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We present fast tunable superconducting microwave resonators fabricated from planar NbN on a sap-
phire substrate. The 31 /4 wavelength resonators are tuning fork shaped and tuned by passing a dc current
that controls the kinetic inductance of the tuning fork prongs. The A /4 section from the open end operates
as an integrated impedance converter that creates a nearly perfect short for microwave currents at the dc
terminal coupling points, thus preventing microwave energy leakage through the dc lines. We measure an
internal quality factor Oy, > 10° over the entire tuning range. We demonstrate a tuning range of greater
than 3% and tuning response times as short as 20 ns for the maximum achievable detuning. Because of
the quasifractal design, the resonators are resilient to magnetic fields of up to 0.5 T.

DOI: 10.1103/PhysRevApplied.14.044040

I. INTRODUCTION

Superconducting microwave resonators are versatile
devices with applications ranging from signal condition-
ing in Purcell filters [1] and parametric amplifiers [2,3] to
sensing applications such as kinetic inductance detectors
[4] and near field scanning microwave microscopes [5—7].
In particular, in the rapidly developing field of quantum
computing superconducting resonators are used for qubit
readout, on-demand storage and release [8], and routing
of single microwave photons [9,10], and deployed as qubit
communication buses [11]. Furthermore, future progress in
quantum computing calls for identification and elimination
of material defects, which spoil coherence in quantum cir-
cuits [12,13]. This urgent need stimulated the development
of planar electron spin resonance (ESR) spectrometers
with subfemtomole sensitivity [14,15] to environmental
spins. The frequency tuning functionality either greatly
benefits (filters, sensors, spectrometers) or is instrumental
for (parametric amplifiers, single-photon sources) all the
above applications.

The base frequency of any microwave resonator is
defined by its geometry and can therefore be adjusted by
varying the geometrical parameters. In practice, purely
mechanical designs are bulky, challenging to implement
[16], and do not provide fast tuning.

*andrey.danilov@chalmers.se

Published by the American Physical Society under the terms of
the Creative Commons Attribution 4.0 International license. Fur-
ther distribution of this work must maintain attribution to the
author(s) and the published article’s title, journal citation, and
DOI. Funded by Bibsam.

2331-7019/20/14(4)/044040(9)

044040-1

Conveniently, superconducting design elements provide
an alternative option: any superconductor possesses kinetic
inductance (KI), which can be tuned with either an external
magnetic field or a dc bias current. The first approach does
not require any tweaks to a standard coplanar resonator
design and was presented a decade ago by Healey et al.
[17]. However, sweeping the external magnetic field is
also a rather slow solution; the kinetic inductance itself
can respond in subnanosecond time (the instantaneous
KI response is, for example, exploited in traveling-wave
parametric amplifiers [18,19] and comb generators [20]).

A standard way to achieve fast frequency control via
KI tuning is by integrating a pair of Josephson junction
elements in the form of a superconducting quantum inter-
ference device (SQUID) loop in the resonator design. The
highly nonlinear loop inductance can be controlled with
a magnetic flux generated by a dedicated current control
line, such that no external ficld is needed. Devices of this
type achieve tuning speeds faster than the photon life-
time Q/fp [21], and recently a frequency tuning time less
than approximately 1 ns was demonstrated [22]. Today,
SQUID-tunable resonators have become a common ele-
ment in circuit QED experiments [23—25]. Unfortunately,
the insertion of Josephson elements degrades the resonance
quality: first designs demonstrated Q ~ 3000, and in best-
ever devices Q still does not exceed 35000 [26]. This
is significantly lower than standard nontunable coplanar
resonators, where Q ~ 10° is now typical [27].

As an alternative to SQUIDs as lumped KI elements,
one can exploit the kinetic inductance of the superconduct-
ing film itself. This approach does not introduce the extra
internal dissipation associated with SQUIDs, but gener-
ally does increase radiation losses: the microwave energy

Published by the American Physical Society
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leaks from the cavity through the dc terminals. An obvious
way to minimize the losses is to couple the dc leads at
the nodes of the microwave voltage, but, due to fabrica-
tion tolerances, one does not reach Q > 1000 in a practical
device. The leakage can be further suppressed by supply-
ing the bias current through low-pass filters. The simplest
of such filters, capacitors, provide a shunt to ground for
microwaves, and thus effectively decoupling dc lines. With
this design, internal quality factors up to 10* in tunable
coplanar resonators were demonstrated in Ref. [28]. The
maximum Q is limited by two factors: the filter capaci-
tor cannot be made larger than a few tens of picofarads
because of self-resonances, and the capacitor is nonideal
because of the finite loss tangent of the dielectric layer.
The dielectric losses were the limiting factor in Ref. [28].
With a better dielectric, such as aluminium oxide deposited
by atomic layer deposition, Q factors up to 10* in tun-
able microstrip resonators have been reached [29]. Another
simple filter type, an inductive-resistive filter, was reported
in Ref. [30]. With the choke inductance Lr = 2 nH and
resistance Ry = 0.04 2, O factors up to 10° were reported.
However, this solution involves the trade-off between the
quality factor and the maximum tuning rate: the Oy is lim-
ited by the losses in the dissipative Ry, and therefore Ry
has to be kept small, and a high Lg is needed to effectively
isolate Rp; both requirements slow down the response
time T = Ly /Rr = 50 ns. If few-nanosecond tuning time
is required, the achievable Q factor would not exceed that
of SQUID-tunable resonators.

An interesting engineering solution was reported in Ref.
[31]: a photonic bandgap resonator with Bragg mirrors on
either side of the cavity. The mirrors were implemented
as periodic stepped-impedance waveguides with a galvani-
cally continuous center line. Such a design allows injection
of a dc bias current through the center line of the excitation
coplanar line. However, in practice, the insulation provided
by Bragg mirrors is limited by fabrication tolerances that
compromise the array periodicity and, as a consequence,
the reported O factor was only moderate (3000).

Here, we present a resonator design that incorporates an
impedance converter as an integral part of the resonator
circuit. The converter provides a nearly perfect short cir-
cuit for microwave currents at the dc terminal insertion
points, thus preventing an energy leakage into terminals.
By design, this solution imposes no limits on the fre-
quency tuning rate and we report dissipative Q factors
above one million at high photon populations and up to
2 x 10° at the single-photon level, approaching that of
standard nontunable superconducting coplanar resonators.

II. METHODS

The resonator design is sketched in Figs. 1(a) and 1(b).
Conceptually, the resonator core is an electromagnetic ana-
log of the mechanical tuning fork. The coupling to a

(a) (b)
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FIG. 1. Design concept and optical images. Panels (a) and
(b) show cartoon representations of capacitively and inductively
coupled tuning fork resonator designs. Black and red arrows
show the positions of voltage and current maximums, respec-
tively. Black and red crosses mark the positions of voltage
and current nodes. We denote by 4 and A" two galvanically
split ground half-planes. Corresponding optical images of the
resonators are shown in (c) and (d).

readout coplanar waveguide transmission line is provided
either via an interdigitated capacitor (a) or by an inductive
loop (b). As we demonstrate below, the resulting device
performance does not depend on the coupling scheme,
so any solution can be freely chosen for a specific target
application. The detailed design can be seen in the optical
images presented in Figs. 1(c) and 1(d): the two tuning fork
prongs are designed to be 2 um in width. The prongs are
inductive elements that are coupled via an interdigitated
capacitor formed by a third-order quasifractal pattern. The
role of the quasifractal design is discussed in detail below;
in summary, it is a descendent of nontunable resonators
presented earlier in Refs. [32] and [33].

We exploit the 34 /4 mode of the tuning fork. The cur-
rent (voltage) nodes (antinodes) of this mode are depicted
in Figs. 1(a) and 1(b): the 31/4 mode supports a voltage
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node at a distance of /4 from the open end of the res-
onator. This is the point on the prongs where we inject a
dc current via a galvanic connection to the ground plane.
The bias current thus flows along the closed U-turn section
of the fork and controls the kinetic inductance of the res-
onator’s A /2 section, allowing the resonance frequency to
be tuned. To allow for the dc bias, the ground plane is split
into two sections, 4 and A4’, galvanically separated by one
(a) or two (b) large interdigitated capacitors [sketched as
meanders lines in Figs. 1(a) and 1(b)] that present neg-
ligible impedance for microwave currents (cf. Ref. [33]
for further details). The finite fabrication tolerances result
in some residual voltage at the nominal nodal points; the
dc terminal lines, if present, couple to this voltage as
antennas, resulting in radiation losses. On the contrary, the
split ground plane solution eliminates radiating dc lines;
the residual currents instead circulate across the splitting
capacitor. Most crucially, the A /4 segment (from the bias
injection points till the open end) presents an impedance
converter, which translates an infinite open end impedance
into essentially zero impedance between the dc coupling
points. The effective microwave short zeroes the residual
voltage and dramatically reduces radiation losses.

Another dissipation channel appears if the resonator
mode couples to some parasitic resonance supported by the
ground plane or the enclosure. For a fixed-frequency res-
onator, the odds that the resonance frequency will match
some parasitic resonance are relatively low, and, if such
an unlikely collision does take place, the problem could be
eliminated by a few extra wire bonds across the chip that
will shift the parasitic resonance in frequency. For tunable
resonators, this simple solution obviously does not apply:
all ground plane resonances present within the full tuning
range (100200 MHz for the presented design) should be
either eliminated or decoupled from the resonator. In the
presented resonators this challenge is conjointly addressed
by a set of design solutions listed below. Firstly, the tun-
ing fork geometry ensures that the microwave mode is
localized in between the prongs. Secondly, the fractalized
prong-to-prong capacitor provides per-unit-length capac-
itance much higher than that of a regular coplanar line;
this translates into a very slow phase propagation velocity
(approximately 4% of the speed of light) and a short res-
onator length of about 1.5 mm for a resonance frequency
of 6 GHz. The transverse dimension is also rather com-
pact: the prong-to-prong distance is 34 um only. As the
coupling to environmental resonances is proportional to
the square of the dipole moment, our resonators are much
more resilient to parasitics than the regular coplanar lines.
Finally, elimination of dedicated dc lines and the simplest
ground plane topology minimizes the spectral density of
parasitics. In practice, we achieve above 75% yield: out
of four resonances on a chip no more than one typically
suffers from collision with parasitics within the full tuning
range.

The resonators described here are fabricated from a
140 nm NDN film deposited on a 2-in. sapphire substrate.
The desired structure is patterned with electron beam
lithography and etched in a Ar : Cl, reactive ion plasma.
The fabrication procedure is broadly similar to Ref. [32],
where the Ar : Cl, reactive ion etching was used to ensure
sharp sidewalls and to prevent lateral under-resist etching
[34]. Au bonding pads are patterned and deposited in the
next fabrication layer. Finally, with one extra exposure,
the resonator (but not the ground) is thinned to the desired
thickness (50 nm) using the same Ar : Cl, reactive ion etch
process. This thickness yields a sheet kinetic inductance of
approximately 4 pH/[J, which places the resonance fre-
quency in the 48 GHz band. The ground plane thickness
is left unchanged with sheet kinetic inductance approxi-
mately 1 pH/UI. This ensures that the typical frequencies of
the ground plane resonances are placed above 8 GHz. Each
2-in. wafer yields 12 chips of size 10 x 9 mm?. The chips
with the capacitively coupled design has four resonators on
the chip, while for the inductively coupled design, there is
only a single resonator per chip.

Based on the normal state sheet resistance of the film,
the kinetic inductance can be estimated as Ly = ARy /7 A,
where £ is the reduced Planck constant, Ry is the sheet
resistance, and A is the superconducting energy gap at
0 K. This corresponds to a kinetic inductance of 4 pH/[]
for the 50 nm thick film. This formula is approximate, but
allows an estimation of L, that can be used to model the
resonator design with Sonnet’s electromagnetic simulation
software [35]. From the simulation, the position of the volt-
age node in the 31 /4 mode is obtained in order to connect
the dc current leads at the optimal place.

ITI. RESULTS AND DISCUSSION

The fabricated devices are initially characterised ina 2 K
liquid-helium cryostat. A vector network analyser is used
to record the forward transmission (S,;) of the device; the
measured S; data are shown in Figs. 2(a) and 2(c).The res-
onance frequency smoothly changes as a function of the
bias current following a parabolic dependence [cf. Figs.
2(b) and 2(d)] Ly (1) & Li(O)[1 + (lac/L.)*], where Ly(0)
is the kinetic inductance at zero current, /. is the bias cur-
rent, and 7, is the nonlinearity parameter. The /, extracted
from a parabolic fit to Figs. 2(b) and 2(d) gives [, ~ 55 mA
such that 7, /I. &~ 5, where I. is the critical current of the
resonator. These parameters can to some extent be tuned
by varying the NbN film deposition conditions, such as
the substrate temperature, N, partial pressure, and the flow
rate.

For further characterization, we use a single-shot *He
cryostat with a base temperature of 0.3 K. We record
S»1 scans at different temperatures, microwave excitation
power levels, and dc tuning currents. From the recorded
S>1 scans, the internal and coupling quality factors are
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FIG. 2. Frequency tuning with dc bias current. (a),(c) A set of Sp; transmission resonances taken at different bias currents. The
measured curves are shown in black; some curves (shown in blue) have been stretched in frequency [25 times for (a) and 100 times
for (c)] to demonstrate the shape of the resonances. (b),(d) Frequency shift versus the bias current. Plots (a),(b) are for capacitively
coupled and (c),(d) for inductively coupled designs. The data points are extracted from a set of S, resonances taken with a current
bias step of 0.1 mA. Insets present the same data as a function of Ifc to illustrate the quadratic dependence of the frequency shift at low
bias currents Afy/fo = —1/2(I4e/1.)? [30]. The dashed lines have slopes corresponding to I, = 59.5 mA (b) and 54 mA (d).

extracted by fitting the data to the model provided in Ref.
[36]; the aggregated results are shown in Fig. 3.

In Fig. 3(a) we present the internal quality factor as a
function of dc tuning for different excitation powers for
the measurements taken at 0.3 K. At zero tuning, Qjin
depends on the excitation power (the power dependence is
addressed later). Tuning the resonator frequency induces
some excessive dissipation and Qi decreases. Once Qi
approaches approximately 10°, the tuning-related part of
dissipation starts to dominate and the total Q factor does
not depend on the excitation power anymore. Similar
measurements are also performed at 0.7, 1.1, and 1.5 K.
Quantifying the tuning-related quality factor as 1/Qxr =
1/0intI) — 1/0int(0), we compose a plot shown in Fig.
3(b), where 1/Qxy is presented as a function of Af,?. The
fact that 1/0ay does not depend on the excitation power
or on the original (nontuned) Qi clearly indicates that
tuning-related dissipation is of a purely radiative nature. In

fact, the quadratic dependence on frequency tuning Afj is
what should be expected for radiative losses in our design:
the dc current only affects the inductance of the A /2 part of
the resonator at the closed end [see Figs. 1(a) and 1(b)] and
does not affect the inductance of the A /4 part at the open
end. As a result, as the resonance frequency is tuned, the
position of the voltage nodes is slightly shifted away from
the dc terminal coupling points. The voltage node shift is
proportional to Afy, and thus the excessive radiation to
Afy?. For applications that do not require an extreme tun-
ing time as short as 1/, the residual radiation losses can
be further suppressed by replacing direct prong-to-ground
links with simple low-pass filters.

An interesting feature of Fig. 3 is the ripple pattern
that appears in the Qi plots at near single-photon exci-
tation powers and low temperatures. These ripples are
reproducible on short (second to minute) timescales and
nonreproducible on longer timescales (a couple of hours).
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atures are offset for clarity (same offset for all excitation powers
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We attribute these fluctuations in Qi to the interaction
with an ensemble of charged two-level systems (TLSs),
as previously reported in Ref. [37]. At high temperature
or high excitation powers, the TLSs are saturated and the
observed ripples are smeared. Also, as the energies of
individual fluctuators are slowly varying in time [12], the
ripple pattern is not reproducible on a longer time scale.
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FIG. 4. Internal Q factor for different photon occupations (n).
In the legend C and L stand for capacitively and inductively
coupled resonators. Measured at 0.3 K.

In Fig. 4 we present the power dependence of Oy for all
fiveresonators at 0.3 K. At near single-photon occupation
numbers where TLS losses dominate the total dissipa-
tion, Qi 1s similar for all the devices measured. For high
photon occupation numbers, Qi is limited by radiation
losses, which varies from device to device by a factor of
approximately 3. We attribute this inconsistency to dif-
ferent residual couplings to parasitics, deviations from
left-right symmetry in the prongs of the tuning fork due
to fabrication tolerances, etc.

To determine the tuning speed of the resonator, we
follow the same methodology as in Ref. [21]. In Fig. 5
we present the tuning rate characterization measurements.
The resonator is first excited at its unbiased resonance
frequency fy = 6.15 GHz. Then a rectangular current tun-
ing pulse is applied to detune the resonator to fy — &f .
With a homodyne detection scheme, we measure the out-
put microwave power as a function of time, presented in
Fig. 5(b). Immediately after the frequency shift, the out-
put signal is a sum of the excitation power at frequency
fo and the power radiated by the resonator at fy — &f ; the
latter decays on a timescale t = Q/nf;, during which we
observe beatings [Fig. 5(b)] in the measured transmitted
power. These beatings have a period precisely equal to
1/6f . By extracting this period we can infer the instan-
taneous frequency at very short timescales. In Fig. 5(c) we
track these beatings down to less than or approximately
equal to 20 ns, thus demonstrating an almost instanta-
neous detuning of 40 MHz, i.e., in a time more than 1000
times shorter than the photon lifetime. We would like to
stress that the instantaneous frequency shift of 40 MHz
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Characterization of the tuning response time. (a) Bias control pulse V'3 (top) and dynamic resonator response. (b) Example of

the measured homodyne detector output response to two detuning pulses (offset for clarity). The base resonator frequency is 6.15 GHz;
the blue plot is for 0.6 MHz and the green plot is for 1.2 MHz detuning. The exponential energy decay with characteristic time
T = Q/nfy = 50 us is indicated by the envelopes. (c) Resonator response to detuning pulses of the same amplitude (corresponding to
40 MHz detuning) but different durations. Inset: cross section of the main color plot indicated with the dashed line.

could not be detected in a time shorter than approximately
1/40 MHz = 25 ns, i.e., the reported 20 ns time is actu-
ally limited by the resolution of the readout method itself,
rather than the internal device response time, which is
expected to be even faster.

We have previously demonstrated that field resilient
fractal resonators can be used as a core of on-chip ESR
spectrometers [14,15]. Compared to a standard ESR bulk
cavity design, the microwave field volume in a planar
resonator is squeezed up to 10° times, resulting in a
greatly enhanced spin-to-microwave coupling. In combi-
nation with a high Q factor provided by superconducting
resonators, this translates to exceptional ESR sensitivity,
with a minimum detectable number of spins of a few hun-
dred [38,39]. The microwave field in a planar resonator is
naturally localized around the substrate surface, which pro-
vides selective sensitivity to surface spins and deposited
nanoscale clusters [14,32]. Magnetic field resilience is
instrumental for ESR applications, which generally present
a challenge for superconducting designs. To achieve high-
field resilience, we reapply the design ideas previously
exploited in Ref. [32]. Specifically, we implement the frac-
talized ground plane design to eliminate the magnetic flux
focusing. The ground plane in both C- and L-coupled
designs is split in such a way that a flux escape path is
available for all open (no film) areas, and superconduct-
ing loops are thus avoided. Finally (and most importantly),
the narrow thin film elements composing a fractal structure
effectively expel vortices. Taking all these precautions, we
demonstrate that tunable resonators can be made equally
suitable for surface spin detection. In Fig. 6, we present
an ESR spectrum [i.e., magnetic-field-dependent dissipa-
tion part 1/Q0p = 1/Qint(B) — 1/0int(0)] obtained with the
tunable resonator by scanning the magnetic field up to
500 mT.

The spectrum reveals the spins present in the bulk and
on the surface of the sapphire substrate [14]. From our

previous studies we know the number of spins constitut-
ing the main ESR peak centered at 180 mT [32]. As the
area under the peak scales roughly in proportion with the
number of constituent spins, the number of spins con-
tributing to a peak positioned at 235 mT (see the inset
of Fig. 6) is estimated to be 10°~10*. Remarkably, even
for such a small number of spins, the signal-to-noise ratio
in the inset of Fig. 6 is still quite decent. The frequency
tuning option provides an ESR spectrometer with an addi-
tional functionality: by varying the probe frequency by
Afy and measuring the corresponding resonance peak shift
AB one can directly assess an equivalent g factor g =
hAfy/(upAB) = 2.4 for the peak in the inset of Fig. 6.
Finally, we note that the dc bias current generates a
magnetic field that could be non-negligible for some appli-
cations. A simple estimation shows that the 10 mA current
creates a field of 3 mT circulating around the prong. As this
field is orthogonal to the external field By = 230 mT, the
total field is only incremented by 0.02 mT. This is an order
of magnitude below the resonance linewidth in Fig. 6 and
therefore not an issue in our case. However, it may need
to be accounted for when coupling to qubits or measuring
spin systems with exceptionally sharp ESR resonances.

IV. DETAILS OF THE MEASUREMENT SETUP

The measurements at 0.3 K (Figs. 24 and 6) are per-
formed in a single-shot liquid *He refrigerator. The rf
excitation channel is attenuated by 80 dB for thermaliza-
tion, the readout is performed through the isolator mounted
at the 3 K stage, followed by a cryogenic amplifier with
2 K noise temperature. The dc wiring, thermalized to all
intermediate stages, has a resistance of 10 2 for low-pass
filtering.

The fast tuning measurements (Fig. 5) are performed in a
dilution refrigerator with a base temperature of 10 mK. For
dynamic experiments, proper filtering of the tuning current
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FIG. 6. Tunable resonator as a core of the ESR spectrometer.
Main plot: ESR spectrum (excessive dissipation as a function of
the magnetic field) taken with a resonator operating at a base
resonance frequency. The spectrum reveals paramagnetic impuri-
ties in the sapphire substrate and the spins of surface absorbants.
Inset: a set of ESR spectra taken with different frequency shifts
as indicated in the legend. The slope of the dashed line corre-
sponds to a g factor of 2.4. Data taken with a resonator with base
frequency fo = 5.157 GHz [Fig. 2(c)]. All spectra taken with a
microwave power of 70 pW circulating in the resonator (approx-
imately 500 photons). The total measurement time for a single
spectrum is one hour.

lines is important as the bias circuitry should admit both a
wide bandwidth and high currents. A low-loss coaxial line
is used with 0 dB attenuators at all temperature stages of
the dilution refrigerator, and 250 MHz low-pass filters are
used at 10 mK. The return dc current is directed through
a similar line to a 50 © termination mounted on the 800
mK stage. The tuning pulses are generated by an arbitrary
waveform voltage source in series with a 100 € resis-
tor. The rf readout is done through the input line with a
total attenuation of 75 dB and on the output channel two
cold isolators are installed in series prior to a low noise
cryogenic HEMT amplifier.

V. SUMMARY

In summary, we present a superconducting microwave
resonator design that allows for frequency tuning with-
out substantial compromise of the resonator quality factor.
We demonstrate that the internal Q factor holds the value
above 10° down to the single-photon limit over the entire
tuning range up to 200 MHz. The dominant loss mecha-
nism is residual radiation through the current bias control
lines that could be further suppressed with low-pass filters.
We demonstrate that a full-scale frequency shift can be per-
formed in a time shorter than a 10~3 fraction of the photon
lifetime.

The quasifractal resonator design allows for operation in
high magnetic fields. Here we demonstrate magnetic field
resilience up to 0.5 T. We argue that, by shrinking the mini-
mum features in the design down to approximately 100 nm

or by introducing high-density perforation of the supercon-
ducting film, the resonators can be made operational in
magnetic fields above 5 T, as previously demonstrated in
Refs. [40] and [41].

When the resonator is used for ESR spectrometry, the
frequency tuning allows for determination of the effective
g factor of the spins. Owing to a high quality factor of our
resonators, the g factor can be reliably measured on spin
ensembles as small as approximately 1000 spins, which
is close to state of the art in the field [39]. In perspec-
tive, frequency tunable resonators pave the way for the
implementation of advanced ESR techniques with on-chip
devices, such as pulsed ESR and electron-electron dou-
ble resonance detected NMR [42]. Last, but not least, we
foresee many potential applications for fast tunable high-
O resonators in the rapidly progressing field of quantum
computing.
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