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We report the detection of a gate-tunable kinetic inductance in a hybrid InAs/Al nanowire. For
this purpose, we have embedded the nanowire into a quarter-wave coplanar waveguide resonator
and measured the resonance frequency of the circuit. We find that the resonance frequency can be
changed via the gate voltage that controls the electron density of the proximitized semiconductor and
thus the nanowire inductance. Applying Mattis-Bardeen theory, we extract the gate dependence of
the normal state conductivity of the nanowire, as well as its superconducting gap. Our measurements
complement existing characterization methods for hybrid nanowires and provide a new and useful
tool for gate-controlled superconducting electronics.

I. INTRODUCTION

Superconducting wires with high kinetic inductance
[1–8] have found important applications as radiation de-
tectors [9] and, more recently, in the field of quantum
technology [10–12], where they are particularly benefi-
cial for protected superconducting qubit designs [13–18].

Typically, the kinetic inductance of a nanofabricated
sample is determined by the material composition and
by the device geometry and, thus, is not tunable in-situ.
Yet, some applications rely critically on the ability to
tune the inductor of a quantum circuit after fabrication,
e.g. for superconducting amplifiers [19–21]. Such tun-
ability has commonly been achieved through the use of
flux-biased dc-SQUIDs [22, 23] or current-biased conduc-
tors [2, 19, 21, 24–26].

A more recent source of tunability comes from the ad-
vent of hybrid semiconducting-superconducting nanos-
tructures, which allow the realization of gate-tunable
Josephson junctions [27–29]. Even a semiconducting
nanowire proximitized by a continuous superconducting
film, without any Josephson junction, can be controlled
electrostatically. Nearby gates influence the electron den-
sity in the semiconductor as well as the induced super-
conducting gap [30–33], the two crucial parameters which
control the inductive response. This electrostatic control
over the properties of the proximitized nanowire suggests
the possibility to realize a gate-tunable kinetic induc-
tance by exploiting the proximitized transport channels.
Such a circuit element could allow for a new class of fre-
quency controllable resonators, amplifiers, qubits and de-
tectors.

Here, we experimentally demonstrate a gate-tunable
kinetic inductance using an InAs/Al nanowire shunting
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a NbTiN coplanar waveguide resonator. This system of-
fers an easy-to-fabricate and magnetic field-compatible
[34, 35] circuit element for superconducting electronics.
Furthermore, facilitated by the absence of etched Al seg-
ments in the nanowire, we are able to extract bulk trans-
port properties of the hybrid InAs/Al system, which has
recently attracted lots of attention for its potential use
in topologically protected qubits [36].

II. EXPERIMENTAL SETUP

We employ a quarter-wave coplanar waveguide res-
onator which is capacitively coupled to a feedline and
shorted to ground by the proximitized nanowire, see Fig.
1a. The l = 3 µm long nanowire section is galvanically
connected to the central conductor of the resonator and
to ground, see Fig. 1c. The nanowire is encapsulated by
bottom and top gates for electrostatic control. In this
experiment we use the bottom gate only, which extends
along the entire nanowire section (optically hidden by
top gate), as illustrated in Fig. 1d. Each gate line is
filtered by on-chip LC filters [37]. The schematic longi-
tudinal cross section in Fig. 1d highlights the continuous
Al shell on two facets of the gated InAs nanowire, which
is connected to the NbTiN circuit (App. A).

To characterize the bare resonator properties, we use
an identical reference resonator, in which the nanowire is
replaced by a continuous 150 nm thick NbTiN film (App.
E 2). Multiple nanowire and reference resonators are
frequency multiplexed on the same chip and measured
at 15 mK base temperature inside a dilution refrigera-
tor. In the main , we focus on one nanowire (two-facet
Al-InAs nanowire, (110± 5) nm diameter, 6 nm thick Al
shell) and one reference resonator which exemplify trends
observed in 12 different devices (App. E 1).
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FIG. 1. Measured device and equivalent circuit. (a) Optical
image of one quarter-wave coplanar waveguide resonator ca-
pacitively coupled to a feedline and shorted to ground via a
proximitized nanowire. Two LC filtered pads left to the res-
onator connect to the gates in the vicinity of the nanowire.
(scale bar 300 µm) (b) Circuit diagram of a measured device.
The transmission line resonator with impedance Z0 is shunted
to ground by a hybrid nanowire with impedance ZNW, which
is voltage gate controlled (Vg), and capacitively coupled (CC)
to the feedline with characteristic impedance ZL = 50 Ω. Port
1 and 2 connect to the external measurement setup. (c) False
colored micrograph of a proximitized nanowire (orange) which
is galvanically connected to the central conductor of the res-
onator [black box in (a)]. The 3 µm long nanowire section is
encapsulated by bottom (green) and top (grey) gates. For
this experiment we only use the bottom gate. (d) Schematic
longitudinal cut away of InAs nanowire (yellow) with contin-
uous Al shell (blue) between two NbTiN contacts. Bottom
(green) and top (grey) gates with dielectric (orange) define
the electrostatic potential at the nanowire.

III. GATE-TUNABLE KINETIC INDUCTANCE

The nanowire resonator system can be described by
the circuit model in Fig. 1b: a transmission line with
characteristic impedance Z0 is shunted by a gate-voltage-
dependent (Vg) impedance ZNW, and capacitively cou-
pled (CC) to a common feedline (ZL = 50 Ω). We mea-
sure the transmission parameter S21 in the vicinity of
the resonance frequency. The amplitude and phase of
S21 display typical resonant behaviour, as shown in Fig.
2a,b. We use a linear resonator model [38, 39] to fit the
resonance frequency fr and internal quality factor Qi.

We observe a monotonic increase in resonance fre-
quency as a function of gate voltage up to 8 V (Fig. 2c).
The shift is about 8 MHz over the total gate range avail-
able for measurement (−10 V to 10 V). In Fig. 3a,b, we
show the extraction of fr and Qi as a function of gate
voltage. The internal quality factor is nearly constant in
the entire range, but it decreases sharply at large applied
voltages, an effect which we attribute to the breakdown
of the gate dielectric (App. E 5).

FIG. 2. Gate dependent frequency shift of the nanowire res-
onator. (a,b) Typical magnitude and phase of transmission
parameter S21, respectively, of a single nanowire resonator
for a fixed gate voltage V0 = 0 V. Red line shows fit result.
(c) Magnitude of the transmission S21 for 11 different, linear
spaced gate voltages in the range from −10 V to 10 V. Each
line with a fixed gate voltage is offset by 40 dB for better
visibility.

When the temperature is increased, the resonance fre-
quency and internal quality factor decrease, at all gate
voltages, see Fig. 3c,d. We attribute this behaviour
to the suppression of superconductivity in Al. Between
20 mK and 750 mK, the frequency is reduced by about
6 MHz, while Qi drops by one order of magnitude. We
notice that for both quantities the temperature response
exhibits a gate dependence: it is stronger for positive gate
voltages, which, as shown below, we attribute to a change
in the induced superconducting gap in InAs. In contrast,
in the same temperature range, the resonance frequency
of the reference resonator remains approximately con-
stant, while Qi increases slightly. These observations are
consistent with the much higher critical temperature of
NbTiN and the saturation of two-level systems contribut-
ing to dielectric losses [40].

The resonance frequency decreases linearly with the
number of intra-resonator photons, n̄, as expected in the
presence of a Kerr non-linearity arising from the induc-
tance [41, 42]. The frequency shift relative to the single
photon level (App. B) is about 0.2 MHz at −120 dBm
input power, corresponding to n̄ ≈ 100 (Fig. 3e,f), one
order of magnitude smaller than the frequency shifts ob-
served versus gate voltage or temperature. We measure a
Kerr coefficient K/2π = (fr−fr,0)/n̄ = (2.28± 0.03) kHz
(inset Fig. 3f), which is sufficient for the realization of su-
perconducting parametric amplifiers [41, 43]. For larger
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FIG. 3. Resonator response versus control parameters (a,b) Internal quality factor and frequency shift as function of gate
voltages extracted from fits to S21 data (cf. Fig. 2a,b). The grey boxes indicate the regions of decreasing Qi for Vg < −8.5 V
and Vg > 7 V (see main text). Coloured lines at the bottom mark gate points used in panels (c-f). (c,d) Internal quality
factor and frequency shift for the nanowire resonator versus temperature for different gate voltages relative to their zero
temperature values. Reference resonator (R) data shown for comparison. (e,f) Internal quality factor and frequency shift for
the nanowire resonator versus average intra-cavity photon number for different gate voltages. For higher photon number the
nanowire resonator becomes increasingly non-linear and the linear fit model does not capture the measured data above n̄ & 200.
Reference resonator (R) data shown for comparison. The error bars indicate the 1σ confidence interval of fit. Inset: Zoom-in
on frequency shift of nanowire resonator at 0 V with linear fit.

photon numbers, higher order non-linear processes set
in and the resonator bifurcates [44, 45], thus the linear
model does not capture the measured data for n̄ & 200
(App. E 4). The reference resonator inductance is not
susceptible to these photon numbers, thus there is no fre-
quency shift. Qi increases with microwave power which is
consistent with the saturation of two-level systems [40].
We thus choose 100 intra-resonator photons for the re-
maining measurements to have sufficient signal-to-noise
ratio without inducing strong nonlinear effects on the
nanowire.

IV. BULK PROPERTIES OF THE
PROXIMITIZED NANOWIRE

We use the measured frequency shifts to extract rele-
vant physical properties of the hybrid nanowire. Assum-
ing that the imaginary part of the nanowire impedance is
purely inductive, =(ZNW) = 2πfNWLNW, which is justi-
fied given the electromagnetic field profile along the res-
onator in the limit ZNW � Z0, a loaded transmission
line resonator model (App. D) yields the nanowire in-
ductance LNW = Z0/4(f−1

NW − f−1
0 ), where fNW is the

resonance frequency of the loaded nanowire resonator
and Z0 and f0 are the characteristic impedance and reso-

nance frequency of the unloaded coplanar waveguide res-
onator. Using a conformal mapping technique [46] and
the average kinetic sheet inductance of the NbTiN film
obtained from the measurement of four reference res-
onators, we determine Z0 = (134.2± 0.4) Ω and f0 =
(5.502± 0.016) GHz. The uncertainties of these quanti-
ties mainly depend on the uncertainty of the NbTiN ki-
netic sheet inductance. Thus, we can extract LNW from
the measured fNW, as shown in Fig. 4a.

At zero voltage, the nanowire inductance is LNW =
(278± 17) pH with about 6 % constant systematic error
stemming from the uncertainties on Z0 and f0. LNW

varies by 3.5 % over the range from −10 V to 7 V before
superconductivity is suppressed by gate leakage. The ge-
ometric inductance associated with the nanowire segment
can be estimated to be LNW,geo = 4.5 pH (App. E 3),
thus we conclude that the shunt impedance is dominated
by the kinetic inductance of the hybrid nanowire.

Using the same method, we extract the temperature
dependence of LNW, as shown in Fig. 4b. For all gate
voltages, the nanowire inductance increases with temper-
ature. According to the Mattis-Bardeen theory [47, 48] in
the low frequency limit, hf � ∆0, the kinetic inductance
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is given by

LNW =
~l

πσn∆0
tanh−1

(
∆0

2kBT

)
, (1)

where ∆0 is the superconducting gap and σn is the
one-dimensional normal state conductivity of the hybrid
nanowire. Note that the latter absorbs the cross-sectional
electron density distribution and has physical dimensions
of conductance times length. The increase of LNW with
temperature can be used to extract ∆0 as a function of
gate voltage.

Increasing the gate voltage, the extracted supercon-
ducting gap decreases by 7 % from (270± 1) µeV to
(251± 1) µeV (Fig. 4c). We note that at higher tem-
perature, the onset of gate leakage shifts down to 5 V
causing an increase in the fit uncertainty and interrupt-
ing the monotonous decrease of the gap with gate voltage.
Moreover, we observe two distinct slopes: a shallow slope
between −10 V and −2 V and a steeper slope between
−2 V and 5 V. Similar observations have also been made
in previous experiments on similar devices [30–33, 49].
We attribute the first regime to the strong hybridization
of the InAs sub-bands with Al, and the second to an in-
crease in the density in InAs with the occupation of new
sub-bands. We do not observe a plateau in the bulk prop-
erties at negative gate voltages, which indicates that we
have not reached the full depletion of the semiconductor.
Whether the latter is possible at all depends on the value
of the band-offset pinning the conduction band of InAs
at the InAs/Al interface. If the band offset is too large, it
may not be possible to reach full depletion by decreasing
the gate voltage further, since eventually the gate may
be screened by the accumulation of holes on the facets
of the InAs nanowire closer to the gate electrode. [31].
We note that even over this large gate voltage range, the
extracted gap remains finite. This observation does not
rule out the possible onset, at positive gate voltages, of
unproximitized states on the opposite side of Al-covered
nanowire facets [33]. These states, if present, would not
contribute considerably to the kinetic inductance.

Having determined the gate dependence of ∆0, we can
use Eq. (1) to extract σn using the values of LNW mea-
sured at the lowest temperature (Fig. 4d). The resulting
normal state conductivity increases by 10 % over the gate
voltage range. This change in conductivity translates, for
a nanowire length of 3 µm, to an increase in conductance
of ≈ 3.9 2e2 h−1, giving a lower bound of 4 proximitized
conduction channels added under the Al shell. Our mea-
surement also yields a normal state resistance at −10 V
of Rn = (365± 1) Ω or R� = (13.4± 0.1) Ω�−1, which
is consistent with the expected values for a 3 µm long and
110 nm wide Al thin film [50]. The increase of conductiv-
ity with gate voltage overcompensates the simultaneous
decrease of ∆0 to determine the decrease of the induc-
tance LNW with gate voltage.

We note that the Mattis-Bardeen theory is formulated
for a simple BCS superconductor and thus it does not
capture the fact that the induced gap in the semicon-

FIG. 4. Extracted nanowire parameters from resonator data
shown in Fig 3. (a) Inductance of the nanowire resonator
versus gate voltage extracted from loaded resonator model
(see main text). (b) Nanowire resonator inductance versus
temperature for three different gate voltages. Lines indicate
fit to Matthis-Bardeen model. (c) Superconducting gap ∆0

extracted from the fit to the temperature dependence for each
gate voltage. (d) Normal state conductivity σn extracted from
the fit to the temperature dependence for each gate voltage.
The greyed-out areas indicate the regions of decreasing Qi.

ductor could be different from that in the Al shell [51],
and possibly varies among the proximitized sub-bands
[31, 32, 52–54]. While these differences may cause strong
deviations from the Mattis-Bardeen theory regarding the
microwave absorption spectrum at frequencies compara-
ble to the gap, the low-frequency inductive response of
the condensate is likely to be less sensitive to the pre-
cise profile of the density of states. As a straightforward
ansatz, it is therefore sensible to test the applicability
of Eq. (1) to the data. A posteriori, the results reveal
gate voltage trends that are consistent with those ex-
pected from detailed microscopic modeling of the field
effect in the InAs/Al system [51, 54, 55], thus validating
this simple approach. However, in order to fit the gate
dependence of the data to microscopic parameters such
as the hybridization strength between the two materials,
an extension of the Mattis-Bardeen theory to proximi-
tized systems would be required.

V. CONCLUSIONS

This experiment complements existing characteriza-
tion methods for hybrid nanowires, which have been pri-
marily based on low-frequency transport techniques [56–
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59]. The measurement of the microwave kinetic induc-
tance allows us to directly probe the bulk properties of
the hybrid nanowires, in contrast with measurement on
devices with etched Josephson junctions, which are af-
fected by the junction geometry and fabrication details.
Given that the kinetic inductance gives access to the nor-
mal state conductivity in the proximitized nanowire, our
method, if complemented with a capacitive measurement
of the electron density via the bottom gate [60], could
allow to extract the mobility of the semiconductor un-
der the Al shell. Such a measurement could be of im-
portance to determine whether the hybrid system meets
the stringent disorder requirements for Majorana appli-
cations [61]. The value of resonator-based material char-
acterisation in the context of hybrid systems has recently
been demonstrated in 2DEGs [50].

Besides the fundamental interest to characterize hy-
brid nanowires, the presented approach offers a promis-
ing path towards gate-controlled superconducting elec-
tronics. In particular, the low loss and finite Kerr
non-linearity will allow for frequency tunable resonators,
switches, microwave detectors and parametric amplifiers
[62]. In view of the potential application as frequency
tunable resonators we report the frequency stability and
hysteresis in the Appendix E 6. The tunable frequency
range can be enhanced by optimizing the choice of ma-
terials (e.g. including dielectrics with larger dielectric
constants), the design of the gate electrodes, and the par-
ticipation ratio of the nanowire inductance to the total
resonator inductance.
The raw data and the data analysis code at the basis
of the results presented in this work are available online
[63].
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Appendix A: Fabrication

We fabricate the resonator circuit and the gate lines
from a 35 nm-thick sputtered NbTiN film on low pressure
chemical vapor deposition (LPCVD) SiN on Si. The ki-
netic sheet inductance of (5.31± 0.05) pH�−1 has been
measured using four reference resonators multiplexed to
the same feedline, see Sec. E 2. We pattern the ground
plane using e-beam lithography and SF6/O2 based reac-
tive ion etching. 30 nm-thick plasma enhanced chemical
vapour deposition (PECVD) SiN serves as bottom gate
dielectric. We transfer the two-facet InAs/Al nanowire
on top of the SiN bottom gate with a nano-manipulator.
The InAs nanowires were grown by vapor–liquid–solid
(VLS) growth with a diameter of (110± 5) nm, and nom-
inal thickness of the Al of 6 nm [64]. We electrically
contact the nanowires to the circuit via lift-off defined
150 nm-thick sputtered NbTiN leads after Ar milling
which reduces the contact resistance. Similarly, we add
top gates made from AlOx dielectrics and NbTiN to the
design to overcome a possible lack of tunability due to the
uncontrolled alignment of the Al shell with respect to the
gates, but do not use them in this experiment as they got
shorted to ground in a subsequent fabrication step. The
grains visible in the SEM of the nanowire segment in the
main text originate from polymer resist residuals.

Appendix B: Measurement setup

For the microwave spectroscopy, we use a RF transmis-
sion measurement setup installed in a dilution refrigera-
tor operating at 15 mK base temperature, see Fig. 5. We
probe the sample with resonators using a vector network
analyser (VNA). The input line consists of microwave
attenuators at room temperature (−20 dB) and at cryo-
genic temperatures (−70 dB). In addition, at each of
the four temperature stages eccosorb filters with about
0.85 dB attenuation per 10 GHz are installed. The cables
connecting the VNA to the 4 K plate add about 8 dB of
attenuation. Then, NbTi cables connect to the 15 mK
plate. We estimate the total input attenuation up to
the sample plane to be (−105± 5) dB when accounting
for the additional insertion loss of filters and other cable
connections to the sample mount. The 5 dB uncertainty
arises from the summation of the individual components
measured at room temperature. Based on this attenua-
tion we compute the intra-resonator photon number [40]

n̄ =
2Q2

t

2πfrQc

Pin
hfr

, (B1)

where Qt is the total quality factor, Qc is the coupling
quality factor and Pin is the power at the input port of
the sample. The intra-resonator photon number deviates
from the true value by not more than a factor of 3.2 due
to the uncertainty of the input attenuation.

The 2x7 mm chip on which the measurements are per-
formed is glued with silver paint onto a gold plated cop-
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FIG. 5. Transmission measurement setup. A vector network
analyser connected to highly attenuated input and amplified
output line probes the sample (S) with resonators.

per mount and electrically connected to a printed circuit
board using aluminium wire-bonds.

The output signal is amplified using a high electron
mobility transistor amplifier at the 4 K stage. An isola-
tor with 42 dB typical isolation prevents reflections. The
directional coupler in the output line couples to an un-
used microwave line. The 10 GHz low pass filter at both
input and output lines clean up the spectrum. DC blocks
are placed at the breakout point of the fridge. A room
temperature amplifier amplifies the signal before it enters
the receiver port of the VNA.

The electrostatic gates are controlled via DC lines us-
ing a QuTech IVVI rack. The DC lines are low pass
filtered at the mixing chamber stage.

Appendix C: Resonator fitting

We use a background corrected linear notch type res-
onator model [65] to fit the acquired resonator data. The
model is based on the scattering parameter of the res-
onator

S21 = 1− Q−1
c (1 + ia)

Q−1
c +Q−1

i + 2idf
, (C1)

where df = f/fr−1 is the frequency ratio, a is the asym-
metry arising from the complex loading of the resonator,
Qc is the coupling quality factor and Qi is the internal
quality factor [38, 39]. We correct the scattering parame-
ter of the resonator by multiplying a general background
model to S21 and obtain the system scattering parameter

S̃21 =
(
m0 +m1f

)
e2πifτ+iϕS21, (C2)

which we fit to the data. The background model includes
a linear magnitude with offset m0 and slope m1 and a
linear phase with offset ϕ and slope τ .

Appendix D: Extraction of nanowire impedance

We employ a loaded transmission line resonator model
[66] to extract the impedance of the nanowire ZNW from
the measurement of the resonant frequency ωNW and in-
ternal quality factor Qi of the nanowire resonator. The
input impedance of a transmission line of length l0 loaded
by an impedance ZNW can be written as

Zin = Z0
ZNW + Z0 tanh(α0l0 + iβl0)

Z0 + ZNW tanh(α0l0 + iβl0)
. (D1)

Here, Z0 is the frequency-dependent characteristic
impedance of the transmission line, α0 is the absorption
coefficient, and β is the frequency-dependent propaga-
tion coefficient. The use of Eq. (D1) is justified for our
devices since the length of the nanowire is much shorter
than that of the resonator.

We are interested in the input impedance close to the
fundamental frequency of the nanowire resonator. In the
limit of a small nanowire impedance, this frequency will
be close to the fundamental frequency of the unloaded
resonator, ω0, which can be measured via the reference
resonators, as discussed in the main text. We therefore
expand Eq. (D1) close to this frequency. Furthermore, we
assume that the intrinsic losses are small, α0l0 � 1, thus
the characteristic impedance reduces to Z0 =

√
L/C,

where L is the series inductance and C is the shunt ca-
pacitance per unit length of the transmission line. In the
limit |ZNW| � Z0 we obtain:

Zin ≈
2ω0Z0

π

1
1
2Γ + i(ω − ωNW)

(D2)

where ωNW is the shifted resonant frequency of the
nanowire resonator,

ωNW = ω0

[
1− 2

π

=(ZNW)

Z0

]
(D3)

and Γ is the full-width at half-maximum, the sum of
a contribution due to the intrinsic losses along the
transmission line and a contribution coming from the
nanowire:

Γ = Γ0 + ΓNW =
4ω0

π

[
α0l0 +

<(ZNW)

Z0

]
. (D4)

The total internal quality factor of the nanowire res-
onator can therefore be given as:

Q−1
i = Q−1

0 +Q−1
NW (D5)

with Q0 = ω0/Γ0 and QNW = ω0/ΓNW. Putting
Eqs. (D3) and (D5) together, we obtain the nanowire
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impedance as a function of the measurable quantities
ω0, ωNW, Qi, Q0:

ZNW =
πZ0

4

(
1

Qi
− 1

Q0

)
+ i

πZ0

2

ω0 − ωNW

ω0
(D6)

This number has positive real and imaginary part for
Q0 ≥ Qi and ω0 ≥ ωNW.

Appendix E: Complementary measurements

1. Nanowire resonators

During the course of this work, we prepared 11 samples
with 4 nanowire resonators and 4 reference resonators
each. In Tab. I and Fig. 6 and Fig. 7 we report the
parameters and basic characterization of all 12 nanowire
resonators exhibiting a gate voltage dependence. Other
nanowire resonators were discarded because of shorted
gates, highly resistive NbTiN to nanowire contacts or
broken nanowires. The data which entered the main text
is taken on a single nanowire resonator N2 and reference
resonator R1 from sample S11. We consider the data
set of S11 as representative for the entire set of measure-
ments.

We design the nanowire resonators starting from the
CPW resonators with Z0 � ZNW by adjusting the geom-
etry, in particular width w, spacing s and length l of the
CPW transmission line. The resonator parameters are
listed in Tab. I. For all nanowire resonator the coupling
quality factor is Qc = 5.5× 103. Based on the kinetic
sheet inductance of NbTiN, we calculate the nanowire
inductance. We also summarize further key quantities to
compare the different nanowires.

In Fig. 6 we compare the gate voltage dependence of
12 nanowire resonators. We observe a monotonic increase
in resonance frequency as a function of gate voltage. The
frequency shift is quantified in Tab. I as ∆fNW over a
voltage range of ∆Vg. The different magnitude of the fre-
quency shift in the gate voltage scan arises from different
participation ratios of nanowire to total inductance, but
might also be a result of fluctuations between nanowires
or due to the orientation of the Al shell relative to the
bottom gate, potentially leading to gate screening for un-
favourable orientations of the Al shell. We could not
track the position of the Al shell relative to the bottom
gate for each nanowire because of top gates encapsulating
the nanowire.

The 12 measured nanowires differ in their configura-
tion: they comprise devices with different gate geome-
tries, different nanowire growths, and measurement in
different cooldowns. In particular, S04 N1 and S06 N2
use a 2 µm long nanowire segment with a nanowire di-
ameter of (80± 5) nm, and a nominal thickness of the
epitaxially grown Al of 6 nm. However, they all exhibit
similar gate responses. From this observation, we con-
clude that the effect of gate-tunable kinetic inductance is

label w s l Lk LNW fNW ∆Vg ∆fNW ∆LNW

µm µm µm pH�−1 nH GHz V MHz pH

S04 N1 5 20 4898 5.50 0.45 3.629 10 5.9 15

S06 N2 5 20 4948 5.67 0.31 3.617 15 8.2 22

S07 N1 4 20 3200 5.45 0.62 5.087 16 3.2 5

S09 N1 5 20 3700 7.30 0.23 4.483 16 1.1 2

S09 N2 5 20 3290 7.30 0.31 4.973 16 1.4 2

S09 N3 5 20 2950 7.30 1.18 4.883 16 19.2 30

S09 N4 5 20 2650 7.30 0.37 6.046 16 1.3 1

S10 N1 5 20 3700 7.30 0.27 4.459 19 1.9 4

S10 N2 5 20 3290 7.30 0.30 4.978 19 2.2 3

S11 N2 5 20 3430 5.31 0.28 5.262 20 8.2 10

S11 N3 5 20 3030 5.31 0.33 5.873 20 14.9 15

S11 N4 5 20 2713 5.31 0.22 6.654 20 13.8 11

TABLE I. Overview of nanowire resonator parameters. In
this paper we focus on the nanowire resonator denoted S11
N2. The designed width w, spacing s and length l of the CPW
resonator as well as the kinetic sheet inductance per square of
the NbTiN film Lk, the extracted inductance of the nanowire
at 0 V, the measured resonance frequency at 0 V, the voltage
range ∆Vg, the maximal change in frequency ∆fNW and the
maximal change in inductance ∆LNW are given.

label w s l Lk fr

µm µm µm pH�−1 GHz

S04 R1 5 20 2523 5.45 7.423

S04 R2 5 20 2573 5.55 7.239

S06 R1 5 20 2523 5.57 7.372

S06 R2 5 20 2573 5.77 7.155

S07 R1 4 20 4679 5.45 3.798

S09 R1 5 20 4600 7.3 3.704

S09 R2 5 20 2870 7.4 5.910

S10 R1 5 20 4600 7.3 3.709

S10 R2 5 20 2870 7.4 5.918

S11 R1 5 20 4662 5.35 4.042

S11 R2 5 20 4914 5.33 3.838

S11 R3 5 20 2561 5.34 7.360

S11 R4 5 20 2491 5.22 7.616

TABLE II. Overview of resonator parameters for all measured
reference resonators labelled as sample SX with resonator RY.
The designed width w, spacing s and length l of the CPW
resonator as well as the extracted kinetic sheet inductance
per square of the NbTiN film Lk, and the measured resonance
frequency fr are given. In this paper we focus on the reference
resonator denoted S11 R1.

reproducible in hybrid superconducting semiconducting
nanowires from Al and InAs and not unique to a specific
nanowire batch or fabrication process.

Fig. 7 shows the decreasing nanowire inductance ver-
sus gate voltage for 12 nanowire resonators. The change
in inductance is quantified in Tab. I as ∆LNW. Over-
all, the inductance values are similar within a factor of 2
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FIG. 6. Frequency shift as function of gate voltages extracted from fits to S21 data for 12 different nanowire resonators. The
offset fNW,0V is listed in Tab. I.

FIG. 7. Change in nanowire inductance as function of gate voltages for 12 different nanowire resonators. The offset LNW,0V is
different for each nanowire and listed in Tab. I.

for most nanowires. The variations between the experi-
ments probably arise from different residual inductances
at the NbTiN to nanowire interface. These residual in-
ductances do not appear in the reference resonators and
thus are specific to the nanowire resonator.

2. Reference resonators

The reference resonator consists of a quarter-wave
coplanar waveguide resonators capacitively coupled to a
feedline and shorted to ground via a thick NbTiN patch
instead of a proximitized nanowire as shown in Fig. 8a.
Two LC filtered pads left to the resonator connect to the
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electrostatic gates in the vicinity of the NbTiN patch.
However, these gates are not used. The micrograph of the
NbTiN film in Fig. 8c shows the 3 µm long and 1 µm wide
NbTiN patch encapsulated by voltage bottom and top
gates to mimic the same electromagnetic environment as
for the nanowire resonator. The cut away in Fig. 8d il-
lustrates the difference to the nanowire resonator shown
in the main text in Fig. 1d. This direct comparison
allows us to test the device quality in this multi-step fab-
rication and the superconducting NbTiN to NbTiN con-
tact. The reference resonator can be modelled with the
equivalent circuit in Fig. 8b. The transmission line res-
onator with characteristic impedance Z0 identical to the
nanowire resonator, but different resonator impedance is
capacitively coupled (CC) to the feedline with character-
istic impedance ZL = 50 Ω. Port 1 and 2 connect to the
external measurement setup.

For the experiment, we design CPW resonators with
identical transmission line impedance as the nanowire
resonator, but different length l. The resonator parame-
ters are listed in Tab II. We extract the kinetic sheet in-
ductance per square of the NbTiN film Lk from the refer-
ence resonator by comparing the measured resonance fre-
quencies with microwave simulations (AWR Microwave
Office) of the full resonator design and numerical calcu-
lations based on a conformal mapping technique for CPW
transmission lines [46]. We obtain the kinetic sheet in-
ductance from the average over all reference resonators
per sample.

3. Geometric inductance of nanowire segment

We estimate the geometric inductance of the nanowire
segment using a conformal mapping technique [46]. For a
100 nm wide and 3 µm long wire in a CPW geometry with
22 µm spacing to ground, we find a geometric inductance
of 4.5 pH. This is about 2 % of the total nanowire induc-
tance. This systematic error falls into the uncertainty of
the nanowire inductance, thus we neglect the geometric
contribution arising from the magnetic self-inductance.

4. Resonator bifurcation

Superconducting resonators can exhibit nonlinear be-
haviour including bifurcation if driven with sufficiently
large input power [67]. Fig. 9 shows the scattering pa-
rameter of a nanowire resonator in magnitude (a), phase
(b) versus frequency and in the complex plane (c) at
−113 dBm input power at the reference plane of the res-
onator. The discontinuity of the circle in Fig. 9 indicates
a bifurcation behaviour at high readout powers. In the
main text we limit our studies to the regime of few intra-
cavity photons where the signal to noise ratio is sufficient
for readout, but where the resonator does not bifurcate.

FIG. 8. Measured reference device. (a) Optical image of one
quarter-wave coplanar waveguide resonator capacitively cou-
pled to a feedline and shorted to ground via a thick NbTiN
film instead of a proximitized nanowire. Two LC filtered pads
left to the resonator connect to the electrostatic gates in the
vicinity of the NbTiN film. (scale bar 300 µm) (b) Circuit
diagram of a measured device. The transmission line res-
onator with impedance Z0 is shunted to ground by a thick
NbTiN film, and capacitively coupled (CC) to the feedline
with characteristic impedance ZL = 50 Ω. Port 1 and 2 con-
nect to the external measurement setup. (c) Micrograph of
the NbTiN film which is galvanically connected to the cen-
tral conductor of the resonator [black box in (a)]. The 3 µm
long NbTiN patch is encapsulated by voltage bottom and top
gates. Here, neither of the gates is used. (d) Schematic lon-
gitudinal cut away of reference structure used for comparison
with the nanowire resonator. The nanowire section is replaced
by a continuous 150 nm thick NbTiN film.

FIG. 9. Scattering parameter S21 of bifurcating nanowire
resonance in magnitude (a), phase (b) versus frequency and
in the complex plane (c) at −113 dBm input power at the
reference plane of the resonator.

5. Gate leakage

Fig. 10a shows the frequency shift of about 13 MHz as
function of gate voltages for nanowire resonator S11 N4
in the first scan of the experiment and after exceeding a
gate voltage of |10 V| multiple times. Between the two
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FIG. 10. Gate leakage of nanowire resonator 4. (a) Frequency
shift as function of gate voltages extracted from fits to S21

data for resonator S11 N4 in the first scan of the experiment
and later after exceeding a gate voltage of |10 V|. (b) Leakage
current versus gate voltage measured during voltage sweep in
the latter case.

experiments, we observe a different slope around 0 V, but
otherwise the same magnitude of the frequency shift.

In Fig. 10b, while measuring the frequency response of
S11 N4 between −12 V and 12 V, we record the leakage
current through the bottom gate, which increases linearly
by about 1 nA. We attribute the sharp drop in internal
quality factor (see Fig. 3a) at large applied gate voltages
to the point where the injection of quasi-particles through
the bottom gate reduces the superconducting gap mea-
surably. This is in line with the slightly asymmetric onset
in the reduction of the internal quality factor for positive
and negative voltages. The data shown in the main text
has been taken after exceeding voltages of |10 V|. We
note however that the trends in frequency and internal
quality factor versus the control parameters do not seem
to be affected in the voltage range from −8 V to 8 V.

6. Gate stability and hysteresis

In view of possible applications for frequency tunable
resonators we study the frequency stability over time and
the gate hysteresis. Fig. 11 shows the frequency shift
of the nanowire resonator S11 N2 for three different gate

voltages and the frequency shift of the reference resonator
S11 R1 for 120 repetitions with 30 s waiting time between
measurements point. The reference resonator exhibits a
constant frequency in time. Only small variations on
the few kHz scale can be observed. The behaviour of

FIG. 11. Gate voltage stability. Frequency shift of nanowire
resonator for three different gate voltages and frequency shift
of reference resonator for 120 repetitions with 30 s waiting
time between measurement point.

FIG. 12. Gate voltage hysteresis. Average frequency shift
of nanowire resonator over 4 gate voltage scans per sweep
direction.

the nanowire resonator however differs from the reference
resonator. For negative gate voltages, the fluctuations in
time are on the order of 50 kHz, but the trend is rela-
tively flat otherwise. The more positive we set the gate
voltage, the more jumps and drifts appear in the time
dependence. We speculate that at this gate voltage sud-
den reconfigurations of the charge carrier distribution in
the nanowire happen.

Fig. 12 shows the average frequency shift of the
nanowire resonator for four gate voltage scans per sweep
direction with a reset to zero volt between each scan.
The error bar represents the standard deviation and is
small compared to the total frequency shift. The size of
the error bar is nearly equal over the entire range of gate
voltages. We note the offset between the up and down
sweeps originating from gate hysteresis or a reconfigura-
tion of the charge carrier distribution.
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