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An impedance matched parametric amplifier IMPA) with Josephson junctions is fabricated and characterized. A
hybrid structure containing coplanar and strip structures is implemented to realize an impedance taper line and a plate
capacitor in an LC nonlinear resonator based on Josephson junctions. The upper plate of the capacitor is isolated with
SiN, without grounding as well as the strips. Such easily-prepared designs greatly reduce the requirements for lithography
alignment and precision, which makes the fabrication process more reliable. The experimental results show that in such
IMPA a gain higher than 25 dB with a bandwidth of about 100 MHz can be obtained. This broadband amplifier operates
close to the quantum limit. By adjusting the working point, a higher bandwidth of about 400 MHz can be obtained with a

gain of about 17 dB.
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1. Introduction

Parametric amplifiers have become essential components
in quantum information processing due to their near quantum-
limited noise performance.!!=>! A nonlinear resonator includ-
ing Josephson junctions, whose effective inductance can be
modulated, can realize parametric amplification.[%”! Various
Josephson parametric amplification (JPA) schemes have been
realized by designing different coupling structures, for exam-
ple, capacitively coupling a transmission line to a coplanar
waveguide cavity grounded through Josephson junctions, 8111
directly coupling a transmission line to lumped-element
circuits including Josephson junctions,'>~>! and a wire-
less architecture JPA using a dipole antenna.!'! However,
impedance matching between the nonlinear resonator and the
external transmission line is not taken into account in the
above mentioned architectures. The high quality factor of the
nonlinear resonator leads to the limitation of the measurement
efficiency and amplifier bandwidth, while wider bandwidth
and higher gain of the parametric amplifiers are required for
non-demolition readout with high fidelity in superconducting
qubits, microwave single-photon detection, and mechanical-
electric hybrid systems. [!7-1]

To achieve a higher bandwidth, impedance transforma-
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tion between the external transmission line and the nonlinear
resonator is introduced in the parametric amplification archi-
tecture, which pushes the resonator to its low quality factor
limit. Such design schemes of impedance matching have been
studied both theoretically and experimentally.?°-2] There are
mainly two kinds of engineering schemes: one is a A/4
impedance transformer, in which the impedance is matched
in a fixed frequency range; the other one is a hybrid structure
impedance taper line containing coplanar waveguide (CPW)
and strips, which provides impedance matching in a flexible
frequency range due to the cosin-like ripple change of the
imaginary part of the impedance. However, the latter archi-
tecture is relatively more complicated in the fabrication due to
the requirement of higher precision in the overlay align and
less defects in the fabrication process.

In this work, we present an alternative and easily-
prepared impedance matched parametric amplifier (IMPA) ar-
chitecture containing CPW-strip hybrid structure. Unlike the
previous designs, the upper plates of capacitors in the taper
transmission line and nonlinear resonator have not be con-
nected to the lateral ground. Such design avoids making
vias between the upper plate of capacitors and the reference
ground. Thus the requirements for lithography alignment and
precision are greatly reduced, which makes the fabrication
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process more reliable with easy preparation. Furthermore, the
quality of the capacitor is improved leading to a broadband
Josephson parametric amplifier with excellent performance.
The experimental results show that the device fabricated using
this design provides higher than 25 dB gain in the bandwidth
of 100 MHz while maintaining the dynamic performance and
noise level of the device at the same level as other similar
IMPA. A bandwidth of about 400 MHz can also be obtained
with a gain of about 17 dB with an optimal magnetic flux.

2. Sample and experimental setup

An optical micrograph of our IMPA is shown in Fig. 1(a).
It consists of an impedance taper transmission line and an
LC nonlinear resonator based on a dc-SQUID containing two
Josephson junctions in a supercouducting loop. A Klopfstein
taper line is designed using CPW-strip hybrid structure with-
out grounding, unit of which is shown in Fig. 1(b). As one
can see, the capacitance is not only distributed between the
upper plate and the center conductor of CPW, but also be-
tween the upper plate and the lateral ground. By increasing
the density of the strips in gradient along the coplanar waveg-
uide line, the impedance of the taper line varies from 50 Q to
15 Q smoothly. The schematic circuit diagram of the device
is shown in Fig. 1(c). The coplanar waveguide is formed of a
center conductor of width w = 20 um separated from the lat-
eral ground planes by a gap of width s = 10 pm. The length
of the CPW line is 20 mm, and the characteristic impedance is
50 Q. The size of the strip is 80 pm X 5 um, which provides
high fault tolerance in the fabrication of capacitors of the taper
line.

I I TTT( I// TTTC

| impedance matching tdper line

I LC nonlinear
resonator

Fig. 1. (a) Micrograph of an IMPA. (b) Micrograph of a CPW-strip hybrid
structure. (c) Equivalent circuit diagram of an IMPA.

Here is the detailed fabrication process. Firstly, a 100 nm
thick niobium film is deposited on an intrinsic silicon wafer
with high resistance. Then the CPW line and bottom plate of
the LC capacitor are patterned with optical lithography and
reactive ion etching (RIE). Secondly, a 200 nm thick sili-
con nitride (SiN,) film is deposited on the whole wafer us-
ing plasma-enhanced chemical vapor deposition (PECVD) to

form the dielectric layer of the capacitors with high quality.
Then the upper plates of all lumped capacitors are patterned
and a 100 nm thick aluminum film is evaporated and lifted
Thirdly, all SiN, films ex-
cept those around the upper plate and transmission line are

off to form lumped capacitors.

exposed in optical lithography and etched by RIE. Till now
the impedance taper line and the capacitor of the LC resonator
are obtained.'?”! Finally, a Dolan bridge structure is patterned
by electron-beam lithography!*®! and double-angle evapora-
tion of aluminum is used to define a dc-SQUID consisting
of two Josephson junctions. The loop of the dc-SQUID has
an area of 20 pum x 10 um, and the size of each junction is
1.2 pm x 1.6 pm.

The measurement system is depicted schematically in
Fig. 2, all measurements are performed in an Oxford dilution
refrigerator system with a base temperature of 30 mK. The in-
put line is heavily attenuated at various temperature plates to
avoid thermal noise. The amplified reflected signal is routed to
the output line by a cryogenic circulator at the mixing cham-
ber stage of the cryostat. A 10 cm length cable is used to
connect the IMPA and circulator. The DC magnetic flux bias
line and AC pumping line of the dc-SQUID are combined by
a bias-tee. To measure the reflected signal more efficiently, a
cryogenic high electron mobility transistor (HEMT) amplifier
with a gain of 35 dB and a noise temperature of 4 K around
7 GHz is used. The output signal is further amplified by room-
temperature amplifiers and recorded by a vector network ana-
lyzer or a signal analyzer.

—20dB —20 dB —6 dB
—

————input

>—> output

—20 dB|—-20 dB -6 dB

IMPA ik —1 —] —

——dq pump

A} [\ }—< DCFlux

10 mK 100 mK| 1 K 4 K 300 K

Fig. 2. Schematics of the measurement setup.

3. Results and discussion

The phase of reflection coefficient of the resonator as a
function of DC magnetic flux is measured using a vector net-
work analyzer. As shown in Fig. 3, the resonant frequency
can be tuned from a maximum of 7.515 GHz down to 6 GHz.
Parameters are obtained by fitting the following equation:

1
f(@)=
271?\/%Cr(Lstray +qu(¢’))

7.46 pF is the capacitance of the plate capaci-

; ey

where C; ~
tor. Lgyray ~ 3.5 pH is the stray inductance in the LC circuit.
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P
Lyy(P) = 47t10cos(0<15/<1'-70)
SQUID and can be modulated by means of the external flux

®. Iy ~ 1.9 pA is the critical current of each individual junc-
tion, and Py is the magnetic flux quantum. The transformer
impedance Zj ~ 13.6 Q is quite close to the designed value of
15 Q. The capacitance of the lumped capacitor cross the taper
line is calculated to be C’ ~ 29 fF with C = 168.2 pF/m and
L ~426.5 nH/m along the taper transmission line. Though the
parasitic mode coupling slightly affects the S»; spectral curve
near 6.86 GHz, its effect on the IMPA’s performance is quite
limited since the reflection amplifier operates in the phase pre-

is the effective inductance of the dc-

serving mode.

The gain and bandwidth performance of IMPA is char-
acterized in detail by calculating the ratio of reflected power
with and without the presence of pump tone. By applying a
pump tone of foump = 13.96 GHz through the AC magnetic
flux line with DC working point of @pc = 0.32%y, the IMPA
works in a three-wave mixing mode. We use a signal generator
to create a coherent signal with low enough incident power of
—135 dBm, and record the power of the reflected signals with
different pump power using a spectrum analyzer. The gain is
shown in Fig. 4 as a function of the signal frequency and pump

180

90

(GHz)

O N
SO R = R N

Frequency

—-90

—180

@/,

Fig. 3. Phase of reflection coefficient of the resonator as a function of DC
magnetic flux. The resonance frequencies measured (blue circles) are fitted
by Eq. (1) (red dashed line).
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Fig. 4. Measured power gain as a function of the pump powers and the
incident signal frequencies at ®pc = 0.32y. Two dashed lines refer
to the profile curves plotted in Fig. 5(a) with Bymp = —49.1 dBm and
Poump = —48.5 dBm, respectively.

power. Data at pump power of Poump = —49.1 dBm is shown
in Fig. 5(a), in which we have a gain higher than 25 dB and a
bandwidth larger than 100 MHz. Further increasing the pump
power, such as Poymp = —48.5 dBm, will reduce the gain, but
the corresponding bandwidth will slightly increase. By ad-
justing the working point, i.e., the DC magnetic flux bias, one
may obtain better performance. For example, as shown in
Fig. 6(a), when ®pc = 0.25%y, with frump = 12.761 GHz,
Poump = —42.6 dBm, a gain of higher than 17 dB can be ob-
tained, while the bandwidth is increased to be about 400 MHz.

2 30 . .
.
g 20 —e— pump power = —49.1 dBm
s ch 10 —a=— pump power = —48.5 dBm
g
m
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-
[}
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42.
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6.90 6.95 7.00 7.05
Frequency (GHz)
Fig. 5. (a) Measured gain with Poymp = —49.1 dBm and Byump =

—48.5 dBm, respectively. (b) 1 dB compression point. (c) Noise perfor-
mance of the device with fyump = 13.96 GHz, Pyump = —49.1 dBm, and
Ppc = 0.329,.
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Fig. 6. (a) Measured gain and (b) noise performance of the device with
Spump = 12.761 GHz, Pyump = —42.6 dBm, and Ppc = 0.25%y.

The saturation power of an amplifier is defined as a criti-
cal value of the signal power at which the corresponding gain
is decreased by 1 dB. We record repeatedly the gain with a
frequency interval of 5 MHz from 6.825 GHz to 7.125 GHz
with different input powers and extract the saturation powers
of the IMPA. As shown in Fig. 5(b), the IMPA has a saturation
power of —118 dBm in a high bandwidth with 25 dB gain.
Reducing the gain can effectively improve the power value of
1 dB compression point. As shown in Fig. 7, we investigate
the dependence of the gain at a frequency of 6.975 GHz with
different pump powers. When the gain is about 27 dB, the
saturation power is found to be —120 dBm. However when
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the gain is about 21 dB, the saturation power increases to be
—112 dBm.

In order to check that the IMPA operates close to the
quantum limit, we estimate the upper limit of the noise temper-
ature T™PA of IMPA using the calculation method in Ref. [8],
which is given by T™MPA < I, x TI\II{EMT /Gng — T Here Ty, =
hfs/2kg is the input noise temperature which is assumed to be
the vacuum noise. kg is the Boltzmann constant and 4 is the
Planck constant. L is the loss from the connectors and circula-
tors between IMPA and HEMT, which is less than 2 dB in our
experiment. The maximum gain without changing the output
background noise level is recorded as a threshold gain Gyq.
THEMT is the noise temperature of HEMT, which is about 4 K
in our experiment. The noise performance of the amplifier is
plotted in Figs. 5(c) and 6(b), which indicates that our IMPA
operates close to the quantum limit.

pump power
(dBm)

—e— —49.3
—e— —49.8

—50.3

—50.8
—e— —51.3
—e— —51.8
—eo— —52.3
—e— —52.8
—e— —53.3
—e— —53.8
—e— —54.3

—54.8
—e— —55.3

—150 —140 —130 —120 —110 —100
Signal power (dBm)

Fig. 7. Measured gain as a function of the incident signal power for
fs = 6.975 GHz. The dash line indicates the 1 dB compression point slope
as a function of gain.

4. Conclusion

In summary, we have designed, fabricated, and character-
ized an impedance matched Josephson parametric amplifier,
in which the impedance matched line is realized using CPW-
strip hybrid structure without grounding. This new design
makes the fabrication process more reliable and the require-
ments for lithography alignment and precision are consider-
ably decreased. A gain higher than 25 dB with a bandwidth of
about 100 MHz is obtained. By adjusting the working point,
a higher bandwidth of about 400 MHz can be obtained with
a gain higher than 17 dB. The noise temperature of IMPA is
estimated to be close to the quantum limit. All of these results
show that the Josephson parametric amplifier with this reliable

and convenient design can be used as a first stage of amplifi-
cation in the multi-qubits readout and/or microwave single-
photon level readout.
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