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Probing defect densities at the edges and inside Josephson
junctions of superconducting qubits

Alexander Bilmes @', Serhii Volosheniuk (?, Alexey V. Ustinov'** and Jiirgen Lisenfeld

1

Tunneling defects in disordered materials form spurious two-level systems which are a major source of decoherence for micro-
fabricated quantum devices. For superconducting qubits, defects in tunnel barriers of submicrometer-sized Josephson junctions
couple strongest to the qubit, which necessitates optimization of the junction fabrication to mitigate defect formation. Here, we
investigate whether defects appear predominantly at the edges or deep within the amorphous tunnel barrier of a junction. For this,
we compare defect densities in differently shaped Al/AIO,/Al Josephson junctions that are part of a Transmon qubit. We observe
that the number of detectable junction-defects is proportional to the junction area, and does not significantly scale with the
junction’s circumference, which proposes that defects are evenly distributed inside the tunnel barrier. Moreover, we find very
similar defect densities in thermally grown tunnel barriers that were formed either directly after the base electrode was deposited,
or in a separate deposition step after removal of native oxide by Argon ion milling.
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INTRODUCTION

Microscopic tunneling defects forming parasitic two-level quan-
tum systems'? have attracted much attention in the super-
conducting quantum computing community due to their
detrimental influence on qubit coherence®’. Defects having an
electric dipole moment may resonantly absorb energy from the
oscillating electric field of the qubit mode, and efficiently dissipate
it into the phonon® or BCS quasiparticle bath®. This gives rise to a
pronounced frequency-dependence of qubit energy relaxation
times T;'%"", while strongly coupled defects which reside in the
tunnel barrier of the Josephson junction may cause avoided level
crossings in qubit spectroscopy®'>'3. Moreover, the defect’s
resonance frequencies may show telegraphic switching or spectral
diffusion'*"'® due to their interaction'” with a bath of thermally
activated defects, and this leads to resonance frequency fluctua-
tions of qubits and resonators, and causes qubit dephasing'®-23,

Defects were found to reside at the interfaces and amorphous
surface oxides of qubit electrodes?*-2, and they may emerge on
substrates due to contaminants or processing damage?’-*%, When
defects are located inside the (typically amorphous) tunnel barrier
of Josephson junctions, they couple most strongly to the qubit
because of the concentrated electric field. Since the dawn of first
superconducting qubits, the number of defects per junction was
dramatically reduced by minimizing the junction area and thus
the volume of the amorphous tunnel barrier?®. Nevertheless,
Josephson junctions remain a vulnerability to up-scaled quantum
processors, where individual qubits may spontaneously be spoiled
by strongly coupled junction-defects drifting into qubit reso-
nance3’. This necessitates further optimization of Josephson
junctions.

Here, we investigate whether defects are predominantly formed
at the edges of a tunnel junction or deep inside the tunnel barrier.
This information shall support progress towards more coherent
qubits by optimizing junction fabrication or geometry. Moreover,
it can provide insights to the long-standing question about the

microscopic nature of the tunneling entities. For example, defects
at the tunnel barrier edge might be formed by various species of
adsorbates®' due to its exposure to processing chemicals and the
atmosphere, while defects due to hydrogen-saturated dangling
bonds®2 could emerge all over the tunnel barrier due to hydrogen
diffusibility in aluminum?33,

In a previous work®*, we have shown that defects in tunnel
barriers of Transmon qubits can be distinguished from those at
electrode interfaces by testing their response to an applied DC-
electric field. This also revealed that qubits couple to a large
number of defects residing in large-area “stray” Josephson
junctions which appear as an artifact in standard shadow-
evaporation®—® or cross-junction?>3° techniques. Stray junctions
should thus be avoided to maximize qubit coherence, e.g., by
shorting them with a so-called bandage?®4°4!,

Here, we take advantage of stray Josephson junctions for
studying defects, since their larger area results in a higher number
of detectable defects which improves statistics. Meanwhile,
sufficient qubit coherence can be preserved since the coupling
to defects in the stray junction is reduced as most of the
oscillating voltage drops across the much smaller qubit junction
that is connected in series. Importantly, stray junctions are formed
simultaneously with the small qubit junctions and thus are
expected to have identical defect densities.

To analyze the amount of junction-defects as a function of the
Josephson junction area and the length of its perimeter, we have
fabricated a series of Xmon qubits'' whose designs differ by the
geometry of the large-area stray Josephson junctions. Figure 1a
shows a sketch of the qubit island that is connected to ground via
the stray junction in series to a small-junction dc-SQUID. The qubit
electrodes were plasma-etched from a 100 nm-thick Al film, and
the junctions were deposited with the shadow-evaporation
technique after an electron-beam lithography step. Finally, Al
bandages were deposited which either short the stray junction
(see reference qubit in Fig. 1c) or connect it to the qubit island
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Fig. 1 Qubits with varying junction geometry. a Sketch of the
qubit electrode that is connected to ground via a large area (“stray”)
junction in series with a pair of small junctions. b Setup used to tune
defects by an electric field from a voltage-biased electrode, and by
mechanical strain from a piezo actuator bending the chip. ¢—f
Photographs of large-area junctions (scale bar denotes 1 pm) with
different geometries on the same qubit chip. The stray junction area
is highlighted in dark cyan. ¢ Reference qubit, where the stray
junction is shorted using a bandage layer®'. d Stray junction with
the smallest edge length. The black solid and dashed lines indicate
the junction edges that are exposed to air and covered by the top
electrode metal, respectively. e and f Stray junctions with either the
open or covered edge elongated by a tooth pattern. The
development trenches are explained in the Supplementary Methods
I. The inset in f shows a zoom onto a small Josephson junction. The
small junction dimensions are on average 260 nm x 280 nm.

(see Fig. 1d-f). Fabrication details are given in Supplementary
Methods |.

We aim to compare the concentration of defects inside the
tunnel barrier with those emerging at junction edges. Moreover,
we distinguish two types of junction edges: the “covered edge”
that is capped by the junction’s top electrode, and the “open
edge” that is exposed to air (see Fig. 1d). While the area As of each
stray junction was designed to be roughly the same, the length of
either the covered () or open (/,,) edge was extended by a
tooth-shape pattern as shown in Fig. 1e, f, respectively. Table 1
summarizes the parameters of the qubits that were fabricated on
two chips.

The standard tunneling model®*? describes a defect by the two
lowest energy eigenstates in_a double-well potential, whose
transition energy is E = \/A? + €2. Here, A is the constant tunnel
energy, and € = ¢; + 2pF + 2yS is the asymmetry energy given by
an intrinsic offset & and the local strengths of electric field F and
strain S, where p is the defect’s electric dipole moment, and y is its
deformation potential. As described elsewhere®*, our setup (see
Fig. 1b) provides in-situ control of the mechanical strain in the
sample and the ability to apply a global DC-electric field, both of
which can be used to tune the defect’s resonance frequencies. For
this work, we test the defects’ response to an applied electric field
to distinguish whether they are located in the tunnel barrier of a
Josephson junction or at a circuit interface. Since DC-electric fields
inside the tunnel barrier are negligible for a qubit in the Transmon
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regime®, junction-defects are identified by their vanishing
response to the applied E-field**.

RESULTS
Data acquisition

To detect defects, we employ the swap-spectroscopy proto-
col'74548 for a rapid estimate of the qubit's energy relaxation time
T, in dependence of frequency. In such data, Lorentzian dips in T;
reveal the frequencies at which defects are resonant with the
qubit'". We repeat such measurements for a range of applied
electric field and mechanical strain and alternate between both
tuning channels to characterize the responses of each visible
defect. Here, strain-tuning is used to sort out eventual parasitic
circuit modes which show no strain response, and to increase the
number of detectable defects. Figure 2 shows extracts of resulting
data sets, where some exemplary traces of junction-defects are
highlighted in blue color, while red color marks traces of field-
tunable defects residing on electrode interfaces. The yellow traces
indicate non-classified defects whose location could not be
identified since they were observed only during strain sweeps
(blue framed data segments).

We then obtain a measure for the spectral density of detected
junction-defects p;; by normalizing the average number of
observed junction-defect traces at each applied strain to the
investigated frequency range which is typically 1GHz (see
Supplementary Methods Il for further details). Table 1 summarizes
the extracted p;; values and that of non-junction defects pg,
(“surface-defects”) detected on two sample chips.

The so-called shadow-junctions on chip 1 were formed using
the shadow evaporation Dolan technique®®, where the bottom
electrode is deposited, oxidized, and capped by the top electrode
without removing the chip from the deposition chamber. The
junctions on chip 2 were formed using the same type resist mask
and identical design, however the junction’s bottom electrode
was exposed to air intentionally, which required Argon-milling®”
to remove the native oxide before tunnel barrier growth. This
process applied to chip 2 shall emulate so-called cross-type
junctions®>3° whose electrodes are made in different lithography
steps. In the reference qubits 1.1 and 2.1, which have no stray
junctions, only few junction-defects were detected. This is an
explicit verification that stray junctions increase the amount of
detrimental defects coupled to the qubit, and a further affirmation
that they should be omitted>*.

Junction-defects

The defect spectral density ps, in stray junctions is expected to be
proportional to junction dimensions:

Ps; = PaAs + Poplopd + Peovlcovd; (1

where As, and I, and /.., are the respective stray junction area,
and length of the open and the covered stray junction edges. The
respective defect densities per GHz and per unit area are denoted
by pa Pops and pcoy. For the effective width of the edge, we take d
~2nm as discussed later. The values ps; are obtained by
subtracting from p,; (quoted in Table 1) the defect density inside
of the small fixed-size junctions of reference qubits on the
respective sample chip. The best-fitting values to Eq. (1) are

(1.5+0.3) (GHz - ym?) "'

Pa =
Pop = (3£106) (GHz - um?2) ™ (2)
Peoy = (62+114) (GHz - um?)”"

from which we deduce the relative share of defects at open and
covered edges in large junctions to be on average (0.3 = 9.1)% and
(7.5 £ 13.6)%, respectively. This, and the fact that only the fit value
of pa exceeds its fit uncertainty suggest that ps; predominantly

Published in partnership with The University of New South Wales



A. Bilmes et al.

np)j

Table 1. Qubit parameters and defect statistics.

chip&qubit No. As um? lop pmM leov HM 0y 1/GHz Psurt 1/GHz Po 1/GHz for GHz Ty ps
1.1 - - - 0.8 28.8 7.7 6.0 10
1.2 121 7.1 10.1 19.6 10.0 3.5 6.0 10
1.3 12.7 7.1 19.1 19.6 10.2 3.0 6.2 6
14 14.0 15.7 111 225 24.7 9.7 6.2 8
2.1 - - - 23 67.7 7.1 5.9 17
2.2 131 6.6 10.8 224 224 33 5.8 1
23 13.6 6.6 184 23.8 23.8 3.9 5.7 12
24 14.3 17.2 1.7 254 64.9 71 5.9 8

Chip 1 contains shadow-junctions made with Dolan bridges, while chip 2 contains cross-type junctions employing intermediate Ar ion milling. As denotes the
stray junction area. Io, and I, are the lengths of the open and covered stray junction edges, respectively. pj; is the measured spectral density of junction-
defects, p,,s that of defects on electrode surfaces, and p, that of unclassified defects. fy; denotes the qubit’s maximum resonance frequency, and T; is their
average energy relaxation time. The qubit charge energy is Ec = 0.2 GHz - h, and the Josephson energies E; are 24 GHz - h and 21 GHz - h for samples 1 and 2,
respectively. The average vacuum fluctuation strength of the qubit plasma oscillation field is 2.3 kV-m™'
junction. In total 580 defects were detected on qubit surfaces, and 420 inside the Josephson junctions.

in the small junction, and 25V -m~" in the stray
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Fig. 2 Spectroscopy of defect resonance frequencies in depen-
dence of the applied global electric field (segments with red
borders) and the mechanical strain (blue frames). Dark traces
indicate reduced qubit T; time due to resonance with a defect. The
colored shadings indicate defect locations listed in the legend. Note
that in a, a defect in the small junction is observed, whose large
coupling strength affects the qubit coherence in a wide band.
Apparently, a shift of its asymmetry energy occurred during
measurement (see dashed arrow), which illustrates how defects
can spontaneously (dis)appear in the qubit’s spectrum. The strain-
tunability statistics of defects detected in Josephson junctions are
analyzed in another work>2,

scales with the junction area, as similarly reported in previous
works*>*® on large-area Josephson junctions. We note that more
data is required to estimate the share of junction-defects that
reside at tunnel barrier edges (“edge-defects”) of small junctions,
as explained in more details in Supplementary Discussion .
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Fig. 3 Densities of defects in stray junctions of various shapes,
each embedded in a Transmon qubit circuit. a Spectral density ps,
of detectable defects which reside in the stray junction, plotted vs.
the stray junction area (orange), or the open (black) or covered
(blue) stray junction edge area (edge length times the effective edge
width). The linear fit of Eq. (1) returns the spectral defect density per
junction area inside the AlO, tunnel barrier (the slope of the orange
line). b The density of detectable defects in the small junction of the
reference qubits 1.1 and 1.2, which is larger than the defect density
in the stray junctions (see c) because of the stronger electric field. ¢
Volume defect density ps;/(Asd) which is constant for all investi-
gated stray junctions, in agreement to the fitted slope shown in a.

The key contribution of the junction area to pg; is further
illustrated in Fig. 3a where the orange line represents the linear fit
reported in Eq. (2) (see further details in Supplementary Discussion
). The error bar pyps;/(Ps) + Psut) is the spectral density of non-
classified detected defects p, multiplied with the relative part of
junction-defects. Assuming a tunnel barrier thickness of 2 nm, the
slope of the linear fit indicates a junction-defect density of
~ 760 (GHz - um3)71 . This value is confirmed by the data in Fig. 3c,
where the volume density is calculated directly from the data
points of Fig. 3a and the corresponding stray junction areas. As a
note, in Fig. 3b we see that the spatial density of detectable
defects in the small junction is significantly larger than in the stray
junctions. This is expected due to the stronger electric field inside
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the small junction, which enables one to detect also defects
having smaller effective dipole moments.

As a note, we applied the fit of Eq. (2) to merged data from both
chips, since we detected the same volume density of defects (see
Fig. 3¢) in both junction types. This observation indicates that
dielectric losses are comparable in Josephson junctions patterned
using either the shadow>>738 or the cross-junction?®3° techniques.

Surface-defects

Detectable surface-defects are concentrated at film edges of the
qubit electrodes, and it requires special methods to distinguish at
which interface they reside?*%, However, the here-developed
stray junction architecture allows one to independently assess
densities of defects which reside at the substrate-metal and metal-
air interface along the covered and open junction edges,
respectively. A fit of p,, data quoted in Table 1 to a linear
function pf;;)'flop + %] oy + const suggests that, compared to the
metal-air interface at the junction’s open edge, fewer defects
reside at the substrate-metal interface along the covered junction
edge (see Supplementary Discussion Il for more details), which is
in accordance with our previous findings?®. Here, pg‘:{f and purf are
respective defect densities along the open and covered junction
edge, and the offset is due to surface-defects on qubit electrodes.

Discussion of defect locations

The distribution of DC-electric fields generated by the DC-gate
was simulated using the ANSYS finite element solver, to test
whether edge-defects are exposed to the applied E-field. Figure 4a
contains a simplified sketch of a Josephson junction’s profile,
where the black continuous and black dashed squares indicate the
cross-sections of the covered and open junction edges, respec-
tively. The region emphasized with a red square is magnified in
Fig. 4b, showing the field distribution at the open junction edge
when 1V is applied to the DC-gate. The DC-potential of the top

a native AlOx
/
100nm Al G | barri
_ unnel barrier

3 ~2nm /

7 30nm Al =TI
open edge

covered edge Al,O; substrate

b vs=tv

|E| Qqubit#
(kv/m) 14123

vacuum

4nm native AlO,

4nm native AlO,
Al tunnel barrier

~2nm AlO!
am AR Al tunnel barrier

Fig. 4 Electric field distribution near the edges of a Josephson
junction, obtained with finite element simulations. a Sketch of the
junction’s cross-section (not to scale). b Electric field strength (color-
coded) generated by the DC-gate electrode near the open edge of
the junction. The legend distinguishes between qubits due to their
different positions relative to the gate electrode. We see that the
open edge is screened by the junction’s top electrode so that
defects residing there are not field-tunable and cannot be confused
with surface-defects. ¢ Strength of the electric field induced by the
qubit plasma oscillations at the open and covered (see inset) edges.
The color bar indicates field strengths in the small and stray
junctions.
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and bottom junction electrodes were set to zero as it is the case
for Xmon (i.e. grounded Transmon) qubits.

As visible in Fig. 4b, the ~10 nm wide region around the open
edge is free of applied DC-electric fields due to screening by the
junction’s top electrode. For the same reason, the applied DC
fields are zero at the covered edge. We thus can be sure that
edge-defects are not field-tunable, and cannot be confused with
surface-defects. Note that each qubit on the same chip couples
differently to the DC-gate electrode, which is captured in the
legend of Fig. 4b.

The AC-electric field strength induced by the qubit plasma
oscillation at the open junction edge is shown in Fig. 4c where the
inset shows the qubit field at the covered edge, and the legend
indicates the field strengths in the small and the stray junctions.
One recognizes that the qubit field is strongly confined in the
tunnel barrier, and decays very fast outside, on a length scale of
the tunnel barrier thickness d~2nm. This means that surface-
defects which reside within a distance range of ca. 2-10 nm to the
open edges of the stray junctions (where they are not field-
tunable), as well as defects which reside at the substrate-metal
interface close to the stray junction’s covered edge, don't couple
to the qubit, and cannot be confused with edge-defects. This is
not necessarily the case at the small junctions’ edges where the
qubit fields are significantly larger. However, the contribution of
the small junctions to the measured junction-defect density is only
a small offset as mentioned before.

DISCUSSION

We have studied densities of microscopic material defects in
Josephson junctions of various shapes using superconducting
Transmon qubits. We observed that in ~13 um? large Al/AlO,/Al
Josephson junctions fabricated using shadow evaporation and
thermal tunnel barrier growth, the total amount of detectable
junction-defects does not significantly scale with the junction
edge lengths which were varied by a factor of two, but with the
junction area.

Thus, relevant defects seem to be evenly distributed all over the
tunnel barrier of the Josephson contact, which supports the old-
standing strategy to reduce the dielectric losses of a Josephson
junction by minimizing its footprint. We note that the size of our
data set acquired on large junctions does not allow us to predict
the relative share of edge defects in submicron-sized junctions.
This possibly could be investigated using the here-reported
method applied to large-area and high aspect-ratio Josepshon
junctions*® where the effect of junction edges is amplified like in
small junctions, while the advantage of good defect statistics is
preserved.

As an outlook, we emphasize that the here-presented technique
to study junction-defects in large-area stray Josephson junctions is
also suitable to study how the defect density and qubit coherence
scale with the tunnel barrier thickness, which is another open
question on the way to improved junctions.

We further observe that AlO, tunnel barriers, which were
thermally created A in-situ after deposition of the bottom junction
electrode, and B after application of Argon-milling to the bottom
electrode, show the same density of detectable defects. This
indicates that relevant defects are formed due to structural
disorder rather than contamination from the Argon plasma, like
implanted Argon ions and re-deposited mask and substrate
residuals. This confirms that shadow®>~3® and cross junctions?®3°
are equally suitable for high-coherence qubits®°°

As a note, we observe that the density of surface-defects scales
only with the open edge length of the large-area junction. This
indicates that the interface of aluminum to the sapphire substrate
does not notably contribute to the amount of detectable defects,
which is in agreement with our previous studies?>%, and leaves
room for speculations. For example, defects at the substrate-metal
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interface might be screened by the superconducting condensate®,
while at the metal-air interface defects are separated from the
metal by the native Al oxide.

METHODS
Sample fabrication

The Transmon electrodes and the readout circuitry were patterned into a
100 nm thick Aluminum groundplane in an inductively coupled plasma
device, using an S1805 optical resist mask. The small and the stray
Josephson junctions were simultaneously deposited in a thermal
evaporation PLASSYS device using a double-resist mask patterned by
eBeam-lithography. The bottom junction electrode consisted 30 nm thick
Al which was deposited at an angle of 50°, and at a rate of 1 nm/s. For
sample #1, the 100 nm thick Aluminum top electrode was deposited
without breaking vacuum at the same rate but at zero tilt, after creation of
the AlO, tunnel barrier (static oxidation, exposure of 1100 s - mBar). The
junctions on sample #2 were made using the same design and type of
resist mask, however the bottom electrode was exposed to air after
deposition of the bottom electrode, so that an Argon milling step was
required to clean off the oxide from the bottom electrode prior thermal
growth of the tunnel barrier and the successive deposition of the top
electrode. After lift-off of the junction layers, a further electron-beam
lithography step was applied, and aluminum bandages were placed to
selectively either contact or short the stray junction. See Supplementary
Methods | for further details.

Supplementary methods and discussion

In Supplementary Methods II, the detection and counting method of
defects is presented and additional raw data plots like in Fig. 2 are shown.
Supplementary Discussion | and Il contain additional analysis of defect
densities in junctions and at other qubit interfaces.
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