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ABSTRACT: Hybridizing a microwave mode with a quantum
state requires precise frequency matching of a superconducting
microwave resonator and the corresponding quantum object.
However, fabrication always brings imperfections in geometry and
material properties, causing deviations from the desired operating
frequencies. An effective and universal strategy for their resonant
coupling is to tune the frequency of a resonator, as quantum states
like phonons are hardly tunable. Here, we demonstrate gate-
tunable, titanium-nitride (TiN)-based superconducting resonators
by implementing a nanowire inductor whose kinetic inductance is tuned via the gate-controlled supercurrent (GCS) effect. We
investigate their responses for different gate biases and observe 4% (∼150 MHz) frequency tuning with decreasing internal quality
factors. We also perform temperature-controlled experiments to support phonon-related mechanisms in the GCS effect and the
resonance tuning. The GCS effect-based method proposed in this study provides an effective route for locally tunable resonators that
can be employed in various hybrid quantum devices.
KEYWORDS: gate-controlled supercurrent, kinetic inductance, tunable microwave resonator, superconducting nanowire

Microwave resonators are indispensable components in
superconducting quantum devices.1−3 Equipping reso-

nators with frequency tunability enhances the versatility of
superconducting devices, enabling, for example, tunable
microwave parametric amplifiers4−6 and tunable couplers.7

Also, resonant coupling of microwave modes with other
quantum states like spins,8−10 phonons,11−13 and mag-
nons14−16 in various hybrid quantum systems requires the
ability to precisely tune the frequency of superconducting
resonators. Existing methods for frequency tuning mainly
utilize the flux tunability of Josephson junctions (JJ) or the
kinetic inductance (KI) of superconducting nanowires. JJ-
based devices have demonstrated a wide range of frequency
tuning. However, their dynamic range is limited by the
relatively low critical current of JJs and realizing a high-quality
JJ requires sophisticated fabrication techniques such as angle
evaporation and in situ oxidation.17,18 In contrast, the KI-based
devices rely on the inherent nonlinear inductance of super-
conducting nanowires to tune their frequencies by flowing a
direct current (DC). However, since this approach requires a
relatively high current (∼mA) flowing through a large area of
circuits, it is challenging to implement a local control without
affecting the nearby superconducting circuit elements.

Recent studies have demonstrated tunable superconducting
resonators with locally tunable elements. For example, JJs
based on hybrid semiconductor−superconductor nanostruc-
tures have been used to realize voltage-tunable superconduct-
ing qubits19−21 and near-quantum limited parametric ampli-

fiers.22,23 This type of JJ allows for tuning the junction
resistance with a gate voltage, thereby changing a JJ’s critical
current and, in turn, its Josephson inductance (LJ = ℏ/(2eIc)).
Another promising approach utilizes a junction made of a
semiconducting nanowire in contact with superconducting
electrodes.24−26 This component takes advantage of voltage-
tunability of the electron density and the induced super-
conducting gap of the nanowire, enabling gate-tunable
resonance27 and gate-tunable parametric amplifier.28 Despite
their potential, such hybrid platforms require the growth of
high-quality materials and complex fabrication processes.

The gate-controlled supercurrent (GCS) effect,29−42 which
induces the suppression of the superconductivity of materials
under a gate bias, might provide alternative solutions to
achieve tunable microwave resonators. This effect has been
reported in devices made of titanium nanowire29 as well as
other various superconductors.31,35,39,40,42 The microscopic
origin of the GCS effect remains elusive, and several possible
mechanisms behind the GCS effect have been proposed. These
include the direct electric field effect,29−31,35−39 the injection of
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hot electrons,40,41,43 phonon-induced heating,34,42 and the
injection of out-of-equilibrium phonons.33 The GCS effect in
microwave regime has recently been demonstrated by
coplanar-waveguide superconducting microwave resonators
implementing nanojunctions,34,41 but the range of frequency
tuning is limited to a few megahertz. Here, we fabricate
lumped-element microwave resonators implementing titanium
nitride (TiN) nanowires and demonstrate enhanced frequency
tuning up to ∼150 MHz, which corresponds to 4% of their
resonance frequencies, via the GCS effect. We also explore the
dominant mechanism for the GCS effect in our devices.

To explore the GCS effect, we fabricate two different
superconducting microwave resonators, type 1 and type 2,
made of TiN as shown in Figure 1a,c. The fabrication of our
devices begins with a reactive sputtering of a 20 nm thick TiN
layer on a high-resistivity silicon wafer (ρ > 104 Ω·cm). Note
that highly resistive silicon is well-known for its low microwave
loss, and TiN nanowires on highly resistive silicon substrates
have recently been employed to demonstrate the GCS
effect.33,40 To define the geometry of the resonators, we
perform 50 keV e-beam lithography followed by an inductively
coupled plasma reactive ion etching process with SF6
chemistry.44 Both devices comprise a planar capacitor with a
4 μm gap and an 80 nm wide, 4 μm long nanowire junction as
a superconducting inductor (Figure 1b and Figure 1d). The
capacitance values are estimated to be 0.6 pF for type 1 and 0.3
pF for type 2 from Sonnet simulations. The nanowire’s kinetic
inductance is in the 2−3 nH range. We position the nanowire
close to a gate electrode (marked in red in Figure 1b and
Figure 1d) to control its kinetic inductance via the GCS effect.
The geometry of our circuits enhances the contribution of the
nanowire inductance to the microwave resonance for efficient
gate tuning. The type 1 device is designed to have a typical
side-gate structure where the separation of a nanowire and a
gate electrode is 150 nm (Figure 1a). In the type 2 device, a
nanowire is positioned 1.1 μm away from two remote gate
electrodes to reduce the field effect in the nanowire. Also, the

gap between the two electrodes is designed to have a 160 nm
gap so that hot electrons mainly travel through the gap with a
minimized gate leakage to the nanowire. Such an arrangement
for the type 2 device allows us to explore the most dominant
mechanism behind the GCS effect for our devices, which is
likely related to high-energy phonons originating from the
relaxation of the hot electrons flowing through the electrode
gap.33

To study the DC responses of the TiN nanowires, we
fabricate an additional nanowire device for 4-probe measure-
ments on each sample and characterize its critical current, Ic,
and the gate leakage current, IG, for different gate voltages.
Note that the dimensions of the nanowire are identical with
those in a microwave resonator on the same chip. Through this
configuration, we successfully observe the signatures of the
GCS effect such as the suppression of supercurrent flow as in
previous studies.29,30,36−39,42 In the type 1 device, we simply
apply a voltage, VG, to the single gate electrode. In the type 2
device with two gate electrodes, we apply VG1 to the first
electrode and VG2 to the second electrode. From the DC
measurements, we obtain Ic = 25 μA for type 1 (Figure 1e) and
Ic = 12.8 μA for type 2 (Figure 1f) when no gate voltage is
applied. We also extract the nanowire resistances of both
devices (4754 Ω for type 1 and 6213 Ω for type 2,
respectively) above the critical currents. Both type 1 and
type 2 exhibit similar trends in response to the gate voltage.
The suppression of Ic occurs with the onset of the gate leakage
above certain values of the gate voltages, and a bipolar behavior
with respect to the gate voltages is also present. These findings
agree well with the results reported in previous stud-
ies.29,30,36−39,42

We characterize the microwave responses of our devices by
measuring S11 parameters using a vector network analyzer at a
10 mK temperature (Figure 1a,c). We perform circle fits45

considering in-phase and quadrature components of S11 to
study how the resonance frequency, f r = L L C(2 ( ) )g k

1+ ,

Figure 1. Optical microscope images of (a) type 1 and (b) type 2 devices. Scale bar, 500 μm. S11 spectra are measured using a vector network
analyzer with a cryogenic circulator. DC gate lines are filtered with a series of RC and RF filters. Scanning electron microscope images of the
nanowire junctions in (b) type 1 and (d) type 2 devices. Scale bar, 1 μm. The critical current, Ic, and the gate leakage current, |IG|, as a function of
the gate voltages, (e) VG for type 1 and (f) VG1 − VG2 for type 2, respectively.

Nano Letters pubs.acs.org/NanoLett Letter

https://doi.org/10.1021/acs.nanolett.3c04080
Nano Lett. XXXX, XXX, XXX−XXX

B

https://pubs.acs.org/doi/10.1021/acs.nanolett.3c04080?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.3c04080?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.3c04080?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.3c04080?fig=fig1&ref=pdf
pubs.acs.org/NanoLett?ref=pdf
https://doi.org/10.1021/acs.nanolett.3c04080?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


and the internal quality factor, Qi, vary with VG. Note that Lg

and C represent the geometric inductance and the geometric

capacitance of a resonator, respectively. Lk denotes the kinetic

inductance of a nanowire and is expressed as
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k T

tanh
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in thermal equilibrium according to the Mattis−Bardeen
theory,46 where ℏ is the reduced Planck constant, Rn is the
normal resistance of a nanowire, Δ is a superconducting gap

Figure 2. Colormaps showing the normalized S11 spectra as a function of the gate voltages, (a) VG for type 1 and (b) VG1 − VG2 for type 2,
respectively. S11 spectra at four different gate voltages for (c) type 1 and (d) type 2. The resonance frequency change, δf r/f r, and the internal quality
factor, Qi, as a function of the gate voltages, (e) |VG| for type 1 and (f) |VG1 − VG2| for type 2.

Figure 3. (a) Resonance frequency change, δf r/f r, versus the internal quality factor, Qi, from gate-controlled (orange stars) and temperature-
controlled microwave measurements (blue dots) and a theoretical estimation based on the Mattis−Bardeen equation considering pair-breaking
effects at T = 10 mK for type 2. (b) δf r/f r (green dots) and δ(1/Qi) (red dots) as a function of temperature for type 2. The green and red solid lines
show the fitting curves with the Mattis−Bardeen equation. Tc = 3.63 K is obtained from the fitting. Evaluated quasiparticle density, nqp, and the
power dissipation, P, as a function of the gate voltages, (c) |VG| for type 1 and (d) |VG1 − VG2| for type 2.
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energy, kB is the Boltzmann constant, and T is a temperature.
The GCS effect due to the gating affects Lk, thereby enabling
tunable microwave resonance.

Figure 2a,b illustrates the normalized S11 spectra for type 1
and type 2 for different gate voltages. The microwave spectra
also exhibit a bipolar distribution with respect to the gate
voltages, as observed in the DC measurements. In addition, the
change in the microwave responses of both devices coincides
with the development of the gate leakage current. In the
leakage region (|VG| > 5 V for type 1 and |VG1 − VG2| > 7 V for
type 2), the resonance frequencies show a significant decrease.
The type 1 (type 2) devices show a shift from f r = 3.87 GHz
( f r = 4.05 GHz) to f r = 3.72 GHz ( f r = 3.89 GHz). In Figure
2c (Figure 2d), we present the microwave responses from the
type 1 (type 2) device at VG = −4.0 V, −5.0 V, −5.5 V, and
−5.6 V (VG1 − VG2 = 7.0 V, 7.2 V, 7.4 V, and 7.6 V). We
observe decreases in resonance frequency as well as increases
in line width for both devices as |VG| and |VG1 − VG2| increase.
The variation of the resonance spectra might originate from
quasiparticles generated from high-energy phonons in the
nanowires, which reduces the superconducting gap with
increasing Lk. In silicon substrate, the maximum phonon
energy that can exist is ∼66 meV,47 and this implies that the
energy relaxation of hot electrons in gate leakage with a few eV
energies can generate a large number of high energy phonons.
As a result, both the resonance frequency and the internal
quality factor diminish.48 We also perform quantitative
analyses of the change in the resonance frequency and internal
quality factor of the resonators (Figure 2e,f). Notably, we
observe significant shifts in their resonance frequencies (δf r/f r
∼ 4%) within the voltage ranges of interest. This tuning range
is comparable to the tuning range of previously reported
kinetic inductance-based resonators.49,50 However, the tuning
comes at a cost: the internal quality factor presents a 98%
reduction from its initial value. When Qi decreases by half from
the value at zero gate voltage, the frequency shifts are 4.9 MHz
(δf r/f r ∼ 0.13%) for type 1 and 5.6 MHz (δf r/f r ∼ 0.14%) for
type 2.

It is known that a temperature increase reduces the
resonance frequency and the quality factor of a super-
conducting microwave resonator. To examine the response
of our devices under the temperature effect and the GCS effect,
we perform temperature-controlled microwave measurements
on our type 2 device and compare the results to the responses
from the gate-tuning experiments. We vary the temperature
from 100 mK to 1.2 K with 100 mK steps. Figure 3a illustrates
δf r/f r versus Qi obtained from temperature-controlled and
gate-tuning experiments for the type 2 device. Notably, Qi from
gate-tuned microwave responses degrades rapidly compared
with the temperature-controlled microwave responses. For
instance, when Qi decreases by half from the maximum, δf r/f r
is about 0.37% (0.14%) for the temperature-controlled (the
gate-tuning) case. This discrepancy indicates that the tuning
via the GCS effect might originate from high-energy non-
equilibrium phonons rather than the heating effect.

To extract superconducting properties from δf r/f r and Qi, we
employ a generalized Mattis−Bardeen equation51,52 for the
complex conductivity, σ = σ1 − iσ2, of a superconductor which
includes pair-breaking effects. When kBT ≪ Δ and ℏω ≪ Δ,
σ1 and σ2 are given by

n T n
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Here, ξ is ℏω/(2kBT), nqp is the density of quasiparticles, Δ0 is
the superconducting gap energy at T = 0 K, ω is the angular
frequency of interest, kB is the Boltzmann constant, I0 and K0
are the zeroth order modified Bessel functions of first and
second kinds, respectively, σn is the normal state conductivity
and N0 is the density of states of electrons at the Fermi level.
For our TiN film, we use N0 = 4 × 1010 eV−1μm−3.53 In
addition, as the bulk mean free path for TiN (lmean,e ∼ 45 nm)54

is larger than the thickness of our TiN film (d = 20 nm), we
can use a thin-film approximation (lmean,e ∼ d). Also, lmean,e is
much smaller than the London penetration depth (λL ∼ 730
nm)55 and the superconducting coherence length (ξ0 = vf ∼
400 nm, vf is Fermi velocity of order of 106 m/s). Thus, our
TiN film is in the local (dirty) limit of a superconductor.48,56

In this limit, the complex conductivity, σ, is related to δf r and
Qi as

57

f

f Q Q2
1 1r

r i i

2

2 ,0

1

2
= = +

(3)

Here, Qi,0 represents the unperturbed internal quality factor, α
= Lk/(Lk + Lg) is the kinetic inductance fraction estimated
using Sonnet microwave simulations (α = 0.74 and 0.82 for
type 1 and type 2, respectively), and δσn is the conductivity
change due to external perturbations. To check the validity of
the Mattis-Bardeen equation for our device, we fit δf r/f r and Qi
versus the temperature with eqs 1 and 2 with the thermal
q u a s i p a r t i c l e d e n s i t y a t t e m p e r a t u r e T ,
n N k T2 2 eqp B

k T
0 0

/ B0= (Figure 3b). Superconducting
critical temperature, Tc, is determined to be 3.63 K from the
fitting with Δ0 = 1.764kBTc.

Based on eqs 1−3 and the extracted Δ0, we estimate nqp for
different gate voltages (Figure 3c,d). Note that nqp deviates
from the quasi-particle density in thermal equilibrium. We also
analyze the power dissipation due to the gate leakage, P =
IGVG. The behavior of nqp with the gate voltages shows a trend
almost identical to that of P, suggesting the frequency shift due
to the GCS effect arises from energy relaxation processes
(Figure 3c and 3d). In addition, P in the type 2 device is
approximately 10−30 times higher than P in the type 1 device
in the tuning range (Figure 3d), because the emitted phonons
need to travel over a longer distance in the type 2 device.
These phonons are expected to present ballistic behaviors due
to the mean free path (MFP) longer than the gate-nanowire
distance in our devices (MFP is ∼1 μm for silicon
membranes58 and ≫1 μm for bulk silicon59). Assuming that
the nonequilibrium phonons propagate through the substrate
in an isotropic manner, the incident phonon flux to the
nanowire in the type 1 device is greater than the flux to the
nanowire in type 2 device, leading to the larger power
dissipation for the same amount of nqp. This might explain
qualitatively why higher power dissipation is required for the
same amount of tuning in the type 2 device compared to type
1 device. Based on the estimated nqp, we again calculate δf r/f r
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and Qi of the type 2 device using the Mattias−Bardeen
equation assuming T = 10 mK. These properties (red dashed
curve in Figure 3a) from the theoretical calculation exhibit a
slight deviation from the data from the GCS tuning experiment
(orange stars in Figure 3a). This implies that the nanowire also
experiences local heating in addition to pair-breaking processes
due to nonequilibrium phonons.

We observe that the resonance spectra present fluctuations
at high gate voltages (Figure 2c,d). Existing literature explains
these fluctuations with nonequilibrium quasiparticles originat-
ing from high energy electron injection.41 To study the origin
of such fluctuations, we first examine the leakage current in the
type 2 device at fixed gate voltages for 10 min. The measured
leakage current is not constant, but exhibits fluctuations with
levels of σI ∼ 25 pA at VG1 − VG2 = 0 V, where σI is the
standard deviation of a leakage current. σI remains constant
until the onset of the leakage current at VG1 − VG2 = 7.24 V (σI
∼ 26 pA). Above this point, the amount of current fluctuations
increases to σI ∼ 58 pA at VG1 − VG2 = 7.3 V (Figure 4a) and
σI ∼ 147 pA at VG1 − VG2 = 7.4 V (Figure 4b). The maximum
current fluctuation (σI ∼ 264 pA) is observed at VG1 − VG2 =
7.7 V, which is about 10 times larger than the current
fluctuation at VG1 − VG2 = 0 V. The current fluctuations
remain unchanged before the onset of the leakage current. This
supports that the current fluctuations are closely related to the
GCS effect and do not originate from the resolution of our DC
instruments. To investigate the impact of the leakage current
fluctuations on the microwave responses, we analyze reflection
spectra for three selected values of the leakage current, IG =
0.03 nA, 0.13 nA and 0.23 nA (IG = 0.92 nA, 1.02 nA and 1.12
nA), which are measured at VG1 − VG2 = 7.3 V (VG1 − VG2 =
7.4 V). The size of the current window is set to be 0.1 nA (IG
± 0.05 nA) which is larger than σI at VG = 0 V. These data are
presented in Figure 4c−f. The reflection spectra exhibit their

own resonance characteristics for different values of IG. The
resonance frequency and the quality factor of the resonators
decrease as IG increases. This shows that a high IG leads to an
increase in the number of high-energy phonons generated. The
averaged reflection spectrum for VG1 − VG2 = 7.3 V (VG1 − VG2
= 7.4 V) is the same as the reflection spectrum at IG = 0.13 nA
(IG = 1.02 nA). This implies that the resonance spectrum
fluctuates with the leakage current fluctuations, leading to the
noisy spectra shown in Figure 2c and 2d.

The work we present in this study demonstrates the
utilization of the gate-controlled supercurrent effect to realize
tunable superconducting microwave resonators with enhanced
frequency tunability. We achieve a substantial frequency tuning
of about 150 MHz (4% shift with respect to the original
resonance frequency of our devices), which is comparable to
existing methods relying on DC current tuning. Though our
tuning method currently exhibits the degradation of internal
quality factors, the local voltage tunability has great potential
for a wide range of applications based on hybrid quantum
devices and superconducting microwave circuits with
enhanced device integration. For example, the coupling of
microwave and acoustic modes can be switched on/off via
local gates in quantum acoustic devices. This will be useful in
quantum transduction. Superconducting microwave circuit
components like tunable amplifiers, couplers, switches, filters,
and impedance-matching circuits could also be promising
applications.

To fully utilize this advantage of the GCS-based tuning,
further research needs to be carried out. For example, it is
strongly desirable to mitigate the quality factor degradation by
optimizing the frequency tuning range. An improvement can
be made by realizing a microwave resonator with a high
internal quality factor (Qi > 105) by optimizing fabrication
processes so that the internal quality factor remains relatively

Figure 4. Current fluctuations measured at VG1 − VG2 = (a) 7.3 and (b) 7.4 V, respectively. S11 spectra for three different gate leakage currents, IG,
at (c) VG1 − VG2 = 7.3 and (e) 7.4 V, respectively. S11 phase spectra for three different gate leakage currents, IG, at (d) VG1 − VG2 = 7.3 and (f) 7.4
V, respectively. The spectra are obtained by averaging microwave responses within a 0.1 nA-sized current window for different values of IG as the
window center.
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high (Qi ∼ 103) with a notable frequency shift. This should
involve explorations of surface treatment and material
deposition conditions. Moreover, the effect of superconducting
materials with different critical temperatures on the perform-
ance of GCS-based tunable microwave resonators is another
important subject for future study. Superconductors with low
energy gaps could provide better performance with reduced
leakage currents. Changing substrate material, for example, to
sapphire also allows us to explore device performance under
different GCS mechanisms such as the direct field effect. The
utilization of such an effect might lead to tunable resonators
with less quality factor degradation by implementing, for
example, tunable metallic nanowire Josephson junction whose
normal region is controlled via local gating.
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