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We have built a parametric amplifier with a Josephson field effect transistor (JoOFET) as the active
element. The device’s resonant frequency is field-effect tunable over a range of 2 GHz. The JoFET
amplifier has 20 dB of gain, 4 MHz of instantaneous bandwidth, and a 1 dB compression point of
—125.5 dBm when operated at a fixed resonance frequency.

I. INTRODUCTION

Quantum-limited amplifiers are, for many experimen-
tal platforms, the first link in the quantum signal pro-
cessing chain, allowing minute signals to be measured by
noisy, classical electronics [1-3]. Whereas later parts of
the chain are dominated by semiconductor-based devices,
the quantum-limited step is usually performed using
metallic superconductors [4-12], although very recently
quantum-limited amplifier have been demonstrated using
graphene weak links [13, 14]. Aluminum-oxide based tun-
nel junctions have proven to be more reliable and stable
than any other platform, thanks to the formation of pris-
tine Al-AlO,, interfaces through the natural oxidization
of Al

A comparable natural, coherent, and scalable inter-
face between a superconductor and a semiconductor was
only recently introduced in the form of Al-InAs hybrid
two-dimensional electron gas heterostructures [15-17].
Josephson junctions fabricated on these materials yield
a voltage-controllable supercurrent with highly transpar-
ent contacts between Al and InAs quantum wells [18-
20]. Al-InAs has recently been instrumental in explor-
ing topological superconductivity [21-24], mesoscopic su-
perconductivity [25], and voltage-tunable superconduct-
ing qubits [26]. Al-InAs hybrids have also been used to
demonstrate magnetic-field compatible superconducting
resonators [27] and qubits [28, 29]. There has also been
impressive progress on realizing all-metallic field compat-
ible parametric amplifiers recently [30-32].

More broadly, the inherent scalability of semiconduc-
tors has motivated a great deal of research on quan-
tum applications, including the scalable generation of
quantum-control signals [33-36], amplification [37], and
the processing of quantum information [26, 38] at fault-
tolerant thresholds [39-43].

Here, we introduce Al-InAs as the basis for quan-
tum signal processing devices. We demonstrate a gate-
tunable parametric amplifier using an Al-InAs Josephson
field-effect transistor (JoOFET) as the active element. Our
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device has a resonant frequency tunable over 2 GHz via
the field effect. In optimal operating ranges, the JoFET
amplifier has 20 dB of gain with a 4 MHz instantaneous
bandwidth. The gain is sufficient for integration into a
measurement chain with conventional semiconductor am-
plifiers. Accordingly, we find that the amplifier dramati-
cally improves signal recovery when used at the beginning
of a typical measurement chain. We quantify noise per-
formance by calibrating our classical measurement chain,
measuring the insertion loss of all components used to
connect the chain to the JOFET amplifier, and then refer-
ring measured noise to the JOFET input. This procedure
suggests that the JOFET amplifier’s input-referred noise
approaches the limits imposed by quantum mechanics, al-
though a calibrated noise source at device input is needed
to definitively verify quantum-limited performance. Mo-
tivated by the successful operation of Al-InAs hybrid mi-
crowave circuits at large magnetic fields [27-29], mag-
netic field compatibility is investigated. Performance is
noticeably degraded by even small 15 mT parallel mag-
netic fields. In contrast to metallic superconducting am-
plifiers, our platform is gate-tunable, and is natural to use
as a detector for voltages from a high-impedance source.

II. DEVICE DESIGN

The JoFET amplifier is implemented as a half-
wave coplanar waveguide (CPW) resonator with a
gated superconductor-semiconductor hybrid Josephson
field-effect-transistor positioned at the voltage node
[Fig. 1(a)]. Ground planes of the device are formed
from 50 nm thin film Nb with 1 gm-squared flux-pinning
holes near the edges to improve magnetic-field resilience
[44, 45]. The entire center pin of the resonator is made of
Al-InAs heterostructure, defined by chemical etch. The
JoFET is defined by selective removal of the Al, followed
by atomic layer deposition of alumina, and finally an elec-
trostatic gate is defined with electron beam lithography
and Au evaporation. Large Au chip-to-chip bond pads
are also co-deposited in the final step to improve wire-
bonding yield. The characteristic impedance of the CPW
is designed to be near 50 Q with 25 pm wide center con-
ductor width and a 16 um gap to the ground plane. The


mailto:andrew.higginbotham@ista.ac.at

(a)

¢ (deg)

-360-
4 f (GHz) 6

Figure 1.  Device and frequency modulation via the field
effect. (a) False-colored image of the device (InP substrate
dark gray, Nb light gray, aluminum light blue, Au yellow). A
feed line (left) capacitively couples to the resonator, which is
formed from an Al-InAs semiconductor heterostructure. In-
set: Zoom of JoFET and electrostatic gate. (b) Reflected
signal magnitude I" (top) and phase ¢ (bottom) versus signal
frequency f at 15 different gate voltages sampled at equally
spaced resonant frequency from 4 GHz to 6 GHz. Trace col-
ors correspond to point colors in (c). This shows the shift
of resonant frequency with decreasing (more negative) gate
voltage. (c) Resonant frequency f- as a function of gate volt-
age Vy. Dot colors correspond to trace colors in (b). Inset:
Cross-sectional transmission electron micrograph at the inter-
face of Al thin film and InAs quantum well. The contrast and
brightness have been enhanced for clarity.

device is capacitively coupled to an open 50 €2 transmis-
sion line, which forms the only measurement port.

We targeted a geometric resonant frequency of ap-
proximately 6 GHz for compatibility with the standard
4 — 8 GHz band used in circuit quantum electrodynam-
ics experiments. In designing the circuit, it is important
to account for the kinetic inductance of the Al-InAs het-
erostructure, which in previous work caused a 20% reduc-
tion in the circuit resonant frequency [27]. The device is
therefore designed with a geometric resonant frequency
of 7.2 GHz, corresponding to a CPW resonator length of
8 mm. We have not directly measured the kinetic contri-
bution for this heterostructure growth, although we note
that the Al is slightly thicker than the growth used in
Ref. [27] which should result in a relatively higher reso-
nant frequency for the devices in this work.

The external coupling kex and the critical current I,
determine the operating bandwidth and dynamic range
of the amplifier [46]. While K¢y can be estimated from the
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Figure 2. Circuit model. Internal loss rate x; (a) and ex-

ternal coupling kex (b) versus gate voltage V. Experimental
data indicated by black points, and results of parallel RL
model calculated for a range of bare resonant frequencies,
fo = 6.00 — 6.45 GHz, indicated by blue shaded region. Inset:
Proposed JoFET linear-equivalent circuit, consisting of tun-
able inductance L; and fixed shunt resistance R; in parallel.

circuit geometry, I, is more subtle because it depends on
material details. Based on independent transport tests,
we found that a JoFET with a width of 25 ym have an
expected critical current of 10 pA at positive gate volt-
ages. During design, we used Ref. [46] to estimate that
this critical current should yield a Kerr nonlinearity on
the order of a few kHz. A more detailed discussion of the
Kerr nonlinearity for our geometry and its relationship to
critical current is given in Sec. IV. Based on the dynamic
range calculation in Ref. [46], a 1 dB compression point
of a few photons is expected when operating with 20 dB
of gain.

III. GATE TUNABILITY

The complex microwave reflection coefficient R = I'e?®
of a small incident signal, with I" being the magnitude
and ¢ being the phase, is measured from the sample in a
dilution refrigerator with a standard measurement chain,
including a cryogenic commercial high-electron mobil-
ity transistor amplifier (HEMT). For large (more pos-
itive) gate voltages, the measured reflection coefficient
displays a small dip in magnitude and a 360° winding
of phase, signaling that the resonator is strongly coupled
to the measurement port and that dissipation is weak
[Fig. 1(b)]. Indeed, fitting the reflection coefficient to
a one-port model gives an external coupling efficiency
Kex/ktot = 0.83 at zero gate voltage.

Application of negative gate voltage results in dramatic
changes in resonator frequency [Fig. 1(b)], indicating that
the JOFET contributes a gate-tunable inductance to the
resonator. The resonant frequency can be tuned over
more than 2 GHz of bandwidth [Fig. 1(c)], exhibiting
weak voltage dependence at extremal values, reminiscent
of a transistor reaching pinch-off at negative voltage and
saturation at positive voltage.

The internal dissipation rate «; and external coupling
rates kex also evolve with gate voltage. Near JoFET
pinch off k; increases sharply, and xex decreases over the



same range [Fig. 2(a),2(b)]. The net effect is therefore a
decrease in coupling efficiency near pinch-off, which limits
the usable frequency range of the JoFET amplifier.

A plausible origin of the increase in x; is dissipation in
the JoFET region. To test this hypothesis, we consider
a minimal model of the JoFET as a parallel resistor R;
and inductor L [Fig. 2(b),inset], and introduce an effec-
tive resistance R;/(Au)? where A is the normalized flux
drop across the resistor. The Josephson inductance and
flux drop can be inferred from the measured resonant fre-
quency if the bare circuit parameters without the Joseph-
son junction are known (see Appendix C). In our case the
bare circuit resonance is not precisely known because we
have not characterized the heterostructure kinetic induc-
tance for this particular material growth. We therefore
model a range of possible bare resonant frequencies fj.
The lower value of 6 GHz is taken from the resonant
frequency at high gate voltage, and the upper value of
6.45 GHz is chosen to qualitatively match our measured
Kerr nonlinearities, to be discussed later. The high-range
value corresponds to a 10% reduction from the designed
geometric resonance of 7.2 GHz, which, as one would ex-
pect, would imply that the current heterostructures have
less kinetic inductance than those in our earlier studies
on structures with thinner Al [27].

Fitting x; to the circuit model results in agreement
with the data, with a best-fit shunt resistance R; =
15 + 2 k), where the uncertainty is derived from the
possible range in fy. Based on this agreement, we con-
clude that the junction indeed introduces dissipation to
the circuit, with the practical effect of limiting perfor-
mance at high inductances. The microscopic origin of
this dissipation is not understood. Candidate explana-
tions are coupling to a lossy parasitic mode associated
with the normal-conducting (Au) electrostatic gate, or
a mechanism that is intrinsic to the Al-InAs material
system. Turning now to external coupling, the simple
RLC model captures gate dependence of k¢ at a qualita-
tive level [Fig. 2(b)], although observed gate-dependence
quantitatively exceeds theoretical expectations. This dis-
crepancy may reflect the role of extra capacitance in the
JoFET region introduced by the electrostatic gate, which
is not accounted for in the model.

IV. NONLINEARITIES AND AMPLIFICATION

In addition to tunable inductance, the presence of the
JoFET imparts a power-driven nonlinearity to the res-
onator [46]. Measuring the reflected phase as a func-
tion of signal frequency and power reveals that the res-
onant frequency smoothly decreases with increasing in-
put power P, [Fig. 3(a)]. The output power from mi-
crowave sources is related to the resonator input power
by an estimated total attenuation of 110 dB for all mea-
surements. The downward shift in resonant frequency
is accompanied by “sharpening” of the phase response
[Fig. 3(b)]. Downward shift in resonant frequency and
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Figure 3. Nonlinear response. (a) Reflected signal phase ¢

versus power at resonator input P, and frequency f. White
dots indicate resonant frequencies fr. (b) Reflected magni-
tude I" (top) and phase ¢ (bottom) versus f at different in-
put powers: low (black), medium (blue), and close to critical
power (green). (c) Estimation of Kerr nonlinearity: resonant
frequencies extracted from (a) versus average network ana-
lyzer power applied at room temperature (dots). Slope of
linear fit (dashed line) gives an estimate of the Kerr coeffi-
cient. (d) Measured gate-dependent Kerr coefficient (black
dots), and expected value from the parallel RL model for a
range of bare resonance frequencies fo = 6.00—6.45 GHz (blue
region). Kerr coefficient is expressed as a frequency shift per
power from the VNA at resonator input. Different dataset
from (c).

an alteration in lineshape are key qualitative signatures
of the required Kerr nonlinearity K, which is useful for
parametric amplification. The Kerr nonlinearity is esti-
mated by measuring the change in resonant frequency per
incident power in the low power limit, as shown by the
linear fit in Fig. 3(c). Following this procedure at differ-
ent gate voltages reveals that the nonlinearity is tunable
with voltage, increasing in magnitude as gate voltage is
decreased [Fig. 3(d)], qualitatively mirroring the decrease
in circuit resonant frequency observed in Fig. 1(c). To
make the relationship between the observed Kerr nonlin-
earity and the circuit parameters more concrete, we have
estimated the expected Kerr nonlinearity based on our
circuit model, using the formula for a low-transmission
Josephson junction (shown in Fig. 3(d), see Appendix F
for details). Unlike the case of linear circuit parameters,
the uncertainty in the bare circuit resonance frequency
(fo = 6.00 — 6.45 GHz) translates into many orders of
magnitude of uncertainty in the Kerr nonlinearity, re-
flecting the fact that the Kerr nonlinearity is a fourth-
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Figure 4. Parametric gain. (a) Reflected signal magnitude

I" and phase ¢ measured as a function of signal frequency
f from bare resonator (black) and pumped resonator (blue).
(b) T’ measured as a function of pump frequency fpump and
signal frequency f. The pump power is fixed slightly below
the critical pump power at which the system bifurcates. V, =
—2.5 V for (a)-(b). (c) Gain G inferred from the maximal
reflected amplitude measured as a function of pump power
Pyump and pump frequency fpump, revealing line of maximum
gain. V, = —2.55 V. (d) Gain G measured as a function of
signal power at device input Pn. Vg = —2.35 V, fpump =
5.942 GHz, signal-pump-detuning éf = 1 MHz and remains
within the 3.6 MHz instantaneous amplification bandwidth.

order effect. Despite these challenges, our estimate in-
dicates that the magnitude of the Kerr nonlinearity we
observe is compatible with the circuit model consider-
ing this range of resonant frequencies. It is important
to note that the formula that we compare with is valid
only for low-transparency Josephson junctions, which is
not the case for our system [19, 47]. If the bare circuit
resonance were accurately known, a more complete treat-
ment could possibly infer the true junction transparency
based on the observed Kerr nonlinearity.

Parametric amplification is generated by applying a
strong pump tone red detuned from the bare resonant fre-
quency, in the vicinity of the phase “sharpening” features
already identified close to the critical power [Fig. 3(b)].
Measuring scattering parameters with a weak probe sig-
nal reveals in excess of 20 dB of gain with a 4 MHz band-
width, and a sharp phase response typical of a paramet-
ric amplifier [Fig. 4(a),4(b)]. Modest detunings in the
pump frequency do not substantially affect the amplifier
response, but for large deviations the gain decreases to-
wards unity [Fig. 4(b)]. Measuring the amplifier gain G
as a function of pump frequency fpump and input power

Poump reveals a continuous region of maximum gain with
an easily identifiable optimum operating region, as ex-
pected for a parametric amplifier [Fig. 4(c)]. The gate
voltages used for the gain optimization and measure-
ment shown in Fig. 4(a),4(b) and in Fig. 4(c),4(d) are
different due to gate instability, hysteresis, and shifts be-
tween cooldowns. These particular datasets were taken
weeks apart, separated by many wide-range gate volt-
age sweeps, and in different cooldowns. Typically, after
changing the gate voltage by a large amount (on the scale
of Volts) it takes 15 minutes for the resonance to stabilize,
and we find that there is hysteresis after large sweeps. In
general the resonant frequency remains stable for circa
an hour which is sufficient for our gain and noise mea-
surements. After approximately one hour we often found
measurable changes in amplifier gain and noise perfor-
mance due to resonant frequency drifts, which could be
compensated by re-optimization of the pump frequency
and amplitude. We emphasize that the drifts in the res-
onant frequency over this time period are much smaller
than the linewidth, but still noticeable when operating
at high gain. We anticipate that optimization of the gate
dielectric can greatly improve stability in future devices.

The power handling capability of the amplifier is quan-
tified by measuring the gain for different signal powers
[Fig. 4(d)]. At very low input signal power the gain sat-
urates at 20.3 dB [Fig. 4(d)]. Large input powers cause
the amplifier gain to decrease, giving a 1 dB compression
point at input power of —125.5 dBm [Fig. 4(d)]. The gain
and instantaneous bandwidth are comparable to early,
parametric amplifiers based on metallic A1/AlOx Joseph-
son junctions [7, 8, 48]. The frequency tunability of our
resonator is also comparable to early parametric ampli-
fiers [7], although we have not demonstrated tunable am-
plification, which would currently be limited to the low-
loss frequencies (see Figs. 1-2). The 1 dB compression
point is only slightly lower than some early parametric
amplifiers (two times below Ref. [49]), but orders of mag-
nitude below modern implementations [10, 11]. Both the
resonator loss and the compression point need to be sig-
nificantly improved for this amplifier to be practically
useful. In contrast to a recently-demonstrated semicon-
ductor parametric amplifier with 3 dB of gain [37], our
device has sufficient gain (20 dB) to overwhelm the noise
of later parts of the measurement chain.

Quantum signals typically consist of few photons, mak-
ing it crucial to achieve noise performance near the quan-
tum limit. To assess the noise performance of the JoFET
amplifier, a weak pilot signal is measured first with a
commercial HEMT amplifier, and then with paramet-
ric gain activated [Fig. 5(a)]. The JoFET amplifier dra-
matically improves the signal-to-noise ratio (SNR) of the
pilot-signal measurement. Our calibration procedure,
described in the next paragraph and in App. H, gives
an indication that the total input-referred noise of the
JoFET amplifier and subsequent measurement chain ap-
proaches the limits placed by quantum mechanics of one
photon from nondegenerate amplification [2, 3]. How-
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Figure 5. Noise performance. (a) Total noise temperature

referred to JOFET input Tin, measured in the presence of
a weak pilot tone, as a function of detuning frequency from
pump §f. Pump off (HEMT, black) and pump on (JoFET,
blue) shown, shown in comparison with the quantum limit
at this frequency (0.285 K, QL, dashed). V, = —2.35 V.
Expected noise performance (Eq. I6) is indicated by purple
tick on the right-axis. In JoFET data, the blue-detuned idler
and the zero-detuned pump are also visible. Bands represent
propagated uncertainty from cavity parameters, insertion loss
measurements, and HEMT noise calibration. Note that here
HEMT data are referred to cavity input, not HEMT input.
(b) Added noise of chain without JoFET, referred to HEMT
input. Difference between total noise temperature Ty and
HEMT added noise Ts,App measured as a function of mix-
ing chamber temperature setpoint 7Tic¢. Lines represent unity
slope due to Johnson-Nyquist noise, corrected for the pres-
ence of vacuum fluctuations which dominate at low tempera-
ture and high frequency [3]. (¢) Tin measured as a function
of pump-signal detuning § f by varying pump frequency with
signal frequency fixed (blue markers). Purple line is expected
noise performance from Eq. 16, and dashed line is the quan-
tum limit at this frequency (0.278 K). One datapoint with a
detuning of 2.7 kHz had to be removed from the dataset since
the pump and signal could not be resolved individually. Er-
ror bars represent uncertainty propagated through from cir-
cuit parameters and HEMT noise calibration. (d) Relative
improvement in signal to noise ratio (ASNR) measured as a
function of pump frequency foump and pump power Ppump:
signal-pump detuning is fixed at 0.5 MHz, signal input power
is fixed at —153 dBm. V, = —2.55 V for (c)-(d).

ever, a definitive check of these results would require a
calibrated noise source at device input. The excess noise
in the device is consistent with expectations based on
resonator loss and finite gain [purple tick in Fig. 5(a)], as
derived from input-output theory in App. L.

This noise measurement was carefully calibrated by

varying the temperature of the mixing-chamber stage
of the dilution refrigerator and measuring noise at vari-
ous frequencies with the JOFET amplifier off [Fig. 5(b)].
In the high temperature limit, the output noise is lin-
ear in temperature, with an intercept that reflects the
added noise of the chain referred to the mixing chamber
plate, giving Ty mc = 1.61 K at the JoFET operating
frequency. At low temperature input-referred noise satu-
rates. Calibrating over a wide range of frequencies reveals
that noise saturation is pronounced only for high frequen-
cies, consistent with the expected behavior for quantum
fluctuations [3]. This gives evidence that quantum fluctu-
ations are faithfully resolved by our measurement chain.
To find the noise referred to the JoFET input, Ty, we
measured insertion loss of all components in-between the
JoFET input and the mixing chamber plate, and used
these values to refer the noise spectra to the device in-
put (see Appendix H). This calibration procedure counts
resonator and sample-holder insertion loss against the
performance of the JOFET amplifier, resulting in a noise
temperature that represents the JoFET added noise re-
ferred to its input, which is a suitable quantity for char-
acterizing the JoFET as a standalone device. It is not
a measurement of total system efficiency, which would
also need to include cable and circulator losses between
a specified 50 €2 load and the JoFET.

Changing the pump frequency while keeping the signal
frequency fixed at 5.7839 GHz reveals that the noise per-
formance is degraded if the pump frequency is away from
the optimal operating region [Fig. 5(c)]. The change in
noise performance with detuning matches the predictions
of Eq. 16 with no free parameters [Fig. 5(c), purple line],
indicating that the variation in noise performance is due
to decreased gain. The level of agreement between exper-
iment and theory in Fig. 5(c) gauges the accuracy of our
noise calibration method, although we again emphasize
that a calibrated noise source is needed for a definitive
noise measurement. Note that this dataset was taken at
a gate voltage with less resonator loss (kex/k = 0.91), so
the expected noise performance is somewhat better than
in Fig. 5(a), but the data do not resolve this difference
due to large propagated uncertainties in Fig. 5(c). By
sweeping the pump frequency and the pump power with
a fixed signal detuning, the optimum operating points
of the amplifier can be extracted [Fig. 5(d)]. The op-
erating points with best noise performance qualitatively
correspond to the regions of highest gain identified in
Fig. 4(c), as expected.

V. MAGNETIC FIELD OPERATION

A general technical advantage conferred by the Al-InAs
hybrid platform is compatibility with large, parallel ex-
ternal magnetic fields [27-29]. To explore if this advan-
tage is realized in our particular device, we have steadily
increased the parallel external magnetic field to 15 mT
while compensating for small field misalignments with
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Figure 6. Magnetic field performance. Reflected magnitude
I" and (a), and phase ¢ (b) with and without pump tone as a
function of probe frequency f in the presence of an in-plane
magnetic field, B = 15 mT.

a perpendicular magnetic coil. Even with compensation,
the resonator parameters evolve slightly in magnetic field,
and a slight increase in loss is observed. Applying a pump
tone gives an optimized gain of 10 dB [Fig. 6(a)-6(b)].
This demonstrates parametric amplification in a modest
in-plane magnetic field, but far less than recently demon-
strated high-field amplifiers [30-32]. Future experiments
need to improve the resonator performance in magnetic
field in order to allow a reliable noise measurement; we
were unable to demonstrate quantum-limited operation
in a magnetic field. The most likely reason for this is the
depinning of trapped flux by high pump powers. This ef-
fect can be reduced by forming the resonator center pin
from a field-compatible superconductor that connects to
a smaller Al-InAs microstructure, as was done with re-
cent field-compatible superconducting qubits [28, 29].

VI. OUTLOOK

Summarizing, we have demonstrated a high-
performance JoFET amplifier, already obtaining
performance comparable to early implementations in
Al/AlOx material systems. A number of techniques
are available to further improve the performance of our
device. The participation factor of the superconductor-
semiconductor heterostructure can be reduced drastically
by working with a small mesa in the JoFET region.
This would likely decrease microwave losses, and allow
the use of field-resilient superconductors like NDbTi,
which should allow operations in external magnetic
fields of order 1 Tesla. The number of JoFETs and
the designed critical current can also be adapted to
provide the target nonlinearity at milder gate volt-
ages [46]. Device dissipation can also likely be improved
by using a superconducting electrostatic gate with
on-chip filters. Finally, superconducting-semiconducting
hybrid material systems are being actively developed, so
material-level improvements can be expected.

Our work opens up the new, general direction of
quantum-limited signal processing devices based on semi-
conductors, and can be expanded to devices such as

modulators [48,; 50| circulators [51, 52] or signal gener-
ators [53]. It is interesting to note that the electrostatic
gate can be viewed as a receiver for high-impedance elec-
trical signals, suggesting applications such as electrome-
try with an integrated, quantum-limited amplifier. Po-
tential applications of electrometers include readout of
spin qubits [54] and scanning-probe experiments [55, 56].
Given the fact that this device uses a narrow-gap II1/V
semiconductor, it is also interesting to consider applica-
tions in photodetection.
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Appendix A: Sample preparation

The JoFET amplifier was fabricated from Al-
proximitized InAs quantum well which was grown on a
semi-insulating, Fe counter-doped (100) InP wafer. Pat-
terning was performed with a Raith EBPG 5100 electron
beam lithography system. The Josephson weak link was
made by etching a trench in the aluminum layer in the
commercial etchant Transene D at 50 °C for 5 s. The
trench was designed to be 20 nm long and 25 pym wide.
Scanning electron microscopy (SEM) later showed that
the trench width was about 50 nm. The superconductor-
semiconductor mesa forming the center pin of the
CPW resonator was formed by masking with polymethyl
methacrylate (PMMA) followed by a semiconductor wet
etch in a mixture of CH3COOH : HyO5 : H3PO4 for 150
seconds at room temperature. The ground plane was
constructed by evaporating Ti 5 nm, Nb 50 nm following
a short 1-min Ar ion milling at an accelerating voltage
of 400 V, with an ion current of 21 mA in a Plassys
ultra-high vacuum (UHV) evaporator. In the next step,
the dielectric layer separating the gate and the junction
was deposited with an Oxford atomic layer deposition
(ALD) system running a thermal ALD alumina process
at 150 degrees C in 150 cycles, which gave an approx-
imated thickness of 12 nm. FEventually, the gate that
covers just the area of the Josephson weak link was cre-
ated by evaporating Ti 8 nm and Au 80 nm at a tilt angle
of 30 degrees with 5 RPM planetary rotation in a Plassys
high vacuum (HV) evaporator. Due to low adhesion of
Al bond wire to Nb ground plane, co-deposited Au bond
pads are used to enhance Al alloy formation during wire
bonding, hence, chip-to-chip bond yield. All lift-off and
cleaning processes were performed in hot acetone at 50
degrees C and isopropanol.

The schematic in Fig. 7 shows cross section of the
JoFET.
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Figure 7. Cross section cartoon of the JOFET: (from bottom
to top) the substrate is 500 pym-thick InP(100), the quantum
well is a heterostructure denoted InAs, the superconductor is
a 10 nm-thick layer of epitaxial Al, the dielectric that sepa-
rates the Al and the gate is made with thermal ALD AlOx,
the gate is made by evaporating 80 nm of Au at a 30° tilt
angle. Cartoon dimensions are not to scale.

Appendix B: Measurements

The sample was mounted on a copper bracket on a
home made printed circuit board. We used a vector net-
work analyzer (VNA) model Keysight P9372A to mea-
sure scattering parameters. A Rohde & Schwarz (R&S)
signal generator model SGS100A was used to provide the
pump tone. When pumping at a fixed frequency, we used
the VNA to provide a small probe signal and measure
the gain profile from the reflected monotone at probe fre-
quency. A custom built low-noise voltage source provided
the gate bias. To achieve gain, we typically set the gate
voltage to —2.5 V and swept the VNA power until the re-
sponse became critical. A pump tone from a R&S signal
generator was injected at a power of about 1 dB below
the approximated critical power and slightly above the
critical frequency. The probe power from the VNA was
reduced to maintain the validity of the stiff pump condi-
tion. We tuned up the JoFET amplifier by sweeping the
pump frequency and power in the proximity of the nonlin-
ear resonator’s critical values and recording the maximal
reflected amplitude at the VNA input. Optimal ampli-
fication configurations were then found by fine sweeping
around the regions where the maximal gains were highest,
whose values were typically more than 20 dB. To mea-
sure the noise, we recorded the power spectral density
from the output of the JoFET amplifier by a ThinkRF
R5550 hybrid spectrum analyzer. In-plane magnetic field
and compensation was applied by a vector magnet sys-
tem of the Oxford Triton fridge and Mercury iPS power

supply.

Appendix C: RLC circuit model

To model gate-dependence of ke and k; in Fig. 2 we
find an effective lumped-element representation of the cir-
cuit, and then couple it to transmission lines following the
procedure in Ref. [58].

Our circuit can be imagined as two resonators of length
I and inductance per unit length L;, capacitance per unit

length Cj, and attenuation constant a coupled through
the parallel RL circuit. For a large shunt resistance the
inductance of the parallel combination is given by Lj. In
this limit the model therefore introduces dissipation with-
out substantially altering the resonant frequency. The
resonant wave vector k satisfies [59]

L
2 cot(kl) = L—llkl. (C1)

The effective capacitance is [46]
Cet = Cil (1 + sinc(2kl)) . (C2)

This expression arises from equating the capacitive en-
ergy in both resonators 2f£)ldmClu($)2 with an equiv-

alent lumped-element energy Cegu?, where u(z) =
—u; cosk;(x + 1) is a flux normal mode with wave vec-
tor k; [46, 59].

We do not know of an explicit treatment of dissipa-
tion in our geometry available in the literature, so we
seek an effective resistance in analogy with the effective
capacitance discussed above. The Rayleigh dissipation
function, which entirely determines the effect of the resis-
tance on circuit dynamics [60], is Au(z)?/(2R;), where
Au is the flux drop across the resistor. This has the
physical interpretation of 1/2 of the dissipated electri-
cal power. Equating the dissipation function with an
effective lumped-element dissipation rate 7 /(2Reg) sug-
gests an effective resistance Reg = R;/(Au)?, where
At = 2cos(kl) is the normalized flux drop across the
resistor. Working in an effective lumped-element circuit
model [58], we then add Reg in parallel with the resonator
dissipation, finding expressions for the total dissipation
and coupling rates,

al 1

i = C
" ZoCept - RegConr (C3)
1
ex — 5 4
" R*Cug (C )

where R* = (1 + wiC?Z3)/(wiCEZy) is the effec-
tive parallel resistance from the measurement port with
impedance Z; coupled with capacitance C.

To fit this model we use the fact that kI = (7/2)f/ fo
where fj is the bare resonant frequency of the CPW res-
onator when L is zero. As discussed in the main text,
due to our uncertainty over how much inductance the
junction contributes at large gate voltage we consider
a range fo = 6.00 — 6.45 GHz and then extract kl di-
rectly from the measured data. We fix the characteristic
impedance of the resonator as Zy = 50 Q- ( feeo/ fo) based
on the ratio between the designed geometric resonance
frequency feeco and the actual bare resonant frequency
fo, which physically originates from the kinetic induc-
tance of the heterostructure [27]. Knowledge of kI, fo,
and Z; allows the effective capacitance and Josephson
inductance to be calculated. Eq. C3 is fit for « and Ry
in Fig. 2(a) and Eq. (C4) is fit for C.



Appendix D: Conversion from signal power to
average intracavity photon number

The average intra-cavity photon number n is linearly
dependent on the incident power P, at the input port:

_ 1 4"€eXPin
" hfs (Kex + Ki)2 + 4A2°

n (D1)

The input power is estimated based on the VNA power
and the total attenuation A of the setup. This is used
when expressing the theoretical Kerr nonlinearity as a
frequency shift per input power (MHz/fW) in Fig. 3(d).

Appendix E: Total attenuation estimate

The total attenuation A between the output of the
VNA and the input of the device is calculated from
noise spectrum from the measurement port with a sig-
nal tone at —43 dBm output power. The noise floor is
identified with input-referred noise temperature T4 vc =
1.61 K from the HEMT calibration measurement shown
in Fig. 5(b), combined with the resolution bandwidth
of the signal analyzer BW = 3.88 kHz, giving Phoise =
10log(kpTyBW/(1 mW)) = —160.6 dBm. The signal is
6.3 dB above the noise floor, so its input referred magni-
tude is —153 dBm. Accounting for the small —0.84 dB
of loss from the (detuned) cavity then gives the total at-
tenuation A = —110 dB quoted in the main text. This
value is compatible with expectations based on our in-
stalled attenuators and stainless steel cryogenic coaxial
cables (estimated —66 dB), and room temperature com-
ponents (—40 dB).

Appendix F: Kerr nonlinearity extraction from
power sweep

The dependence of resonance frequency on input power
was used to estimate the Kerr nonlinearity K similar
to [7]. Resonant frequency decreased linearly with in-
creasing average intracavity photon number following the
Hamiltonian [46]:

K
Hypa =h (@0 + 5 <ATA>> ATA. (F1)

The slope of the line in Fig. 3(c) measures K/2.

For low-transmission Josephson junctions, there is a
fixed relationship between the Josephson energy E; and
the Kerr nonlinearity [46, 59]

2
(& Leff _4

hEK = —
W L, 0

(F2)

where Leg = (472 f2Ceq)™! is the effective inductance
and Au = 2cos(kl) is the normalized flux drop across
the junction. We use this formula in Fig. 3(d).
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Figure 8. Schematic of insertion loss calibration. Noise re-
ferred to point ¢ is referred to device input * by measuring the
cold insertion loss of each component. Stainless steel coaxial
cables and 50 dB of additional attenuation thermalize signals
on the input, and niobium coaxial cables are used between
the 4K and MC stages on the readout chain.

Appendix G: JoFET amplifier design

CPW resonator was designed to have a characteristic
impedance of 50 Q with the center conductor width and
gap of 25 um and 16 um. Resonator length was chosen
so that the target resonant frequency of 6 GHz would
be achieved at base temperature. To account for the ki-
netic inductance of the 10 nm-thick Al layer, geometric
resonant frequency was designed to be 7.2 GHz so that
result resonance would drop to 6 GHz based on previous
fabrication experience. The kinetic inductance of the Al
film fluctuates from device to device, presumably due
to uncontrolled oxidation of the Al. The JoFET was de-
signed for a maximal critical current of 10 A which gives
a zeroth order Kerr nonlinearity K of 1.4 kHz at zero
bias and in this CPW configuration, such that the device
can be gated into a regime appropriate for amplification
[46]. Designed dimensions were chosen based on our pre-
vious lithography tests and critical current measurements
where a sheet critical current density of 0.38 pA/um was
achieved.

Appendix H: JoFET input noise referral

The temperature sweep in Fig. 5(b) is used to refer
HEMT noise to the mixing chamber plate [point ¢ in
Fig. 8]. Noise is then referred to device input [point *
in Fig. 8] by measuring the transmission 1 of the compo-
nents in the signal path: the circulators, coaxial cables,
sample board, and device [7]. We model this total loss
as being from a beamsplitter with efficiency n [61].

The noise referred to ¢, S, is related to the real input
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Figure 9. Calibration trace at base temperature in a dilution
refrigerator. (a) Upper plot: Frequency-dependent transmis-
sion via a through cable (blue) and via the circulator and
cables used for the measurements in the main text (green).
Lower plot: frequency-dependent insertion loss L calculated
by the difference of the two traces in the upper plot. (b)
Zoom on insertion loss over a relevant frequency region. To
estimate the insertion loss in our experiment, we averaged
over the frequency range 5.75 — 6 GHz (shaded region), find-
ing an insertion loss of 0.6 = 0.1 dB, where the uncertainty is
from the standard deviation over the same range.

noise at *, Sy in, according to S, = 7S, in + (1 — )V +
Tx Mmc, where the second term represents the introduc-
tion of vacuum noise V' by loss. The total noise referred
to point * is then

1-— 1
So/n = Skin + TnV + ;TH,MC7 (H1)

which in the special case of vacuum-noise input gives
(Tumc + V) /n.

There are two important cases in the experiment: the
measurement with the JOFET amplifier off [black line,
Fig. 5(a)], and the measurement with the JOFET ampli-
fier on [blue line, Fig. 5(a)]. In the off state, the pilot
tone is not on resonance with the cavity, but still expe-
riences a small loss 1 — 1, o because of finite detuning.
In addition to cavity loss, there is an imperfect system
transmission 7, from the components between x and ©:
the sample board, the circulators, and the coaxial cables.
This results in a net transmission in the off state of

Noff = nc,oﬁns~ (H2)

In the on state, there is a net gain G from the device and
the same system loss, so the net transmission in the on
state is

Tlon = Gns (H?))

Note that, according to this definition, G is the net gain
of the amplifier including any cavity losses when it is on.

Input-referred noise is found by substituting into
Eq. (H1) 7 = non in the on case, and n = 7neg in the
off case. Below we discuss how the three key parameters
Nsy Ne,off, and G are measured.

We found ns by measuring the transmission through
our cryostat at a base temperature < 0.05 K with and
without the cable/circulator combination [0.6 dB from
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Figure 10. Noise model for estimating expected performance.
Input noise Sy in is amplified by a JoFET amplifier with input-
referred added noise Saaq,5 given by Eq. 14 with on-resonant
gain gs = VG, followed by system losses modeled as a beam-
splitter with efficiency ns and classical measurement chain
with added noise temperature Tx,mc-

Fig. 9], and also directly measured the sample holder in-
sertion loss to be 0.2 dB at liquid nitrogen temperatures.
These losses combine to give our system loss 77, = 0.8.

We found 7. ,f¢r = 0.87 from measured scattering pa-
rameters in the same configuration, taking into account
the detuning of the pilot from circuit resonance. We em-
phasize that this number only includes a contribution
from the circuit’s off-resonant insertion loss, but not any
system components such as the sample holder.

We found the gain G by comparing the height of the
pilot tone in the off state, Pog = nog Px,in, and in the on
state, Pon = 7onPkx,in, for a fixed pilot power P, ;,. Using
Eq. (H2-H3) we find the gain at the pilot frequency

G = 77c.,oﬁ‘%~ (H4)
off
The frequency dependence of the gain is found from scal-
ing a Lorentzian fit of the measured noise spectrum.

Appendix I: Expected noise performance

The quantum limit for phase-insensitive amplification
is 2V of input-referred added noise, where V. = hf/2
is the noise due to zero-point vacuum fluctuations [2].
Losses and finite gain cause deviations from this limit.
Here we determine the expected noise performance of our
JoFET amplifier accounting for these effects.

We begin with the input-output relations for a Joseph-
son parametric amplifier with input mode ai, A, output
mode aout,A at a detuning A from the pump frequency
[46],

Gout,A = gSQin, A + glajn7,A+

Kj Ki
- “(95 + Dbin,a + 4/ - g]bjm_A. (I1)

The bath mode bin o is required by the fluctuation-
dissipation relation in the presence of nonzero loss. The
complex signal gain gg is identically the scattering pa-
rameter I', and the idler gain g; ensures that aqus,a sat-
isfies bosonic commutations relations [3]. These commu-
tation relations imply that

Kq

(14 —)lgr]* = lgs” = 1+

K
- lgs + 1]7. (12)

ex ex



Assuming for convenience that the bath and idler modes
are in their ground state with power spectral density V,
the output spectral density of the JoFET amplifier Sy
can be related to the input spectral density S, i, using
Eq. 11,

R

gs + 1P+ V(L + =) grl? (13)

ex K ex

K
S3 = Syinlgs* + Vﬂ .
Eliminating g; using Eq. 12 and input referring by divid-
ing out the gain gives Sj/|gs|?> = Si.in + Sada.j, Where
the input-referred noise added by the JoFET amplifier is

ki |gs + 17 14

Sadd7J:V+2V 5 — 3
Rex ‘gS| ‘gS|

(14)

This expression represents the input-referred added noise
of the JoFET amplifier accounting for both finite gain
and resonator loss. The first term is the quantum limit
on added noise. The second term gives corrections due
to resonator loss. The final term gives a loss-independent
correction for finite gain. In the high-gain limit, Eq. 14
reduces to a limiting value

2/11‘

Sada,g =V +—V, (I5)

ex

which can be interpreted as the quantum limit plus un-
avoidable vacuum fluctuations arising from loss at the
cavity input. Equation I5 is sometimes referred to as the
device quantum limit [62].

As a check of Eq. I4, one can substitute gs = (Kex —
k;)/k, corresponding to the case where the amplifier
is off and noise is measured at cavity resonance, and
Siin = V, corresponding to vacuum-noise input. In
this case one finds that the output noise is also vacuum,
Sipa = [952(V + Sada,gpa) =V, as expected.

To include the effect of system losses g followed by
our classical chain with temperature Tywm,c, we com-
bine Eq. I4 with a simple beamsplitter noise model, as
indicated in Fig. 10. The total input-referred noise of
the model at small detunings where the gain is real,

gs :\/é, is

— N T
sy, 4 ZHMC (16)

1
S* in Sa
Jin + Oadd, s + e e

Inserting S, i, = V along with the measured device pa-
rameters and system loss from App. H gives a total ex-
pected input-referred noise of 0.41 K for the data in
Fig. 5(a) (indicated by purple tick right axis). Eq. I6
is also used to calculate the expected noise performance
in Fig. 5(c).

Appendix J: Repeatability of calibration data

The reproducibility of our circulator and cable
insertion-loss measurements is key for the calibration de-
scribed in App. H. To check the stability of our method,
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Figure 11. Repeatability of calibration data at base temper-

ature in the dilution refrigerator. (a) Frequency-dependent
transmission magnitude via a through cable from two differ-
ent measurements. (b) Frequency-dependent difference of the
transmission from the two traces in plot (a). The difference is
smaller than 0.2 dB in magnitude over the relevant (shaded)
frequency range, and is on average 0.13 dB.

more than one week after calibrating we removed the cir-
culators and cables and repeated our through calibration
measurement [Fig. 11(a)]. The two measurements differ
by less than 0.2 dB over the relevant frequency range,
with an average difference of 0.13 dB. Since our calibra-
tion occurred over a timespan of a few days, we interpret
the 0.2 dB value measured over one week as a conser-
vative bound on drifts during our calibration procedure.
We therefore included an additional 0.2 dB of uncertainty
in the error bars in Figs. 5(a),5(c).

The calibrated components are inserted /removed via a
bottom-loading exchange mechanism, which avoids hav-
ing to thermally cycle the whole system. We suspect
that this feature greatly improves the reproducibility of
our method.

Appendix K: Summary of datasets

Here we summarize the different datasets used in this
work to facilitate their comparison.

Circuit characterization: A single continuous dataset
is used for Figs. 1-2. A single dataset is used to demon-
strate circuit nonlinearities in Fig. 3(a)-3(c). The nonlin-
earity is then characterized as a function of gate voltage
in another dataset in Fig. 3(d). We checked that the cir-
cuit resonant frequencies in Fig. 3(d) are compatible with
those in Fig. 1(c).

Amplifier characterization: A single dataset was used
to show typical dependence of scattering parameters on
pump power in Fig. 4(a)-4(b). Consecutive datasets at
a nearby (50 mV lower) gate voltage were then used
to characterize the dependence of gain [Fig. 4(c)] and
signal-to-noise ratio [Fig. 5(c),5(d)] on pump power and
frequency. The key amplifier metrics of input-referred
noise [Fig. 5(a)] and compression point [Fig. 4(d)] were
measured consecutively. Noise was measured first, and
compression point was measured at the same gate volt-
age approximately five hours later. HEMT calibration in
Fig. 5(b) was performed the following day.



Magnetic field data: The two traces shown in magnetic

11

field [Fig. 6(a),6(b)] were at identical gate voltage and
taken under the same conditions.
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