npj ‘ Quantum Information

ARTICLE OPEN

www.nature.com/npjqi

Electric field spectroscopy of material defects in transmon
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Superconducting integrated circuits have demonstrated a tremendous potential to realize integrated quantum computing
processors. However, the downside of the solid-state approach is that superconducting qubits suffer strongly from energy
dissipation and environmental fluctuations caused by atomic-scale defects in device materials. Further progress towards upscaled
quantum processors will require improvements in device fabrication techniques, which need to be guided by novel analysis
methods to understand and prevent mechanisms of defect formation. Here, we present a technique to analyse individual defects in
superconducting qubits by tuning them with applied electric fields. This provides a spectroscopy method to extract the defects’
energy distribution, electric dipole moments, and coherence times. Moreover, it enables one to distinguish defects residing in
Josephson junction tunnel barriers from those at circuit interfaces. We find that defects at circuit interfaces are responsible for
about 60% of the dielectric loss in the investigated transmon qubit sample. About 40% of all detected defects are contained in the
tunnel barriers of the large-area parasitic Josephson junctions that occur collaterally in shadow evaporation, and only ~3% are
identified as strongly coupled defects, which presumably reside in the small-area qubit tunnel junctions. The demonstrated
technique provides a valuable tool to assess the decoherence sources related to circuit interfaces and to tunnel junctions that is

readily applicable to standard qubit samples.
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INTRODUCTION

Superconducting qubits are implemented from resonant modes in
non-linear electric microcircuits tailored from superconducting
inductors, capacitors, and Josephson tunnel junctions."? Proto-
type quantum processors comprising a few tens of coupled qubits
have already demonstrated quantum simulations of small
molecules,’ error correction,* and complex algorithms.” However,
progress during the past decade was mostly achieved by
improved circuit designs that reduced the interaction strength
of qubits with material defects that are limiting device coher-
ence.®’ Since this strategy has seemingly exhausted its potential,
further advancement will require an intense effort to understand
and prevent the formation of defects in device fabrication.

Electric-field tuning of defects coupled to a superconducting
resonator has been used to obtain information on their electric
dipole moment sizes and densities,® to control their population via
Landau-Zener transitions,” and to realize microwave lasing."
Moreover, it served to investigate decoherence sources in
disordered superconductors,’’ and AC-electric field modulation
of defect baths mazy provide a path to decouple them from a
resonator or qubit.’

There are a variety of microscopic models of how defects may
emerge in quantum circuits, some of which are illustrated in Fig. 1.
A prominent class are structural tunnelling systems known from
glasses, which are formed by a single or a few atoms tunnelling
between two configurations in a disordered material.'*'* This
creates parasitic quantum two-level systems (TLS), which couple
via their electric dipole moment to the oscillating electric fields in
quantum circuits. Due to the material’s random structure, TLS
resonance frequencies are widely distributed, and those that are
near resonance with qubits can dominate qubit energy

relaxation.'> Moreover, the thermal activation of low-energy TLS
causes resonance frequency fluctuations of high-energy TLS,
resonators, and qubits, which occur on time-scales spanning from
milliseconds to hours and days.'®' For quantum processors, this
implies that each qubit needs to be frequently recalibrated, while
individual qubits can also become completely unusable due to
randomly occurring resonant interaction with fluctuating TLS.
Parasitic atomic tunnelling systems are contained in the
amorphous aluminium oxide that grows natively on qubit circuit
electrodes and which is used as a tunnel barrier in Josephson
junctions. It is also assumed that structural tunnelling defects
emerge from fabrication residuals such as photoresist,® from
impurity atoms such as interstitial hydrogen,**** and due to
damage of crystalline substrates by inadequate cleaning or film
patterning procedures.®® A further source of defects are surface
adsorbates, such as hydrogen atoms and O,-molecules, whose
unpaired spins have long been blamed as the major source of low-
frequency (1/f) noise in DC-SQUIDs and flux qubits,?” and which
were recently reported to contribute also to charge noise.?®

RESULTS

In this article, we describe a technique to manipulate surface
defects which are residing at qubit circuit interfaces, such as the
substrate-metal, the substrate-vacuum, or the metal-vacuum
interfaces. For this, the sample is exposed to a global DC-electric
field generated by electrodes surrounding the chip as illustrated in
Fig. 2a. A surface defect responds to the field with a change of its
asymmetry energy &, which together with its (constant) tunnelling
energy A determines its resonance frequency, frs = \/A? + €2/h.
The global DC-electric field does not generate any field in the
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junction’s tunnel barriers, because the small charging energy of
the transmon qubit allows Cooper-pairs to compensate any
induced charge by tunnelling off or onto the island.*® Thus, TLS
inside the tunnel barrier of a small or large (parasitic) junction do
not respond to the applied external electric field and can hereby
be distinguished from surface defects.
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Fig. 1 Overview of defect types in superconducting qubits. a
Photograph of the cross-shaped capacitor electrode of a transmon
qubit that is connected to the ground plane via Josephson
junctions.” Inset: The small junctions are contacted via large-area
parasitic junctions (shaded orange). b lllustration of defect types in
the amorphous AIO, tunnel barrier of a Josephson junction,
indicating atomic tunnelling systems, hydrogen impurities, and
trapped electrons. ¢ Sketch of surface defects, showing a cross-
section of the qubit electrode and its native aluminium oxide which
hosts structural TLS (not to scale). In addition, adsorbates such as
hydrogen (H) and molecular oxygen (O,) provide surface spins.
Fabrication residuals such as photoresist, atmospheric contami-
nants, and substrate surface amorphization due to circuit patterning
are further sources of surface defects.

In addition, our setup allows us to tune all defects, irrespective of
their location in the circuit, by mechanical strain that is generated via
a piezo actuator slightly bending the qubit chip® In earlier
experiments on phase qubits, the strain-tuning technique has
proven useful to reveal mutual TLS interactions®’ and to probe the
coherent quantum dynamics of TLS to quantify their coupling to the
bath of thermally fluctuating defects.?**? Here, we use it to verify
that also defects that do not respond to the electric field behave
according to the standard tunnelling model, and to enhance the
number of observable defects that are not tuned by the electric field.

In our experiments, we detect defects by measuring the
frequency-dependence of the qubit's energy relaxation rate
1/T4, where local maxima indicate enhanced dissipation due to
resonant interaction with individual TLS. A fast method uses the
swap-spectroscopy protocol shown in Fig. 2b, where the qubit is
populated by a microwave m—pulse, tuned to various probe
frequencies using a variable-amplitude flux pulse, and afterwards
read out>'?* To economize time, we use a fixed flux pulse
duration and take only two further reference measurements at
zero flux pulse amplitude to estimate the energy relaxation rate
(see Supplementary Material for details). The flux pulse duration is
set to about half the qubit’s T, time in order to balance signal loss
against sensitivity to weakly interacting defects.

Figure 2 presents exemplary data taken with a transmon qubit
in Xmon-geometry that was fabricated at UCSB as described in
ref. 22 The strain-dependence of the qubit's T time, plotted as a
function of the applied piezo voltage Vpiez in Fig. 2¢, shows that
the resonance frequency of all detectable TLS follows the
expected hyperbolic dependence. In contrast, the horizontal lines
in the electric field dependence Fig. 2d reveal a subset of defects
that do not respond to the applied field as it is expected if they
reside inside the tunnel barrier of a Josephson junction.
Simulations of the induced electric fields (see Supplementary
Material) were used to verify that all detectable surface defects, i.e.
those that couple sufficiently strongly to the field induced by the
qubit’s plasma oscillation, should also respond to the applied field.

In order to characterize the TLS’ response to the two types of
stimuli more systematically, we alternate between strain and
electric field sweeps. This results in data as shown in Fig. 3a, where
the strain was linearly increased in segments with blue margins
and the E-field was swept in red-framed segments. To extract the
TLS' sensitivities to strain ys and to electric field yg, we fit each

a

qubit
sample

D/C—electrode

T readout .6 |ty

Voiezo (V), mechanical strain

DC electrode voltage Vpc (V)

Fig.2 Tuning defects by mechanical strain and electric field. a Sketch of the setup for defect manipulation. The mechanical strain is controlled
by the voltage Vyie;o applied to a piezo actuator which slightly bends the qubit chip. The electric field is generated by two electrodes
connected to a DC-voltage source Vpc. b Pulse sequence-realizing defect spectroscopy by measuring the frequency-dependence of the
qubit’s energy relaxation time T;. ¢ TLS resonance frequencies (dark traces indicating reduced T; time due to resonant interaction with
defects) in dependence of applied mechanical strain. The horizontal line at 6.18 GHz is the resonance of a second qubit on the same chip.
d Electric-field dependence of TLS resonance frequencies, plotted as a function of the voltage Vpc applied between the two electrodes.
Hyperbolic traces stem from surface TLS at film interfaces, while horizontal lines reveal TLS residing in the tunnel barrier of a Josephson

junction where they are screened from the electric field.
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Fig. 3 Statistics on the response to strain and electric field. a Alternating measurements of the mechanical strain (blue margins) and electric
field dependence (red margins) of TLS resonance frequencies. Coloured trace highlights follow exemplary fits from which the TLS'
deformation potential ys and field coupling strength y; are obtained. b Vertical cross-section of the data shown in a (black dashed line),
recalculated to the energy relaxation rate 1/T;. Lorentzian fits to individiual TLS resonances Eq. (1) result in qubit-TLS coupling strengths g
and TLS decoherence rates. The frequency step was 1 MHz. ¢ Distribution of TLS sensitivities to electric field yg. No response (yg < 1 kHz/V) is
observed in 104/260 TLS (40%). d Histograms of TLS—qubit coupling strengths g (left column) and TLS coherence times (% 1 + r®7TLS)71
(right column), plotted separately for TLS that do not respond to the field (top row) and for field-tunable TLS (bottom row). Similar coherence
times of 50-100 ns are observed irrespective of the TLS' response to electric field. The relatively small coupling strengths up to g =~ 0.2 MHz
indicate that nearly all defects which do not respond to the E-field are residing in the large-area parasitic junctions rather than the small qubit

junctions.

visible trace to the hyperbolic resonance frequency dependence
with the TLS" asymmetry energy &(Vpiezo, Vc) = & + Vs-
Vpiezo + Vi - Voc. Here, yg is proportional to the TLS' electric dipole
moment component that is parallel to the local electric field, and
& is an intrinsic offset energy. A few exemplary fits are indicated
by highlighted traces in Fig. 3a. The distribution of extracted field
sensitivities yg is plotted in Fig. 3c. We find that from a total of 260
observed TLS in two qubits, 40% do not respond to the electric
field and thus reside in tunnel barriers—most likely in the large-
area parasitic junctions as explained below. In contrast, all
observed defects are tuned by mechanical strain as expected
from the standard tunnelling model.

The lineshape of the TLS resonances observed in T;-spectro-
scopy contains further information about the TLS' decoherence
rate and dipole moment size. After recalculating the data in Fig. 3a
into the qubit energy relaxation rate 1/T;, each Lorentzian
resonance is fitted to the equation®?

2g°T
1/T1:m+r1‘q7 (1
where I = (r1"|'|_5/2 + rcpv'n_g) + (FLQ/Z + F(D,Q) is the sum of TLS
and qubit energy relaxation and dephasing rates, and 6 is their

detuning. The coupling strength ¢’ = (p’ v?)/h between the
qubit and a defect is the scalar product of the defect’s electric

dipole moment p’ and the local electric field E induced by the
qubit’s plasma oscillation. Figure 3b shows exemplary fits to Eq. (1)
along the data marked by the black dashed line in Fig. 3a. We note

that this provides the effective coupling strength g=

g - A/\/D? 4 € that is dressed by the TLS' matrix element which
is typically unknown, but can be measured with strain-field or E-
field spectroscopy if the TLS' tunnel energy A lies within the
qubit’s tunability range.

In Fig. 3d, the distributions of TLS-qubit coupling strengths and
TLS coherence times are plotted separately for junction-TLS that
do not respond to the electric field (top row) and for field-tunable
TLS residing at circuit interfaces (bottom row). Both classes show
very similar qubit-TLS coupling strengths below g/2m ~ 0.4 MHz
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and typical TLS coherence times of 50-100 ns, in agreement with
independent measurements on identically fabricated samples.?? On
average, surface TLS are slightly stronger coupled to the qubit Xmon
1 because of its smaller gap between the qubit island and the
ground plane as compared to Xmon 2 (see Supplementary Material).

DISCUSSION

Considering field-tunable defects, the measured coupling
strengths around g/2m ~ 0.1 MHz correspond to parallel dipole
moment components of 0.2-0.4eA, when they reside in the
vicinity of the qubit electrode’s edge, where simulations indicate a
plasma oscillation field strength of |E| =10-20V/m (see Supple-
mentary Material). Measurements in AlO,'>>* and SiN,® have
found similar dipole moment sizes.

If the defects that do not respond to the applied E-field were
inside the tunnel barrier of the qubit’s small Josephson junctions
and had dipole moments of similar magnitude, one would expect
much larger coupling strengths up to g/2m ~ 40 MHz in contrast
to our observation in Fig. 3d. However, in our sample, each qubit
junction is connected to the ground plane via an additional larger
“parasitic” or “stray” junction as a consequence of the employed
shadow evaporation technique (see Fig. 1a). Since these junctions
are connected in series, the voltage drop across each is inversely
proportional to its area, resulting in a factor of ~200 smaller
electric fields in the larger parasitic junctions. TLS in these
junctions thus couple at a strength of only g/2m ~ 0.1 MHz when
they have dipole moments of 0.3 eA, which is in excellent
agreement with our measurements presented in Fig. 3d.
Considering that junction and surface defects show similar
coupling strengths and coherence times, we can conclude that
in our sample 40% of the qubit’s dielectric loss is due to defects in
the parasitic Josephson junctions. This clearly shows the
importance to avoid parasitic junctions by advanced fabrication
methods, such as the ‘bandaging’ technique where they are
shorted by an additional metallization layer.?®

The number of observable TLS resonances, averaged over all
applied values of E-field and strain, was N, = 15/GHz for TLS in the
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parasitic junctions and Ns; =23/GHz for surface TLS. For the
parasitic junctions, this corresponds to a TLS density of Pop=
250 GHz 'um 3 when assuming a tunnel barrier thickness of
2.5nm. This density agrees with values in the range of
200-1200 GHz " pm 3 typically quoted for bulk dielectrics,*> and
corresponds  to a dielectric loss  tangent*®tan Sop =
mPop p2(3eoe,)’1 ~ 1.8 x 1074, where we chose p = 0.4 eA and
er ~ 10 for AlO,. This value is a factor of ~10 smaller than typically
quoted,'**’ presumably because it is based on the number of TLS
traces that are clearly visible in swap spectroscopy, while
contributions from weakly coupled TLS are not taken into account.

If the detected surface defects were distributed uniformly along
the ~1.4 mm-long edge of the qubit island, their average distance
would be 60 pm. However, there are reasons to assume that
surface defects may accumulate in the vicinity of the Josephson
junctions where additional lithographic processing is required.?
This can be clarified in future experiments by employing a laterally
positioned DC electrode.

Defects in the small tunnel junctions can be identified by their
strong coupling to the qubit. This gives rise to avoided level
crossings, which we reveal by monitoring the qubit’s resonance
peak as a function of the applied strain. Figure 4a shows
exemplary data which typically display up to three splittings
larger than 5 MHz in our accessible strain range. Comparing this
number to the ~40 TLS per qubit found in the parasitic junctions,
the result comes closer to the ratio of the junction’s circumfer-
ences (x~14) than their area ratio (=200). This gives a hint that
defects might predominantly emerge at junction edges.

Finally, we test the coherence and coupling strength of surface
TLS directly by observing coherent swap oscillations in resonantly
coupled qubit-TLS systems.>* For this, the qubit population decay
is observed in a T;-time measurement for a range of applied
electric fields. Figure 4b shows the qubit's T; time extracted from
fits to exponential decay curves, which displays minima whenever
the applied field tuned a TLS into resonance with the qubit. In about
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Fig. 4 Detection of strongly coupled defects. a Qubit spectroscopy,
taken by a long microwave pulse of varying frequency (vertical axis)
to observe the qubit resonance (red colour, see also right inset).
Variation of the mechanical strain (horizontal axis) reveals avoided
level crossings due to strongly coupled TLS that are tuned through
the qubit resonance. b Qubit T;-time measurement as a function of
the applied DC-electric field. Lorentzian dips indicate resonant
coupling to surface TLS. ¢ In about 3% of observed dips in the
qubit’s T; time, damped oscillations are observed (blue curve),
which herald quantum state swapping between the qubit and
coherent surface TLS. In all other cases, purely exponential decay is
found (red curve, fitted by black dashed line).
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3% of more than 100 investigated T4-minima, we observed coherent
swap oscillations with frequencies g/2m = 150-520 kHz as shown in
Fig. 4c. This small subset of surface TLS thus has coherence times of a
few microseconds, probably because they were close to their
symmetry points where dephasing is suppressed.>

To summarize, our results confirm that defects residing at the
substrate-metal, substrate-vacuum, and metal-air interfaces are a
limiting factor of coherence in contemporary superconducting
qubits. Parasitic (stray) junctions must be avoided, since they host
large numbers of defects. So far, all experiments studying
individual defects in superconducting qubits can be explained
by a single type of defect having typical electric dipole moments
|'P'| ~ 0.1-1 eA and coherence times of typically 100 ns, in seldom
cases extending up to a few ps.

The presented technique distinguishes defects in the tunnel
barriers of Josephson junctions from those at surfaces. It provides
a diagnostic tool to improve device fabrication by assessing the
quality of tunnel junctions and circuit surfaces. This method can
be easily implemented and applied to a variety of superconduct-
ing qubit types. Actually, a single electrode that is biased against
the on-chip ground plane is sufficient to clearly distinguish
surface-TLS from tunnel barrier defects.

Using multiple separately biased electrodes, it becomes possible
to pinpoint the location of individual defects by comparing their
response to simulations of the spatially dependent electric fields.
As we will describe elsewhere, our current setup using two
electrodes as sketched in Fig. 2a already suffices to distinguish
defects on the substrate-metal, the substrate-vacuum, and the
metal-vacuum interfaces. Lastly, we note that integration of on-
chip electrodes or gates for direct voltage-biasing of transmon
qubit islands offers a way to in situ mitigate decoherence in qubits
that happen to be near resonance with a surface defect, facilitating
the path towards scaled-up quantum processors.

METHODS

Transmon qubit sample

The qubit sample was fabricated by Barends et al. as described in ref. 2> We
measured a chip containing three uncoupled Xmon qubits which differ by
the geometry of the coplanar qubit capacitor, having a width of S=16
(24) um for sample “Xmon1” (“Xmon2”), while the gap to the ground plane
had a width of 8 (12) um, respectively.

The qubit island, groundplane, and resonators are patterned from
aluminium deposited by molecular beam epitaxy on a sapphire substrate.
The Josephson junctions of the DC-SQUID connecting the qubit island to
ground are fabricated by eBeam shadow evaporation. Each arm of the DC-
SQUID contains a small tunnel junction of size 0.3x 0.2 um? in a series
connection with a larger “parasitic” junction of size 4.0 x 2.9 um?.

Experimental setup

The sample was measured in an Oxford Kelvinox 100 wet dilution
refrigerator at a temperature of 30 mK. The qubit chip was installed in a
light-tight aluminium housing surrounded by a cryoperm magnetic shield.
All coaxial cable connections to the qubit were heavily attenuated, filtered,
and equipped with custom-made infrared filters. A standard homodyne
microwave detection setup was used to read out the qubit state by
measuring the dispersive shift of a readout resonator capacitively coupled
to the qubit and a common transmission line.

The electrodes for electric-field tuning of defects were connected via a
twisted pair of enamelled wire equipped with an RC-lowpass filter at the
1 K-stage that had a cutoff frequency of about 10 kHz. The top electrode
consists of a copper-foil/Kapton foil stack that is glued to the lid of the
sample box. The bottom electrode is patterned into the backside of the
printed circuit board carrying the qubit chip, and has the form of a ring to
leave space for the piezo exerting force to the centre of the qubit chip.

Simulations of electric fields

The electric fields generated by the qubit plasma oscillation and the fields
induced by the global electrodes are simulated using the finite element
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solver ANSYS Maxwell. This showed that only TLS residing within a
distance of ~200nm to the edge of the qubit island experience field
strengths that couple them strongly enough to the qubit to be detected
with our sample. Simulations also confirmed that within this distance, the
absolute strength of the globally applied E-field as well as its projection
onto the TLS' electric dipole moment is large enough to result in
detectable TLS detuning.

The Supplementary Material contains further details on spectroscopy
methods, E-field simulations, and plots of complete data sets from strain-
field and E-field-dependent defect spectroscopy.

DATA AVAILABILITY

The data that support the findings of this study are available from the corresponding
author upon request.
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