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Superconducting parametric amplifiers play a crucial role in the preparation and readout of quan-
tum states at microwave frequencies, enabling high-fidelity measurements of superconducting qubits.
Most existing implementations of these amplifiers rely on the nonlinearity from Josephson junc-
tions, superconducting quantum interference devices or disordered superconductors. Additionally,
frequency tunability arises typically from either flux or current biasing. In contrast, semiconductor-
based parametric amplifiers are tunable by local electric fields, which impose a smaller thermal load
on the cryogenic setup than current and flux biasing and lead to vanishing crosstalk to other on-chip
quantum systems. In this work, we present a gate-tunable parametric amplifier that operates with-
out Josephson junctions, utilizing a proximitized semiconducting nanowire. This design achieves
near-quantum-limited performance, featuring more than 20dB gain and a 30 MHz gain-bandwidth
product. The absence of Josephson junctions allows for advantages, including substantial satura-
tion powers of —120 dBm, magnetic field compatibility up to 500 mT and frequency tunability over
a range of 15 MHz. Our realization of a parametric amplifier supplements efforts towards gate-
controlled superconducting electronics, further advancing the abilities for high-performing quantum

measurements of semiconductor-based and superconducting quantum devices.

I. INTRODUCTION

In the pursuit of advancing quantum technologies, the
extraction and amplification of weak quantum signals
have emerged as crucial challenges in all known qubit
platforms, especially those operating in cryogenic envi-
ronments. The amplification chains required for weak
signals must be carefully designed to exhibit specific
characteristics, including high gain, wide amplification
bandwidth, and large saturation power while maintaining
minimal added noise, to maximize the signal-to-noise ra-
tio (SNR) for high-performing readout [1-3]. Supercon-
ducting parametric amplifiers (PAs) based on Josephson
junctions already play a pivotal role in the first stage
of amplification chains in superconducting qubit plat-
forms. By adding only the minimal amount of noise
permitted by the laws of quantum mechanics, these am-
plifiers have proven invaluable for amplifying weak mi-
crowave signals encoding the quantum state of supercon-
ducting qubits [4-9]. Other quantum systems, including
spin-qubit implementations [10-14], and novel types of
hybrid semiconductor-superconductor qubits [15-18], as
well as condensed-matter experiments [19, 20] are gener-
ally operated under magnetic fields and therefore require
magnetic-field-compatible parametric amplifiers. An ad-
ditionally desired feature is minimal crosstalk to sensitive
structures in the vicinity of the amplifier, such as flux-
tunable qubits. However, conventional superconducting
parametric amplifiers with flux-biased [21-25] or current-
biased [26] control are impractical to operate near flux-
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sensitive elements. Surpassing these limitations necessi-
tates the development of novel types of parametric ampli-
fiers combining magnetic field compatibility with a new
source of tunability.

Recent technological advances in the integration of
exotic heterostructures into superconducting circuits,
such as hybrid superconducting-semiconducting nanos-
tructures [15, 27-32], graphene Josephson junctions [19,
33, 34|, or carbon-nanotube junctions 35|, have enabled
the realization of electrostatic control of supercurrents in
superconducting circuits. This additional method of tun-
ability has already opened up new avenues to build novel
types of parametric amplifiers from graphene [36, 37|
and proximitized semiconductors [38], further advanc-
ing the development of densely packed superconducting
electronics due to minimal crosstalk. Concurrently, mag-
netic field compatibility of parametric amplifiers has been
achieved through the use of superconducting thin films
acting as kinetic inductance material [39-41].

In this work, we leverage the continuous supercon-
ducting aluminum thin film on an InAs nanowire, which
can be seen as a chain of infinitesimally short, gate-
tunable Josephson junctions to experimentally demon-
strate a magnetic-field-compatible, gate-tunable kinetic
inductance parametric amplifier composed of an InAs/Al
nanowire shunting a NbTiIN coplanar-waveguide res-
onator [30]. Notably, the parametric amplifier presented
in this work features a gate-tunable amplification win-
dow, and magnetic field compatibility resulting from the
superconducting thin film and the Josephson-junction-
free design. Moreover, the amplifier exhibits a substantial
saturation power and increased resilience against electro-
static discharge compared to Josephson-junction-based
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implementations, owing to the continuous superconduct-
ing film.

II. EXPERIMENTAL SETUP

In our realization, we use a quarter-wave coplanar-
waveguide resonator that is capacitively coupled to a
launch pad at one end and shorted to ground via a prox-
imitized InAs/Al nanowire; see Fig. la. The frequency
of the resonator is controlled using a dc voltage applied
to the gate line (see purple structure in Fig. 1a). To min-
imize losses of the coplanar waveguide, we implement a
fifth-order Chebyshev LC filter that suppresses coupling
to the gate line by at least 50 dB within a frequency range
of 4 — 8 GHz; see Appendix A for additional details on
the device design and the LC filter. For electrostatic con-
trol, we follow Ref. [30] and place the nanowire of length
I = 4.5um on an electrostatic voltage gate that extends
for 3.5 pm below the nanowire segment; see Fig. 1b. The
nanowire section is directly connected to the central con-
ductor of the resonator and to ground via thick NbTiN
patches. The schematic representation of the proximi-
tized nanowire in Fig. 1c highlights the continuous Al
shell covering two facets of the InAs nanowire [42]. We
maximize the magnetic field compatibility by aligning the
magnetic field parallel (B)) with the nanowire.

The nanowire-shunted resonator is expected to exhibit
a nonlinear Kerr-type behavior when driven near reso-
nance, where the resonance frequency shifts linearly with
respect to the number of microwave photons occupying
the resonator mode; see also Appendix B. As a result, it
is natural to use the nonlinear resonator as a paramet-
ric amplifier in the nondegenerate mode, which preserves
the phase of the input signal. This mode of operation
takes advantage of the four-wave-mixing process occur-
ring within a Kerr oscillator. This process involves the
interaction of two pump photons, at frequency f,, and
one signal photon, at frequency fs, leading to the con-
version of a pair of pump photons into an idler photon
at f; and an additional signal photon, which therefore
leads to amplification of the signal tone (as illustrated in
Fig. 1d). We integrate a circulator at the input to the
device to ensure that the signal and pump photons pass
through the parametric amplifier, while also maintaining
the desired directionality from the input to the output
spectrum. Overall, this experimental configuration en-
ables efficient phase-preserving amplification of the input
signal, see also Appendix C for a detailed description of
the experimental setup.

III. EXPERIMENTAL RESULTS
A. Gate-tunable nonlinear resonator

To characterize the parametric amplifier, we start by
measuring the complex transmission parameter So; be-

FIG. 1. Device and equivalent circuit. (a) False-color optical-
microscope image of a gate-tunable parametric amplifier com-
prising a quarter-wave coplanar-waveguide resonator (green)
that is capacitively coupled to the reflection port (blue) and
shorted to ground (light gray) via a proximitized nanowire
(yellow). The gate line with a fifth-order Chebyshev LC filter
(purple) suppresses the crosstalk between the resonator and
the gate line. (scale bar 250 um). (b) Electron micrograph of
the nanowire segment. The nanowire is connected with thick
NbTIN patches to the resonator and ground. (scale bar 5um).
(c) Schematic representation of the InAs nanowire (yellow)
that is proximitized with a continuous Al shell (blue) on two
facets and positioned on a voltage gate (gray) with a dielectric
(orange). (d) Equivalent circuit of the parametric amplifier
and representation of the four-wave mixing operation showing
the signal amplitude A as a function of frequency f. At the
input (I), a pump tone (gray) at a frequency f, and a signal
(red) with a frequency fs enter the nonlinear resonator. At
the output (O), the signal is amplified and there is an addi-
tional idler tone with frequency f;. The dashed line indicates
the central frequency of the undriven resonator and the gray
box is the amplifier bandwidth.

tween input port and output port to extract the reso-
nance frequency of the resonator as well as the internal
and coupling quality factors. These quantities are ex-
tracted from a fit to a complex Lorentzian as expected
for linear, reflection-type resonators [43, 44]. The reso-
nance frequency is tunable with the gate voltage and we
observe a monotonic increase in resonance frequency for
voltages within the range of —3V to 7V; see Fig. 2a. The
shift of about 15 MHz arises from a change in the kinetic
inductance associated with the proximitized nanowire,
as shown in Ref. [30]. The nearby voltage gate con-
trols the charge carrier density in the nanowire and hence
the normal-state conductivity, which dominates the high-
frequency response. At the same time, the superconduct-
ing gap closes only partially with increasing gate voltage.
To characterize the nonlinearity of the resonator, we in-
crease the power of the spectroscopy tone and we extract
a Kerr coefficient K as the linear slope of the resonator
frequency as a function of inferred photon number inside
the resonator. We find K =~ 20kHz for all gate voltages,
which lies between typical values reported for parametric
amplifiers based on a single junction [36] and for kinetic-
inductance-based amplifiers [39]. The flat response ver-
sus gate voltage facilitates a robust tune-up of the device
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FIG. 2. Gate-tunable nonlinear resonator. (a) Frequency

shift (blue, left axis) relative to the reference frequency fret
measured at V; = —3V and Kerr coefficient K (orange, right
axis) as function of gate voltage, Vy. (b) Internal quality
factor @; (blue) and coupling quality factor Q. (orange) as a
function of gate voltage V. The gray shaded areas indicate
regions of suppressed resonator quality for gate voltages below
—3V and above 7V.

in contrast to previous voltage-tunable junction-based
systems, where the Kerr coefficient strongly depends on
the gate voltage [36-38]. The internal quality factor
increases slightly over the accessible gate-voltage range
starting at @; ~ 4000, whereas the coupling quality fac-
tor stays nearly constant at Q. ~ 50. The increase in
Q; could be attributed to the finite gap at all gate volt-
ages and the addition of further conduction channels with
more-positive gate voltage, although a detailed study of
the internal-loss mechanism is beyond what can be ex-
tracted from simple spectroscopy measurements. In addi-
tion, we observe a small, although negligible for the appli-
cations considered here, reduction of ); due to nonlinear
losses (see Fig. B.1). Outside of the —3V to 7V voltage
range, indicated by gray boxes in Fig. 2, the resonator
coherence is suppressed by gate leakage. The n-doped Si
substrate forms a Schottky junction below about —3V
voltage bias leading to the injection of quasiparticles.
Above 7V, we observe the breakdown of the SiN gate
dielectric. These range limitations could be mitigated in
the future by alternative material choices for the dielec-
tric medium.

B. Amplifier characteristics

Next, we demonstrate that the nonlinear resonator can
be operated as a parametric amplifier. We apply a strong
pump tone slightly detuned from the bare resonance fre-
quency and we measure the signal gain for signal frequen-
cies in the vicinity of the pump; see Fig. 3(a). Notably,
we find that by changing the gate voltage, the points of
maximal gain shift to different frequencies, exemplified
for five different gate voltages in Fig. 3(a). Specifically,
we find that the amplifier exhibits more than 20 dB gain

in all tested configurations, yielding a gate-tunable am-
plification window of more than 15MHz. In nominally
identical devices but different experimental realizations,
we have observed accessible frequency tuning ranges of
more than 70 MHz. It is important to note that the gate
dependence of the parametric amplifier’s working point
exhibits a nonmonotonic behavior, which is in contrast
to the monotonic frequency response observed in Fig. 2a,
resulting from an interplay between the linear and non-
linear inductances. However, while the gate dependence
of the optimal working point cannot be a priori predicted,
we find only a weak hysteresis versus gate voltage, as re-
ported in earlier work [30], which allows a robust and
efficient tune-up as well as stable operation over days of
the parametric amplifier.

We fit the signal-gain curve with a double-Lorentzian
model that captures both the up-to 15 dB broadband am-
plification window (orange) and the narrowband mode
(purple) centered at the pump frequency; see Fig. 3a.
This double-Lorentzian behavior may arise from the pres-
ence of a parasitic mode, most likely a box mode stem-
ming from the sample enclosure. Note that the fit under-
estimates the maximal gain observed in the gain curve.
Despite this complex mode structure, we extract the
maximal signal gain Gy of the fitted response versus
pump power P, and find a stable working range of 0.1dB
with more than 20dB gain, see Fig. 3b, which exem-
plifies the trend at a gate setting of 4V. The band-
widths of the two respective modes A f; and Afs evolve
nonmonotonically as a function of power. While Af;
increases for pump powers above —1.25dB, Af, stays
nearly constant. The trend of the gain curve (red) and
the contribution to the bandwidth of the broad mode
(orange) can be explained by considering a single-mode-
Kerr-resonator model for a fixed pump frequency w, and
a variable pump strength £. Since the optimal pump fre-
quency depends on the pump power, the system deviates
from the optimal pump condition and the low-order ap-
proximation yielding a constant gain-bandwidth product
breaks down. Instead, we expect a minimal bandwidth
(orange curve) at the point of maximal gain (red), which
is in agreement with the data shown in Fig. 3b around
—1.25dBm. For larger pump powers, the bandwidth in-
creases and the gain decreases as expected but because
of the second mode we do not reach the coupling-limited
gain-bandwidth product. This simple description does
not capture the regime of pump powers below —1.4dBm,
when the distinction of the two modes becomes unreli-
able due to the small gain and small bandwidth. Con-
sequently, the gain-bandwidth product of neither mode
reaches the bandwidth limit of 128 MHz set by the cou-
pling quality factor of the resonator, as would be ex-
pected for an ideal single-mode Kerr resonator close to
the optimal pump condition. To characterize the dy-
namic range of amplification, we record the maximal sig-
nal gain G, directly extracted from the data, versus sig-
nal power, as shown in Fig. 3¢ for three different pump
powers as indicated with colored dots in Fig. 3b. With in-
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FIG. 3. Amplifier characteristics. (a) Signal gain versus signal
frequency for different gate-voltage settings [6V, 4V, 2V,
0V, and —2V] from dark to light shades. The solid red curve
shows the best fit of a double Lorentzian to the gain curve.
The dashed purple and orange curves show the individual
single-Lorentzian curves composing the fits. (b) Signal gain,
Go and bandwidths of the two Lorentzian curves, Afi and
A f2, as a function of pump power at the signal generator, Pp,
at room temperature. (c) Signal gain as a function of referred
signal power at the PA input, Ps, for three different pump
powers indicated on the x axis of (b) with color-matching
markers.

creasing signal power the signal gain overall reduces due
to a deviation from the stiff pumping condition [1, 2]. For
a weak signal gain of 20 dB we observe a 1 dB compression
point of —120dBm, which is on par with the saturation
powers reported in work on other capacitively coupled
superconducting-quantum-interference-device (SQUID),
SQUID-array, single-junction and gate-tunable-junction
implementations [36-38] (see also Tab. I) and should
allow frequency-multiplexed qubit readout given a suf-
ficiently large amplification bandwidth. The sharp rise
in the signal gain before its overall decrease, sometimes
referred to as a “shark fin”, results from an interplay be-
tween the input signal and the internal dynamics of the
parametric amplifier due to higher-order nonlinear terms
at negative pump detuning. This gain-rise phenomenon
has been observed experimentally [25, 45] and has been
described theoretically [46-48|.

C. Noise performance

While large gain is desirable for parametric amplifiers,
it should come without the cost of additional added noise
beyond the quantum limit, in order to not degrade the
amplifier performance. We generally quantify the quality
of a signal by considering the SNR. Specifically, we com-
pare the power level of the signal to the power level when
the signal is turned off or, more practically, the power
level slightly detuned from the signal. For an amplifier,
we can define the SNR improvement as the difference in
the SNR between the ON and OFF state of the amplifier
ASNR = SNRy, — SNRyg which serves as a good mea-
sure for its noise characteristic. For the parametric am-
plifier that we study here, we find that the SNR improve-
ment depends strongly on the pump power and pump fre-
quency as shown in Fig. 4a, measured at a gate voltage of
4V and at a signal-pump detuning of A = 0.5 MHz. The
SNR improvement reaches a maximum of about 7dB,
which is about 2 dB lower than the theoretical maximum
set by the difference between the noise temperature of the
high-electron-mobility-transistor (HEMT) amplifier and
the quantum limit (QL) [49]; see Fig. 4(b). It is worth
noting that the maximal SNR improvement versus pump
power presented in Fig. 4c does not coincide with the
maximum in the gain curve, but shows a peak at about
15dB signal gain. Note that we slightly compress an
amplifier at room temperature when maximal gain is be-
ing approached, which might have led to the slight shift
between the point of maximal gain with respect to the
point of maximal SNR improvement in Fig. 4c. Also note
that the working point of the parametric amplifier has
shifted by about 10 MHz compared with the data shown
in Fig. 2a after many gate scans, which might have led to
a different charge configuration in the nanowire [50] and
hence to a slightly different working point. In Fig. 4b,
we compare the spectrum obtained for a single pump
tone between the driven state and undriven state of the
parametric amplifier. In the undriven case, the noise is
limited by HEMT amplifier at the 4K-stage of the cryo-
stat. The referred power, and hence the effective noise
temperature, is estimated on the basis of a line calibra-
tion supported by an estimate based on the dispersive
shift of an adjacent on-chip transmon qubit connected to
the input port (see Appendix D). In the undriven case
we observe the signal tone at 6.3134 GHz and the pump
tone leaking through the output of the signal generator,
while the noise floor is set by the noise temperature of
the HEMT, which is close to the manufacturer-specified
value of 2.2 K indicated as a horizontal gray line. In the
driven case, the signal amplitude increases together with
the appearance of an idler tone of about the same magni-
tude, while the noise floor drops below the noise floor of
the HEMT, showcasing the usefulness of the parametric
amplifier presented here. While the improvement in SNR,
is noteworthy, we also observe that the performance is not
fully quantum limited as we do not reach the quantum
limit of 303 mK, indicated by a dashed gray line. The
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FIG. 4. SNR improvement. (a) Change in the SNR as a func-
tion of pump power, Pp, and pump frequency, fp, for a fixed
detuning between the signal frequency and pump frequency
of 0.5 MHz. Light-blue lines indicate the working point used
for the trace shown in (b). (b) Input-referred power spectrum
with signal tone at 6.3134 GHz and pump tone at 6.3139 GHz
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temperature of the HEMT amplifier for a resolution band-
width of 1kHz. For comparison, the equivalent temperature
is provided on the right axis. (c) Signal gain (red, left axis)
and SNR improvement (green, right axis) versus pump power
for f, = 6.3139 GHz.

inability to reach the quantum limit signals the presence
of an additional loss channel in the system, which is con-
sistent with the observations of an additional mode in
Fig. 3.

D. Magnetic field compatibility

The continuous superconducting thin film renders am-
plification at high magnetic field strength possible, since
the superconducting gap is not locally suppressed inside
a Josephson junction potentially leading to interference
effects. In particular, we are interested in magnetic fields
of up to a few hundred milliteslas as used for a vari-
ety of spin-based devices [13] and hybrid superconductor-
semiconductor devices [16, 18]. When the magnetic field,
By, is aligned with the nanowire direction, the compat-
ibility with the magnetic field should be maximal and
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FIG. 5. Magnetic field compatibility. Signal gain versus sig-
nal frequency for different parallel-magnetic-field strengths of
0mT, 20mT, 300 mT, 400 mT, and 500 mT.

we observe up to 20dB gain at fields up to 0.5T; see
Fig. 5. Moreover, at 0.5'T, we see maximal gain at a
170 MHz lower signal frequency compared with the zero
field setting. The overall shift of the amplification win-
dow towards lower frequencies along with the increase in
the Kerr coefficients follows from the continuous suppres-
sion of the superconducting gap with increasing magnetic
field [30]. The nonmonotonicity of the frequency shift
and the lower maximal gain can be attributed to the nu-
cleation of vortices in the heterostructure of finite thick-
ness and to small field misalignments [51], a scenario that
is most likely unavoidable in real applications of this am-
plifier. The distortion of the gain curves in Fig.5 arises
most likely from a Fano interference with a broad box
mode [52]. We did not explore the magnetic field depen-
dence of the parametric amplifier beyond 0.5 T, nor did
we characterise the noise performance at elevated mag-
netic fields due to technical limitations imposed by the
dilution refrigerator that prevented us from maintaining
an elevated field while keeping the base temperature cold.
However, we do not expect a significant change in the
noise performance as the resonator loss rate v remains
smaller than the coupling strength x. While an increase
in the resonator loss rate v is unavoidable, previous work
on similar hybrid systems allowed the realization of a
transmon qubit operated at 1T [53], which shows that
the fabrication of coherent devices at elevated magnetic
field is possible. Note that this dataset was taken in
a consequent cooldown, which again led to a different
charge configuration in the nanowire and hence a differ-
ent working point.

IV. CONCLUSION

We experimentally demonstrated a prototype of a gate-
tunable kinetic inductance parametric amplifier. This
system features a gate-tunable amplification window
of up to 15MHz due to the hybrid superconducting-
semiconducting nanostructure, magnetic field compati-



bility up to at least 500 mT due to the superconduct-
ing thin film, a sizeable saturation power of —120dBm
and minimal electrostatic discharge sensitivity due to the
continuous superconducting film. The tuning range of
the amplification window should already be sufficient to
render frequency matching with other superconducting
resonators made from low-kinetic-inductance films and
hence low fabrication-induced frequency variability [54]
possible. Furthermore, we expect that the local gate-
voltage control, as demonstrated here, will exhibit min-
imal crosstalk to other voltage-controlled element due
to the absence of finite and long-range supercurrents in-
duced by the dc control. Thus, this ability to tune the
nonlinear resonator might render large-scale implemen-
tations of voltage-controlled superconducting electronics
with dense packing possible.

While this demonstration of a gate-tunable kinetic in-
ductance parametric amplifier achieves the main objec-
tives of magnetic field compatibility, gate tunability and
a useful saturation power, further improvements must
be made without additionally compromising any of these
features. Therefore, further work should be devoted to
the improvement of the dielectric environment to widen
the tuning range without being limited by current leak-
age at higher voltages. Moreover, the optimization of
the inductance ratio of the proximitized nanowire and
the resonator is required to further increase the satu-
ration power of the amplifier. In this work, we study
only four-wave-mixing operations, but three-wave mixing
should be accessible by driving the nonlinear resonator
via an oscillating voltage gate connected to the proximi-
tized nanowire or alternatively a dc current bias through
the nonlinear inductor. We expect that three-wave mix-
ing will allow for a large spectral separation of the pump
tone and the signal tone, alleviating frequency crowding
in the amplification window and saturation of higher am-
plification stages.
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Appendix A: Design and fabrication
1. Design

We design the circuitry using a customised design
framework [56]. The loaded quarter-wave resonator is
designed to have a total capacitance of Cy = 511{F,
a total inductance of Ly = 1.07nH for the unloaded
transmission-line resonator, a capacitance to the input
port of C. = 55fF and an inductance of Ly = 0.79nH
for the proximitized nanowire. We note that if the
nanowire segment was a single Josephson junction, we
would expect a critical current of I, = %fﬁ ~ 0.42 nA
for this inductance. Instead, in dc experiments on
nanowires from the same batch, we measured a criti-
cal current of around 3 — 17 uA, which quantitatively
supports the description of the nanowire as kinetic in-
ductance element. The nanowire inductance fraction in
this configuration is a = % = 0.42. The quarter-
wave transmission-line design frequency separates best
the fundamental mode from higher harmonics simulated
to be above 19.2 GHz. To suppress crosstalk between
the amplifier mode and the voltage gate, we add a fifth-
order Chebyshev low-pass filter in between. The filter is
composed of three parallel-plate capacitors and two me-
andering inductors as shown in Fig. la. As expected for
a low-pass filter, we find that the filter suppresses high-
frequency transmission, see Fig. A.1, which shows the
low-pass-filter response from finite element simulations
for three different thicknesses of the dielectric material
SiN separating the two superconducting plates. The fil-
ter therefore suppresses the coupling between amplifier
and gate by more than 50 dB in the 4-8 GHz range (gray
box) also in the case of small fabrication imperfections
potentially resulting in the SiN film thickness. The fil-
ter structure also exhibits self-resonances due to its finite
length at around 15.5 GHz. In microwave simulations,
we do not find any additional or common mode due to
the filter structure around the resonance frequency of the
undriven amplifier that could explain the appearance of
an additional mode in the driven case.

2. Fabrication

We fabricate the resonator circuit and the gate lines
from a 40 nm-thick sputtered NbTiN film (kinetic induc-
tance 4 pH D_l) on high resistivity n-doped Si. We pat-
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tern the NbTiN film using electron-beam lithography and
SFg/04-based reactive-ion etching. 30nm-thick plasma
enhanced chemical vapour deposition (PECVD) SiN de-
fined by a buffered oxide etch serves as bottom gate di-
electric. We transfer the two-facet InAs/Al nanowire
on top of the SiN bottom gate using a nanomanipula-
tor. The InAs nanowires are grown by vapor—liquid—solid
(VLS) growth with a diameter of (110 £+ 5)nm and
nominal thickness of the Al of 6nm [42]. We electri-
cally contact the nanowires to the circuit via lift-off de-
fined 150 nm-thick sputtered NbTiN leads after prior Ar
milling to minimize the contact resistance.

3. Reproducibility

We have prepared 13 samples with four amplifiers each.
Of those, we have measured seven samples with in total
12 parametric amplifiers in 12 cooldowns, of which six
amplifiers exhibit more than 20 dB gain. The remaining
devices were discarded because of fabrication imperfec-
tions or excluded because of high room-temperature re-
sistances of the nanowire segment due to high nanowire-
to-NbTiN contact resistance.

Appendix B: Kerr coefficient

The parametric amplifier is a nonlinear resonator
where the nonlinearity, as explained in the main text,
manifests itself as a frequency shift proportional to the
number of photons in the resonators. We extract this
proportionality constant, the Kerr coefficient K, from a
measurement of the frequency shift versus intra-resonator
photon number, see Fig. B.1, which shows this measure-
ment for different gate voltages. The frequency shifts are
displayed here with respect to the resonator frequency
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FIG. B.1. Nonlinear resonator. (a) Frequency shift and (b)
internal quality factor for five different gate voltages between
—2.5V and 5.5V versus intra-cavity photon number.

measured at the weakest signal power f.,0. We ob-
serve a similar slope for all gate voltage between —2.5V
and 5.5V which results in a Kerr coefficient of about
20kHz. As shown in Fig. B.1, the internal quality fac-
tor increases with gate voltage from Q; _25v = 4363 to
Qi5.5v = 6483 and for all gate voltages, we see a weak
dependence of @Q; on the intra-resonator photon number.

Appendix C: Measurement setup

The 6x6 mm? chip hosting the parametric amplifier,
and also a readout resonator and transmon qubit (see
Sec. D), is glued with GE varnish onto a gold-plated
copper mount and electrically connected to a printed cir-
cuit board using Al wire-bonds.

The room-temperature control and readout electronics
(red box in Fig. C.1) control the sample under test. A
signal generator and a vector network analyzer (VNA)
are connected to the drive line for the parametric ampli-
fier. Amplitude-modulated waveforms provided by the
two other signal generators and two baseband arbitrary-
waveform generators drive the transmon qubit and the
readout resonator. The output signal is split into a sig-
nal path to the vector network analyer and towards the
amplitude-demodulation unit. The microwave compo-
nents installed in the dilution refrigerator (blue areas in
Fig. C.1) include two strongly attenuated and low-pass-
filtered input lines and one output line, and the sample
hosting the readout resonator, the transmon qubit and
the parametric amplifier. The output line is amplified
using one HEMT operating at cryogenic temperatures
(4K) and one HEMT operating at room temperature as
well as the parametric amplifier under test.

The estimation of the line attenuation and amplifica-
tion between room-temperature electronics and the para-
metric amplifier is based on a combination of transmis-
sion measurements at cold temperature and room tem-
perature is summarized in Fig. C.2. The probe line be-
tween the VNA and the PA has —99dB of attenuation
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FIG. C.1. Experimental setup. Left: Room-temperature control and readout electronics: A signal generator, fpa and a VNA
are combined with a directional coupler and connected to the drive line of the parametric amplifier. Two arbitrary-waveform
generators (AWGs) provide modulated waveforms that are up-converted to microwave frequencies with the local oscillators set
by two signal generators, fro, and frogp, for the transmon qubit drive and the readout. The output signal is split into a
signal path to the vector network analyer and towards the analog to digital convertor (ADC). Middle: Microwave components

installed in the dilution refrigerator, including two input lines and one output line.

The sample (gray) hosts the readout

resonator, the transmon qubit and the parametric amplifier. Two strongly attenuated and low-pass-filtered input lines serve as
a readout resonator and transmon qubit drive line and as parametric amplifier drive line. The output line is amplified using
one cryogenic HEMT amplifier and one room-temperature HEMT amplifier.
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FIG. C.2. Transmission calibration of measurement chain and
individual components measured with a VNA. (a) Input-line
transmission at room temperature from the VNA to the PA
input (blue), from the PA drive-signal generator to the PA
input (orange) and from the test tone signal generator to the
TM input (green). (b) Interconnection transmission at room
temperature from the TM output (III in Fig. C.1) to the PA
input and from the PA output to the HEMT input (IV in
Fig. C.1). (c) Net amplification of the readout chain between
the PA output and the VNA input for two different configu-
rations. (d) Transmission measurement in the cold state with
the PA OFF from the VNA output port to the VNA input
port (blue) and from the local oscillator (LO) signal generator
generating the test tone to the VNA input (green).

at 6.4 GHz, which is composed of 50 dB cold attenuation
between the VNA output and the PA input, 40 dB from
the two directional couplers, 3.3 dB attenuation from the
Eccosorb filters at 6.4 GHz, 3.2dB cable and connector
loss at room temperature, and the insertion loss of low-
pass filter, circulator and copper cables connecting to
the PA of about 2.5dB; see the blue line in Fig. C.2a

The connection between the PA drive-signal genera-
tor and the parametric amplifier has 20dB less atten-
uation due to the through connection through the first
directional coupler at room temperature. The attenu-
ation between the LO signal generator (LO), that gen-
erates the test tone for the SNR improvement measure-
ment, and the input to the transmon readout resonator
is —100dB. Figure C.2b shows the attenuation of the in-
terconnections before and after the parametric amplifier,
in particular the connection from the transmon readout
resonator output (IIT) to the parametric amplifier input
(PA) with —2.5dB attenuation and the connection be-
tween the PA output and the HEMT input (IV) with
—1.3dB attenuation. Figure C.2¢ shows the net amplifi-
cation of the readout chain for two different tested config-
urations. The data presented in this paper is based on the
"PA — VNA*" configuration with 70.7 dB gain provided
by the cryo-HEMT (LNF-LNC4 8C serial number 844H,
P14B out,cryo = —8 dBm) and the LNF room-temperature
HEMT (LNF-LNR4_8F_ ART, Pi4Bout,+ = 0dBm),
which we tested componentwise at room temperature.
Finally, we can compare the componentwise character-
ization for the input lines (Fig. C.2a) and output line
(Fig. C.2¢) at room temperature with the transmission
measurement through the entire setup in the cold state,
presented in Fig. C.2d. The sum of the individual input-
line and output-line characterizations agrees up to 4dB
with the total transmission measurement from the VNA
output port to the VNA input port as shown in the wiring
diagram in Fig. C.1. This discrepancy might arise from
multiple reconnections between the components and a
different thermal state of the components in the respec-



tive measurements.

This line calibration suggests that the typically used
pump power level at the PA of P, = —1.2dBm —
78.9dB = —80.1 dBm does not compress the cyro-HEMT
with input saturation power Pi4p in,cryo ~ —48dBm.
However, the pump power level after the cryo-amplifier is
about P, ~# —40 dBm which is on the level as the 1dB in-
put compression power of the room-temperature HEMT
of PigB,inrt = —42dBm. Consequently, the pump tone
together with the amplified signal tone may saturate the
room-temperature amplifier in this configuration of the
measurement setup, which may distort the gain curves
and also cause the shift between the point of maximal
gain and the point of maximal SNR improvement, ob-
served in Fig. 4c. To mitigate the saturation of the room-
temperature amplifier, we considered an alternative con-
figuration of the readout chain including a 20dB atten-
uator before an alternative room-temperature amplifier
with lower gain, but also lower 1dB compression point.
The net amplification of this readout chain is shown as
blue curve in Fig. C.2c. While the gain curves remained
the same, we noticed that the readout chain is not limited
by the HEMT noise temperature anymore but rather by
the noise temperature of the spectrum analyzer, which
would have complicated the interpretation of the noise
characterization considerably.

Appendix D: Cavity-referred power estimated using
a transmon qubit coupled to a readout resonator

To further characterize the noise performance of the
parametric amplifier and to showcase its usefulness in
terms of co-operation with other quantum devices, we
integrate two transmon qubits, which are dispersively
coupled to a common readout resonator on the same de-
vice chip as the parametric amplifier. Fig. D.la shows
a false-color optical image of the transmission-line read-
out resonator which is weakly coupled to the input port
(Cc, small) and strongly coupled (C¢, large) to the out-
put port. Two single-island transmon qubits [57] are ca-
pacitively coupled close to the current nodes of the res-
onator; see Fig. D.1b for the equivalent-circuit diagram.
The Josephson junctions of the two transmon qubits
are formed by electrostatically controlled proximitized
nanowires with an etched segment as displayed in the
schematic representation in Fig. D.1lc. The gate-voltage
controls the critical current of the Josephson junction,
and hence the Josephson energy E;, but also a global
magnetic field affects the Josephson energy. This tuning
knob allows us to tune the transmon frequency f, in-situ
as hf,(Vy) = \/8E.E;(Vy) — E. under the assumption
of many low-transparency channels in the nanowire junc-
tion [58]. Here E. is the charging energy of the transmon
island.

To estimate the cavity-referred power P,,;, we inde-
pendently measure the dispersive shift y and the cavity
coupling rate k. We obtain x from a variable-strength
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FIG. D.1. Transmon qubit and readout resonator. (a)

False-color optical microscope image of a readout resonator
in transmission-line configuration (green) that is capacitively
connected to a weakly coupled input port (blue, left) and a
strongly coupled output port (blue, right). Two single-island
transmon qubits (orange) are capacitively coupled around the
current nodes of readout resonator. The nanowire Joseph-
son junctions of the transmon qubits are electrostatically con-
trolled via low-pass filtered voltage gates (purple). The opti-
cal image has been cropped at the dashed gray line for better
visibility, which reduces the displayed length of the resonator.
(b) The equivalent-circuit diagram of the device shown in (a).
(¢) Schematic representation of the nanowire Josephson junc-
tion formed by an InAs nanowire that is partially proximitized
with an Al shell on two facets and positioned on a voltage
gate.

Ramsey experiment [59, 60|, which allows us to extract
the measurement-induced dephasing rate I'y = % and
the qubit frequency shift Af, = 2xn as a function of a
weak test tone at the readout resonator frequency ap-
plied using a signal generator at frequency fro, during
the idling time of the qubit in the equal superposition
state; see Fig. D.2b. From a linear fit to the dephasing
rate I'y versus input power at the signal-generator output
Ps¢, we obtain the slope dpI'y. Similarly, a linear fit to
the frequency shift Af, yields OpA f,. Their ratio yields
the dispersive shift x expressed in the following equation:
K 8p1“¢

X T L pAS (D1)

From a linear fit to the frequency shift A f; = 2xcPsq we
obtain the conversion factor ¢, which allows us to com-
pute the intra-resonator photon number as n = cPsg.
Finally, the cavity-referred power at the resonator output
is given by P, = khfrn. Because of the directional de-
sign of the transmission-line resonator with Cc, > Ce¢,
and high internal quality factor Q); > Q., we can approx-
imate the coupling rate as Kk = Q]i -, which is equiv-
alent to the FWHM of the peak in the transmission
measurement extracted from the double-Lorentzian fit
in Fig. D.2a. At one specific gate set point for trans-
mon qubit 1 (V,, = 0.75V) and while transmon qubit
2 is frequency detuned with the pinched-off nanowire




Josephson junction (V,, = —2V), we find a dispersive
shift of y = 1.33MHz and a cavity coupling rate of
k = 11.3d MHz and a setup-specific conversion factor
¢ = 5.65mW ™', see Fig. D.2. For this configuration,
the other system parameters are the resonator frequency
fr = 5.862 GHz, the qubit frequency f,, = 4.827 GHz
and the coherence time 77 = 1.3 us. Consequently, a
signal-generator input power of P;, = —20dBm corre-
sponds to a cavity output power of P,,; = —138.09dBm
at a frequency of f. = 5.862GHz. Since the trans-
mon readout resonator is not resonant with the para-
metric amplifier, the SNR measurements presented in
Fig. 4 were performed with a signal tone far detuned
from the readout resonator frequency. Away from the
passband of the readout resonator, we find that the trans-
mission through the resonator is suppressed between 20
and 25dB. Therefore, the effective power level at the
input of the parametric amplifier, when driven at a sig-
nal frequency of around 6.3 GHz with P;,, = —20dBm
at the signal generator, is expected to be in the range
from —158 dBm to —163 dBm, which is consistent with
the power level inferred from the line calibration and used
in Fig. 4b. Note that we were not able to accurately es-
timate the precise transmission at the signal frequency
of the parametric amplifier due to an unexplained back-
ground signal in the transmission spectrum when mea-
sured through the readout resonator. Thus, we base the
power-level calibration in the main text solely on the line-
calibration data.
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FIG. D.2. Estimation of intra-cavity photon number. (a)
Transmission spectrum of the readout resonator with double-
Lorentzian fit. (b) Measurement-induced dephasing (blue, left
axis) and frequency shift (orange, right axis) as a function of
input power of a readout tone with frequency fro, applied
during a Ramsey experiment. The data are shown with a
linear fit to extract the slope. The equivalent intra-cavity
photon number is indicated on the top axis.
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Appendix E: Comparison of the gate-tunable
parametric amplifier with other implementations

To put this work on gate-tunable and magnetic-field-
compatible parametric amplifiers into perspective, we
present Table I which collects many resonator-based
parametric amplifier parameters from a variety of pub-
lications addressing several design objectives such as a
wide bandwidth, large saturation power, gate tunability,
and magnetic field compatibility. From Tab. I it is evi-
dent that our implementation is on par with other capaci-
tively coupled SQUID, SQUID-array and single-junction
implementations in terms of bandwidth and saturation
power.
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