric
substrate with dimensions ranging from micrometers to
nanometers. The advantages of using junction arrays as
inductors lie in their well-predictable properties and ease
of fabrication.
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The study of stacked junction arrays has a long history
in the field of superconducting electronics. For exam-
ple, stacks have been used to model the electrodynamics
of layered high-temperature superconductors [30–33], to
improve the properties of Josephson oscillators [34], and
as lumped inductors for superconducting digital circuits
[24,25].

When developing a large inductive impedance Z =
ωL > Z0 ≈ 377 �, it is crucial to consider the stray
capacitance of the individual inductive elements. The
combination of self- and stray capacitances and junction
inductances gives rise to plasmonlike oscillatory modes,
which can pollute the frequency spectrum and degrade
device performance [35–40]. For applications requiring
an extremely high impedance, an elegant approach has
recently been developed, in which the planar junction
array is under-etched and separated from the dielectric
substrate [28,41]. Here, reducing the dimensions of the
array achieves a reduction in parasitic capacitance. For
very small Josephson junctions on the nanometer scale,
where the Josephson energy EJ is comparable to the charg-
ing energy Ec, quantum phase fluctuations must be taken
into account [9,35–38,42].

In this paper, we seek to reduce the on-chip footprint of
Josephson junction arrays by employing a stacked configu-
ration, with the ultimate objective of developing inductors
for highly integrated superconducting circuits. While we
adhere to the design of quantum circuits, such as the
fluxonium qubit [9], possible applications are not con-
fined to this field. We believe that the technique could be
used for most of the aforementioned array applications.
The proposed approach is independent of the number of
junctions per stack and allows the total inductance to be
tailored by varying the number of Josephson junctions
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FIG. 1. Array of stacked junctions, each with a bridge arch
connecting the top of two stacks. The stacks and the arches are
not to scale.

and their individual kinetic inductances. Given that the
footprint area of the stack A is constant, the kinetic induc-
tance is solely dependent on the critical current density of
each junction. We connect two neighboring stacks by a
suspended superconducting bridge, thus adding no addi-
tional dielectric material in the vicinity of the inductor
(see Fig. 1). Fabrication-imposed junction area inhomo-
geneities are compensated by an individual adjustment of
the tunnel barrier thickness. This results in a narrower crit-
ical current distribution, as observed in the current-voltage
characteristics.

The paper is organized as follows. First, we evalu-
ate the expected stray capacitance of Josephson junction
stacks. After that, we describe the fabrication process and
present the measurement results for two types of Josephson
junction stack.

II. STRAY CAPACITANCE ESTIMATES

We consider a pair of N -junction stacks, each with
a square footprint and N + 1 superconducting electrodes
placed on a dielectric substrate. The two stacks are con-
nected by a superconducting bridge, as sketched in Fig.
2(a). The bottom layer has a thickness h0, an area A, and
a width l; the stacks are separated by a distance d. The
bridge has height hN and width wN (perpendicular to the
arch). The thickness of the ith stacked electrode is hi.

The two stacks connected by the bridge form an array of
2N + 1 superconducting islands, where each island i has
a mutual capacitance Ci,j with another island j �= i. For
neighboring islands, this is the capacitance of the junction
CJ. In addition, depending on the dimensions of the stacks
and the arch, the superconducting island i exhibits a stray
capacitance Cstray,i, coupling it to more distant islands and
the ground Cg,i (e.g., owing to wiring or ground planes).
Individual contributions of stray capacitance are estimated
using a numerical finite-element solver [43]. We assume
that hi � l and consider only the stray capacitance contri-
bution Ci,i+2 with the next-but-one neighboring electrode
(with an effective capacitor area proportional to l · hi).
Since the bottom electrode (i = 0) is placed directly on the
substrate, we consider its stray capacitance C0,i with each
stacked electrode within the stack. The coupling between

1 μm

,

, < ,

modified oxida�on
 procedure 

(c)

(d)

consequence
of RIE process

>

(a)

� 75°

,

1
2

− 2
,

,

0

+ 2

+ 1 ,

ℎ

ℎ

− 1

0 =

ℎ

,

0

,

1

,

2

, ,

(b)

FIG. 2. (a) Two stacks connected by a bridge in side view,
used to estimate the stray capacitance of superconducting islands.
The width wN of the bridge is perpendicular to the sketch plane.
(b) Array of 2N Josephson junctions. CJ and LJ denote, respec-
tively, the capacitance and inductance of one junction, Cg,i marks
the island’s capacitance to ground. (c) False-color scanning elec-
tron micrograph of two stacks and an aluminum bridge (gold).
Each stack consists of eight Al/AlOx/Al junctions (purple). (d)
Stack cross section (not to scale). Reactive ion etching (RIE) of
the conductor (Al) and tunnel barrier (AlOx) results in the for-
mation of a slanted sidewall. To compensate for the differing
junction areas, the oxygen exposure is decreased from the bottom
to the top.

the bottom electrodes C0,0′ of the two connected stacks is
dominated by the electric field inside the substrate (e.g.,
silicon, sapphire), which typically has a dielectric con-
stant significantly higher than that of vacuum. Assuming
that hi ≈ 10 nm and d > 1 µm, we neglect the contribu-
tion of the capacitance between the inner electrodes of the
adjacent stacks. The stray capacitance between the bottom
electrode and the arch is denoted C0,N . We consider a nar-
row bridge arch with wN < d and assume a linear scaling
of the stray capacitance with wN . Since the height of the
fabricated bridges hN is comparable to their width, we take
into account the stray capacitance between each stacked
electrode and the arch Ci,N .
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FIG. 3. Stray capacitance Ci,j between pairs of superconduct-
ing islands of the junction stack. (a) Dependence on l (d fixed
to 10 µm). (b) Dependence on d (l fixed to 1 µm). (c) Total
stray capacitance Cstray,i and capacitance to ground Cg,i for each
superconducting island in a stack. The islands i = 0 and i = 8
correspond to the bottom electrode and the bridge arch. In the
three plots, the double stack arrays are modeled with the param-
eters N = 8, h0 = 100 nm, hi = 35 nm, hN = 3 µm, and wN =
1 µm.

The numerically estimated stray capacitance compo-
nents are plotted in Fig. 3(a) as a function of the width
of the stack l and in Fig. 3(b) as a function of the dis-
tance between the two stacks d. For all stacks with l below
3 µm, the stray capacitance is dominated by the coupling
to the bottom electrode within a stack (C0,2 and C0,N ).
For footprints larger than 1 µm, the substrate contribution
C0,0′ cannot be neglected. The situation is different when
considering the distance between the stacks. Here, C0,0′
dominates for d ≤ l = 1 µm; for large d, the capacitance
C0,N between the bottom electrode and the arch dominates.
The numerical data are fitted to polynomial functions, with
parameters given in Table I.

TABLE I. Numerical results of the stray capacitance between
parts of the junction array as a function of stack side length l and
stack distance d (fits to the data shown in Fig. 3).

Capacitance (aF) l (µm) d (µm)

C0,0′ 25 · l1.7 58 · d−0.4

C0,2 62 · l − 2 59
C0,N 64 · l0.8 6 · d0.6 + 39
Ci,i+2 18 · l − 1 17
CN−2,N 29 · l0.9 28

Summation of all contributions gives the total stray
capacitance of island i:

Cstray,i =
∑

j �=i

Ci,j . (1)

The estimated Cstray,i for the stacks fabricated and mea-
sured in this study (designed with N = 8, l = 1 µm, d =
10 µm, h0 = 100 nm, hi = 35 nm, hN = 3 µm, and wN =
1 µm) is shown in Fig. 3(c). For stacked Al/AlOx/Al
junctions with a specific capacitance CJ ≈ 50 fF/µm2

[44], the estimated stray capacitance is negligible, yield-
ing Cstray,i/CJ ≈ 10−3. Consequently, long-range mutual
capacitance coupling [38,45] can be neglected, allowing
the junction stack to be modeled as a nearest-neighbor
coupled junction array, as depicted in Fig. 2(b).

The dispersion relation of the collective mode in a
uniform junction array is given by

ωk = ω0

√√√√√
1 − cos

(
πk
NJ

)

Cg
2CJ

+ 1 − cos
(

πk
NJ

) (2)

for k = 1, 2, . . . , NJ − 1, where ω0 is the plasma frequency
of a single junction and NJ is the total number of junc-
tions in the array [39]. The collective mode frequency is
suppressed by the island’s capacitance to ground Cg, in
particular through the Coulomb screening of the Cooper
pairs across the array, where λ = √

CJ/Cg determines the
screening length [38,46,47].

The elementary block of our example array, which
could be used in an element superconducting fluxonium
qubit, contains eight stacked junctions with a typical CJ ≈
50 fF for a size of 1 µm2 and LJ ≈ 1 nH. This corre-
sponds to a plasma frequency ω0/2π = 1/

√
LJCJ ≈ 22.5

GHz. We use the numerically estimated Cg for each
superconducting island [Fig. 3(c)], including the capac-
itance to the ground plane, mutual capacitance to the
surroundings of the islands, and the average ground capac-
itance, �iCg,i/N ≈ 59 aF, to estimate the frequency of
the first collective mode in the array. This corresponds
to the junction capacitance-to-stray-capacitance size ratio
of 50 fF/59 aF, CJ/Cg ≈ 850. Using Eq. (2), we expect
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ω1/2π ≈ 0.98 · ω0/2π ≈ 22.2 GHz. Because of the non-
monotonic variation of the stray capacitance [see Fig.
3(c)], this only provides an estimate of the fundamental
mode.

This frequency is well above the operation frequencies
of typical quantum circuit applications, e.g., superconduct-
ing qubits [8–10]. For comparison, in a previously studied
planar array of 200 junctions [48], the estimated ratio was
CJ/Cg ≈ 35. Masluk et al. [39] investigated a planar junc-
tion array specially designed to reduce stray capacitance
to the ground, achieving a ratio of CJ/Cg ≈ 1000. They
reported ω1/2π = 0.78 · ω0/2π = 14.2 GHz for an array
with 80 junctions placed directly on the substrate.

As the number of junctions in a stack increases, addi-
tional islands are positioned farther away from the sub-
strate, resulting in a decrease in Cg. In the case of a large
array (where N � 1), the stray capacitance contributions
of the bottom electrode and the arch become negligible.
For example, with 40 stacked junctions, we estimate the
capacitance to the ground Cg ≈ 15 aF. Consequently, for a
double stack array with 80 junctions, we expect the low-
est mode frequency to be approximately 0.91 · ω0/2π ≈
20.6 GHz.

III. FABRICATION

The fabrication process begins with the deposition of an
Al/(AlOx/Al)N multilayer on a sapphire substrate. Each
aluminum layer has a thickness of 35 nm. This is followed
by an oxygen exposure to form the tunnel barrier. In the
next step, the stacked junctions are defined by a square
resist mask and etched in a dry ArCl2/ArCl2O2 reactive
ion etching (RIE) process using an inductively coupled
plasma (ICP) tool. The etching is calibrated to stop within
the bottom layer, which has a thickness of 100 nm. This
layer is used for wiring and additional structures and will
be defined in a later step. Finally, a bridge arch is deposited
on the junction stacks using optical lithography, aluminum
deposition, and ArCl2 dry etching.

The fabrication result of an example array with 2 × 8
junctions is shown in Fig. 2(c). Here, the two square junc-
tion stacks have a footprint of approximately 3 × 3 µm2,
while the bridge arch has a typical height of approximately
3 µm and a length of 10 µm.

To study the dependence of the tunnel barrier on oxygen
exposure, we fabricated four wafers at different base pres-
sures and systematically varied the junction size between
1 µm2 and 30 µm2. Figure 4 shows the median values of
20 individual test structures for each base pressure. The
data are consistent with the expected behavior of Adesign ∝
1/RJA

N (solid lines). The extracted specific junction resis-
tances are listed in Table II.

In a separate experiment, we fabricated arrays of eight
junctions per stack. Here, the footprint (2 × 2 µm2) and
an oxygen barrier pressure (6 mbar) is kept fixed but the

FIG. 4. Dependence of inverse normal resistance (RJA
N )−1 of

arrays comprising 2 × 8 = 16 junctions on designed junction
area Adesign for four different wafers and varied oxygen exposure
pressure. Error bars indicate the standard deviation over 20 mea-
sured arrays. The y-axis on the right side gives the estimate of
the derived average critical current I

AB∗
C per junction within the

array.

total number of stacks is varied. Figure 5 gives the median
values of RJA

N of 20 samples for each array. The data were
compared with RJA

N = ρnb, where n is the number of stacks
and agrees well with b = 0.96 and ρ = 4.8 k�. From the
Ambegaokar-Baratoff [49] relation, we can estimate the
critical current, and thus the expected specific inductance
with LJ = �0/2π IC as approximately 5.4 nH per stack.

IV. UNCOMPENSATED JOSEPHSON JUNCTION
ARRAYS

A typical current-voltage characteristic (IVC) of a sam-
ple comprising eight junctions, with a footprint of 4 ×
4 µm2, is shown in Fig. 6. The IVC exhibits hysteresis typ-
ical of underdamped Josephson junctions with a McCum-
ber parameter of βC = (4IC/π Ir)

2 ≈ 103. We measure a
ratio of subgap resistance to normal resistance, Rsg/RJA

N
of about 40. From the total gap voltage of 2.84 mV,
we estimate an average single junction gap voltage of
V̄gap ≈ 355 µV. This is close to the expected BCS value,
2
/e = 360 µV, of Al at low temperatures, see, e.g.,

TABLE II. Specific junction resistance at a given tunnel barrier
oxidation pressure (same data as Fig. 4).

pex (mbar) 5 6 8 12

ρ (k�/µm2) 36.3 43.2 57.5 79.6
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FIG. 5. Dependence of normal resistance RJA
N on number of

stacks (n) in arrays. Each stack consists of eight junctions with
a footprint of 2 × 2 µm2. Error bars indicate the standard devia-
tion over 20 measured arrays. The solid line is a fit to RJA

N = ρnb

and is in good agreement with b = 1. The second y-axis shows
an estimate for the expected inductance.

Lotkhov et al. [44]. A comparison of V = RJA
N I + V0,

with the Ohmic branch, yields a normal resistance RJA
N of

1.64 k�.
An interesting feature is shown on the critical current

branch. Here, the IVC shows six voltage discontinuities
that are multiples of V̄gap. We interpret these as reduced IC
of individual junctions in the array that switch to the nor-
mal conducting state at different bias current values. Since
all junctions in the fabrication should nominally have the
same current density, we attribute the distribution of IC to a
varying area of the individual junctions. This assumption is
supported by scanning electron micrographs (not shown).

For most applications, it is desirable to have junctions
in the array with a uniform IC distribution, ideally with a
constant IC. Then, owing to the constant inductance frac-
tion, the phase ϕ would drop equally across each junction.
For small phase drops with a sufficiently large number
of junctions (
ϕ < π/4), the inductance contribution of
each individual junction is approximately linear and the
total array inductance scales with the number of junctions
[50,51]. This is not the case if the critical current spread is
large, since the individual contribution of junctions with a
smaller IC can then lead to significant nonlinearity.

V. COMPENSATED JOSEPHSON JUNCTION
ARRAYS

We identify the RIE step as the origin of the slanted etch
profile, mainly because, in the chemistry used, the alu-
minum is etched much more efficiently than AlO2. This

FIG. 6. Current-voltage characteristic of uncompensated array
consisting of 2 × 4 = 8 stacked junctions with a footprint of 4 ×
4 µm2. The individual junctions in the array switch to the normal
state at bias currents between 350 nA and 1 µA. See text for
details.

effectively leads to a staircaselike structure, visualized in
Fig. 2(d). A consequence of the side wall profile is an
increase of the junction area from top to bottom.

We tested two strategies to mitigate the effect of the IC
distribution in the stacks. First, we optimize the etch recipe
to increase the side slope from 50◦ to 75◦. This increases
the uniformity of the individual junctions, but also allows
for stacks with a much smaller footprint.

The second strategy relies on a fundamental difference
between planar and stacked arrays. In most planar con-
figurations, each Josephson junction is defined with the
same tunnel barrier parameters, i.e., dielectric material and
thickness. Because the tunnel barriers are subsequently
fabricated in a stacked geometry, the individual barrier
parameters or even the material in each layer can be
tweaked. In particular, we have modified the oxidation pro-
cedure in the fabrication process to account for the different
junction sizes by gradually reducing the oxidation times
from the bottom to the top of the stack. The exposure of
the ith stacked junction was adjusted using the well-known
empirical trend for the tunnel barrier resistance as a func-
tion of oxygen exposure pressure multiplied by time, as
outlined by Kleinsasser et al. [52]. We aim for an approx-
imately equal R for all junctions (Ei/E1)

α ≈ Ai/A1, where
i = 1 refers to the bottom junction and area A1 of the stack.
We use an empirically determined exponent α ≈ 0.4 for
the exposure range of 102 to 104 mbar s.

In the deposition process, we keep the oxygen expo-
sure pressure constant and vary the individual junction
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FIG. 7. IV curve of compensated array comprising 2 × 8 = 16
stacked junctions, with footprint of 3 × 3 µm2. Stacked junc-
tions were oxidized with increasing exposure times to take care
of the systematic change in junction area (compare with Fig. 6).
Typical junction IC are close to 750 nA. The McCumber param-
eter βC ≈ 105 and the subgap resistance to the normal resistance
ratio, Rsg/RJA

N ≈ 102, with Rsg ≈ 100 k�, were obtained from the
measured data.

oxidation times. They are set based on the ratio of the indi-
vidual area to the stack footprint, tex,i = tex,1(Ai/A1)

1/α .
Figure 7 shows the current-voltage characteristics of an

array consisting of 16 junctions with a footprint of 3 ×
3 µm2, fabricated using the compensation technique. The
junctions were oxidized with decreasing exposure times
from 12 to 6 min at a pressure of 5 mbar.

While most of the IVCs are very similar, the steplike
structure of uncompensated arrays is no longer visible.
We also note a βC ≈ 105 and a subgap resistance of the
order of 100 k� (Rsg/RJA

N ≈ 102). From the Ambegaokar-
Baratoff relation, we expect a critical current of 1.6 µA,
which is about a factor of 2 larger than the switching cur-
rent observed in the IVC. We attribute this difference to a
noise or phase diffusion induced suppression. Assuming a
uniform IC distribution, we expect an inductance of 3.3 nH
for the junction array. This corresponds to an impedance
of approximately 124 � at 6 GHz, which is well below
the resistance quantum RQ = h/(2e)2 ≈ 6.45 k�. As this
fabrication method is scalable, higher impedances can be
achieved by either increasing the number of junctions or
reducing their critical current.

VI. CONCLUSION

We have demonstrated that stacks of Josephson junc-
tions can be fabricated to form compact and high-quality

inductors with low stray capacitance and McCumber
parameters of the order of 105. Area variations in the
stack are compensated by fine tuning the tunnel barrier
thickness, resulting in increased uniformity of the criti-
cal current. According to our estimates, stacked junction
arrays have significantly lower stray capacitance than their
conventional planar counterparts. The arrays can contain
an almost arbitrary number of junctions and do not require
additional dielectric layers, making them attractive for
superconducting quantum circuit applications.
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