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Josephson parameter amplifier (JPA) is a microwave signal amplifier device with near-quantum-limit-noise perfor-
mance. It has important applications in scientific research fields such as quantum computing and dark matter detection.
This work reports the fabrication and characterization of broadband JPA devices and their applications in multi-qubit read-
out and squeezing of vacuum state. We use a process in which transmission lines and electrodes are made of niobium thin
film and aluminum Josephson junctions are made by Dolan bridge technique. We believe this process is more convenient
than the process we used previously. The whole production process adopts electron beam lithography technology to ensure
high structural resolution. The test result shows that the gain value of the manufactured JPA can exceed 15 dB, and the
amplification bandwidth is about 400 MHz. The noise temperature is about 400 mK at the working frequency of 6.2 GHz.
The devices have been successfully used in experiments involving superconducting multi-qubit quantum processors. Fur-
thermore, the device is applied to squeeze vacuum fluctuations and a squeezing level of 1.635 dB is achieved.

Keywords: Josephson parameter amplifier, squeezed state, quantum computing

PACS: 85.25.Cp, 85.25.Dq, 03.67.Lx, 42.50.—p

1. Introduction

It has been well known that Josephson parameter ampli-
fier (JPA) has very low noise level for microwave signals.[!! In
recent years, it has attracted renewed interests since it is a suit-
able pre-amplifier for performing single-shot superconducting
qubit readout. (4] With the use of a JPA, experimental obser-
vations of quantum jumps®! and quantum feedback control of
qubit states have been reported.®! Even more, JPAs are being
used in ultra-sensitive dark matter detection experiments. !’}
In the simplest form, a JPA has a relatively narrow amplifi-
cation bandwidth in the order of 10 MHz that is unsuitable
for frequency multiplexed readout scheme of superconduct-

[8:111 Ty realize broad-

ing qubit devices and other applications.
band JPA, a number of different methods have been proposed
and realized. 102! Previously, broad bandwidth JPA devices
using the design in Ref. [9] have been made by using fabri-
cation process involving wet etching of Al films,['! and the
devices are used in a number of quantum experiments. In this
work, we fabricate JPAs by using a modified process that com-
bines structures made of Nb films and Josephson junctions of
aluminum. This process can reduce and simplify fabrication

steps. The device we fabricated with this process exhibits a

DOI: 10.1088/1674-1056/ac0796

15 dB gain value and amplification bandwidth about 400 MHz
with near- quantum limit noise performance. We also use
this device to demonstrate the squeezing of vacuum fluctua-
tions, achieving about 1.635 dB-squeezing of the power spec-

tral density.

2. Fabrication procedure

The schematic circuit of the broadband JPA is shown in
Fig. 1(a) that is similar to the design reported in Ref. [9]. The
key parts of the circuit are a non-linear LC resonator and a ta-
pered impedance transformer. The resonator is formed by a
superconducting quantum interference device (SQUID) loop
and a capacitor. The amplification is realized by driving the
resonator into non-linear region. This is achieved by apply-
ing a pump signal whose frequency is about twice of the in-
put signal. The impedance transformer increases the coupling
strength between the JPA and the environment and, hence, de-
creases Q factor to achieve broadband amplification. [*]

In our device, the critical current of SQUID is 4 pA (2 pA
for each Josephson junction) and the capacitance is 5.5 pF. The
center frequency is around 7.4 GHz. The impedance trans-

formation is realized by covering the parallel plate capacitor
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cross-overs on the signal CPW transmission line. 1%

The fabrication process uses e-beam lithography in every
step, with a large current 50 nA for coarse structures and a
small current of 100 pA for fine structures, in order to reduce
the total exposure time.

The first step of fabrication is deposition of Nb film on
high-resistance (greater than 10 kQ) silicon substrates. Before
deposition, the substrates are cleaned by using the mixture of
ammonium hydroxide and hydrogen peroxide (1:1 in volume)
to remove organic substances and then using 10% hydrofluoric
acid to remove the silicon dioxide layer whose dielectric loss is
very high. The growth of Nb film is performed by magnetron
sputtering in an ultra-high vacuum chamber.

In the second step, we pattern the niobium film with re-
active ion etching with a mixture of Ar and SFg, after defin-
ing the coarse structures using EBL. The e-beam photoresist is
ZEP520A (ZEON). What we need to pay attention in this step
is that the plasmas can etch substrate and the etching rate of
silicon is very fast. Thus, if the etching time is too short, some
areas on the film are etched completely and others are not be-
cause of the non-uniformity of film thickness. If the etching
time is too long, the substrate will be over-etched. This could,
on the one hand, change the impedance of the transmission
line and, on the other hand, make the subsequent preparation
of Josephson junctions more difficult. Our experience shows
the best over-etch depth of substrate is about 50 nm to 100 nm.

The third step involves deposition of a dielectric layer
and subsequent etching for the plate capacitor and crossovers
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of impedance transformer. The resist we used is ZEP520A.
The dielectric material is amorphous silicon which is grown
with plasma enhanced chemical vapor deposition (PECVD)
method. Then we etch the silicon with plasmas generated by
HBr. The advantage of choosing HBr is it does not etch nio-
bium.

In the next step, we grow aluminum film with electron
beam evaporation, and then lift-off the film above the pho-
toresist (ZEP520A + PMGI), to form the top electrode of the
capacitor and crossovers. It is important to note that the thick-
ness of the aluminum film must be thicker than silicon film,
otherwise the connection will be broken.

In the final step, we fabricate Josephson junctions with
Dolan bridge shadow evaporation technique.!'>?”! An double
layer resist (PMMA950/MAAS.S) design is used for making
the bridge. We evaporate the first aluminum film obliquely,
and then put oxygen into the chamber to generate a very thin
AlO; layer, followed by evaporating the second aluminum film
vertically to form Al/AlO,/Al junctions.

We chose niobium instead of aluminum as the first layer
for the following reasons. Compared to the aluminum film, the
niobium film can be easily distinguished from the substrate
under a small current scanning electron microscope because
the atomic number of niobium and silicon is largely different.
Thus, it is not necessary to make Au marks for EBL align-
ment. The physical strength of the niobium film is high and
the chemical propertied are stable, which can improve the de-
vice yield.
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Fig. 1. Experiment setup. (a) Circuit diagram of the JPA. A JPA consists of a plate capacitor and a SQUID, which couples to the environment
strongly by an impedance transformer. In the left port, a circulator is used to separate the reflected signal. In the right port, a direct current and
a microwave pump signal are used to tune the critical current of SQUID and to provide power, respectively. (b) Experiment setup for homodyne
measurements. The output signals are amplified by a HEMT mounted at 4 K stage and a room temperature amplifier, respectively, and then sent
to the RF port of an /Q mixer with a local frequency fpump/2. The quadrature signals I and Q are digitized by two analogue-digital converters
(ADC) and then processed by a field programmable gate array (FPGA) in real time.
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2.1. Characterization of device performance

Characterization of the broadband JPA device is carried
out by using a vector network analyzer. The device is placed
inside a dilution refrigerator that provides a 15 mK base tem-
perature. The JPA is worked in a reflection mode. A very weak
signal (~ —120 dBm to —140 dBm) is input, amplified and re-
flected back. A circulator is used to separate the input and re-
flected output signals. The output signal is further amplified by
a commercial high-electron-mobility transistor (HEMT) am-
plifier (LN-LNC4_8C Low Noise Factory), mounted at the 4 K
stage of the dilution refrigerator, and a room temperature am-
plifier. There is an isolator between HEMT and JPA to block
the noise of the HEMT. The pump signal emitted by a mi-
crowave source and the DC signal generated by a DC source
are coupled through a bias-tee to another port of the JPA.
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Fig. 2. Tuning and gain. (a) The phase component of measured S,; pa-
rameter as a function of DC bias for different input signal frequency. It
shows the frequency of JPA tuned by external magnetic field. (b) Gain of
JPA measured at different DC bias values and pump amplitudes for a fixed
pump frequency 12.5087 GHz. The gain is defined by [S210n|/[S210fl,
where |S210n| and |S21 ¢ are the amplitudes of Sp; parameter with pump
on and off, respectively.

In the following section, we describe procedures for tun-
ing a JPA. We can tune the inductance of SQUID via the DC
bias current which can generate flux through the loop. It means
the resonant frequency of JPA can be tuned accordingly. We
measure Sy parameter as a function of DC bias and observe

periodical variation as shown in Fig. 2(a). The data presented

in the figure are Sy phase component data measured between
4-8 GHz for different biases. Some variation along the fre-
quency axis is observed, that is attributed to parasitic modes.

The amplification frequency range depends on the bias,
pump frequency and amplitude. In principle, one may adjust
bias to change the amplification frequency range. However,
after many measurements, we find that the device exhibits bet-
ter performance when it is biased in the flat region near zero or
integer flux quantum. We normally measure gain as a function
of input signal frequency and pump amplitude. In Fig. 2(b), we
plot measured data for a fixed pump frequency 12.5087 GHz.
The input signal is set at —110 dBm. This 2D gain spectrum
graph shows the amplification frequency region. By changing
the pump frequency, we get many 2D spectra which provide
clues to the working range of the device. Furthermore, the
data we get show that we might tune bias slightly to obtain
improved gain. The data in Fig. 2(b) show there is a region
(the red color region) over which gain can exceed 20 dB. But
we shall show later, the noise performance is poor in this re-
gion.

A good amplifier shows not only high gain value and
broad bandwidth, but also low noise temperature. Generally
speaking, it is difficult to obtain low noise temperature and
gain-bandwidth performance at the same time. So, we need
to balance these two factors according to experiment require-
ment.

Noise temperature is an important indicator to judge
whether a JPA is practically useable. An advantage of JPA
is its near-quantum-limited noise performance. To estimate
the noise temperature of JPA, we assume that the output signal
power measured with turning on and off JPA can be expressed

asH3!

Pon=((((Ty + Tys) GpGiGa + Tyy) Gu+T2) Ge + i) G, (1)

Por=(((TyysG{Ga+ Tit) Gu + I ) Ge+T¢.) Ge. ()
We also define
y = Fon _ G(En ,
Foft Oy

where T, and G, are the noise temperature and the gain of
the JPA, Ty and Gy are the noise temperature and the gain of
the HEMT, T and G, are the noise temperature and the gain
of room temperature amplifier, Gj is the insertion loss of the
circulator, G, is the attenuation of the line, Ty is the system
noise temperature, and o is the standard deviation of the sig-
nal.

According to the three formulas above, we can get the
noise temperature of JPA

Y—1 . T, Y
I=——— T+t —+— - (1-= ), 3
LNeNeTe) ( H+GH+GH) ( Gp) ¥
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Y—1 Y
Tows~ ———Tg— | 1 — — | Tyys. 4
sys GpGizGa H ( Gp) sys “4)

By assuming the vacuum noise at 15 mK is small, we may

ignore the system noise Ty, and get

Y—-1

~ ——>—Tq. 5
P GpGlzGa H ()

In our system, we already know
Ty=2K, Gj=-03dB, G,=-0.5dB,

therefore, we need only to measure the standard deviation of
the signal by turning on and turning off JPA to get oy, and
Ooff, respectively. In practice, we obtain O, and O by tak-
ing 2000 times measurements for a given signal. The spread
data points follow the Gaussian distribution. After this, the

noise temperature of the devices is calculated.
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Fig. 3. Performance. (a) Frequency dependence of the saturation power, gain
and noise temperature. The data were taken at a working point with pump
power of —43 dBm. The saturation power is defined as the 1 dB compression
point. The quantum limit noise is defined as the equivalent temperature of
one photo energy. (b) The noise temperature versus frequency curves mea-
sured at different pump powers.

We have measured noise temperature at different pump
amplitude. The results are presented in Fig. 3(b). Clearly,

noise temperature varies significantly with pump amplitude.
We find at pump power of —43 dBm the noise temperature is
about 0.4 K that is close to the quantum limit. In Fig. 3(a),
we show noise temperature data measured at —43 dBm to-
gether with saturation power and gain data. There is about a
15 dB flat gain, a 400 MHz amplification bandwidth, a sat-
uration power greater than —120 dBm and a near-quantum-
limited noise performance.

At some other pump powers, we can get a flat 20 dB gain
and a 500 MHz bandwidth, but the noise temperature is also
very high. After a number of systematic measurements, we
conclude that the region shows the highest gain value does
not normally show good noise performance. We normally re-
duce gain slightly by changing pump power and can find an
optimized working point. The open black square symbols in
Fig. 3(b) correspond to a good working point of pump power.

We also find that, by adjusting the pump frequency, the
device can work from 4 GHz to 7.5 GHz, but gain-frequency
profiles can be quite different, which are greatly influenced by

the external admittance. !

3. Qubit readout

For superconducting qubits, dispersive measurement is
most commonly used qubit readout scheme.?>>*1 When a
qubit is coupled with a cavity in the dispersive regime, the cav-
ity frequency depends on the qubit state. In dispersive mea-
surement, there are only a few photons stored in the cavity,
so the probe signal power is very weak. Using JPA as a pre-
amplifier can improve signal to noise ratio (SNR) significantly.

The JPAs we fabricated have been applied to multi-qubit
readout in a number of experiments. Data shown in Fig. 4 rep-
resents one example. The performance of the gain and amplifi-
cation bandwidth is shown in Fig. 4(a). The readout resonator
signals are usually demodulated into in-phase (/) and quadra-
ture (Q) components. In Fig. 4(b), we show the data in the
I-Q plane. The red and blue dots represent data points taken
for qubits prepared at |0) and |1) states, respectively. In this
case, we repeat the measurement for 3000 times for |0) state
and 3000 times for |1) state. Clearly, when the JPA is on, the
separation of the two data point clouds representing the quan-
tum states |0) and |1) is larger. The large separation allows
faster readout and improved measurement fidelity.

The SNR values are obtained by fitting to two Gaussian
functions. SNR is calculated with ((xo —x1)%/20) 0'1> , Where
xo and x| are peak positions of each Gaussian function, 6y and
o are standard deviations of each Gaussian function. The JPA
can improve SNR from 2.72 to 18.77 in this case as shown in
Fig. 4(b). This JPA can provide a good amplifying effect for

5-10 qubits readout simultaneously.
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Fig. 4. Qubit readout. (a) Measured response of Sy; of a superconducting Xmon qubit device with the JPA pump power on and off, respectively. The
lower panel shows the gain value obtained from the data of the upper panel. Clearly, the amplification bandwidth around 200 MHz is achieved with
the gain more than 15 dB. The dips in Sz curve are readout resonator modes. (b) Upper panels: The readout resonator signal data shown in the /-Q
plane. The blue and red dots represent |0) and |1) states of qubit, respectively. The data have been rotated to make the line through both centers of

two clouds to be parallel to /-axis. Lower panels: Distribution of data points along the /-axis.

4. Realizing squeezed state

In quantum mechanics, the variances of a pair of conju-
gate variables are limited by the Heisenberg uncertainty prin-
ciple. It has been suggested that one may generate squeezed
states, in which the variance of one variable can be deceased
while the variance of another variable is increased, to ensure
that the product of two variances is still limited by the Heisen-
berg uncertainty principle.

The theory of squeezed state of light was firstly in-
troduced in the 1960s,[!*19] and became matured in the
1980s.1'71 In 1985, Slusher et al. observed squeezed state
generated by four-wave mixing at optical frequency.!'3! Then
in 1986, Wu et al. also realized squeezed state by three-
wave mixing at optical frequency.!'” Similarly, people have
generated squeezed states at microwave frequency using
JPAs. 23200 In this work, we investigate squeezing of vacuum
state generated by a JPA with three-wave mixing.

The theory that using parametric amplifier to realize
squeezed state is described by Walls et al. in 1984.[>31 The in-
teraction Hamiltonian of non-degenerate parametric amplifier

is given by[!7->]

H = ifix (aTa;b — a1a2bT) ; (6)

where aj, az, and b are the annihilation operator of signal,
idler and pump modes, respectively, and k is the coupling con-
stant. When the pump mode power is large, b operator can be
replaced as a classical field as ee~'®’, where @y is pump fre-

quency.

Then the quadrature components are defined as

1
(A+AY), X, = 5 (A—AY),

N =

X =
where

A= %(al + iaz).

The variance of X; and X, are V (X)) = (1/4)e*" and
V (X1) = (1/4)e 2", respectively, where r = ket, and ¢ is the
interaction time.

The homodyne setup used to detect squeezed state is
shown in Fig. 1(b). The equivalent temperature of vacuum
fluctuation at 6 GHz is about 144 mK (i.e., a half photon
energy) while the environment temperature is about 15 mK.
Thus, it is reasonable to assume that the input signal is mainly
due to the vacuum fluctuations when there is no microwave
signal input.

The output signals are amplified by the HEMT and room
temperature amplifiers, respectively, before being transmitted
to the RF port of an /Q mixer that operates with a local fre-
quency fpump/2. The quadrature signals / and Q are digi-
tized by two analogue-digital converters (DACs) and then pro-
cessed by a field programmable gate array (FPGA) in real
time. The output of the JPA consists of modes at signal fre-
quency (fpump/2)+0 and idle frequency (fpump/2)—6. The
I1Q mixer down-converts the two modes to the same interme-
diate frequency 8. We calculate the complex amplitudes (i.e.,
and Q components) of these two modes, respectively, and then
add them together. Because these are quantum correlations be-
tween the two modes, the resulted data can show squeezing in
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some directions in the /-Q plane which is equivalent to X;—-X»
plane. This means the squeezing will be observed in the I-Q
plane.

We can define the difference of power spectral densities
AS with JPA on and off as measured squeezing level. Thus,

n

SO)
i)

AS = 10log, (S

(O

(7

with S = Gy (gon + kg Tn) and Sy = Gs(goff + kg Tn).

Here, Son and Sof are the power spectral densities with
JPA on and off. G is the total gain of amplifier chain, 7; is the
equivalent noise temperature of the detection chain when JPA
is off, kg is Boltzmann constant, ¢,, and G is the original
signal with JPA on and off.

To obtain S, and Sy, we first project the data to the /-

I (arb. units)

—1.0 1.0
(a) » vacuum ()
e squeezed
2 G g
= I S Bt g
= =
el e
— -
& b &
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—~ =]
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= .
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axis and then fit the projected data using a Gaussian function.
The power spectra density is the square of the standard deriva-
tion of the Gaussian function.

After that, we can get the actual squeezing level S by (320!

gon

S = —10log
10 3

0]
T, (10%‘5 —1)

8
Gofr/ kB ®)

—10log,, [ 10T +

When the input state is vacuum state, G = (1/2)hwy, where
@y is the signal frequency.

Once we obtain the measured squeezing level AS and T,
we can calculate the actual squeezing level S. It means an ob-
served squeezed state when AS is below zero.

. e vacuum e vacuum
e squeezed e squeezed
L AS L AS
—0.74 dB —0.99 dB
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Fig. 5. Illustration of vacuum fluctuations squeezing by the JPA. (a) The circular distributed blue dots are the /Q data measured with JPA off . The
dumbbell distributed red dots are the /Q data measured with JPA on. The data are taken with 8 = 50 MHz. The two dashed lines define the region in
which data are used for calculation of AS using Eq. (7) (see text). (b) Dependence of AS on Qyimit/Ovacuum> Where Quacyum i the maximum Q value
of the vacuum state. (c) The data after phase noise correction with different Ng; values. The smaller the Ny is, the more the squeezed data points
distribution shape is like an ellipse. The AS value is calculated using Eq. (7).
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Fig. 6. Effect of squeezing with low phase noise. (a) Vacuum state (blue dots) and squeezed state (red dots), which are measured with two channels
of the same microwave source. (b) The statistics of the number of points along the 7 axis in Fig. 6(a). We fit the histograms with Gaussian functions.
Here o is the standard derivation of Gaussian function and is used for the calculation of the measured squeezing level AS using Eq. (7).
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The results of squeezing vacuum fluctuations with 8§ =
50 MHz are shown in Fig. 5(a), where vacuum and squeezed
states are represented by 2000 blue and red points, respec-
tively. The squeezed direction in the /-Q plane is determined
by the relative phase between pump and local microwave
sources, and we have adjusted the squeezed direction to the
T-axis.

We note that the data point distribution of squeezed state
shows a dumbbell shape rather than an expected ellipse shape.
We suggest this is caused by the phase noise between pump
and local microwave sources.

The phase noise leads to a small and random rotation of
squeezed state around the original point in the /-Q plane, re-
sulting in the dumbbell shape. Nevertheless, the squeezing
along the /-direction is clear in the figure. To obtain AS quan-
titatively, we choose part of the squeezed data between — Qjimit
and Qimit to calculate AS and find that if Qjipi is small enough
AS will become smaller than zero, indicating squeezing of vac-
uum fluctuations. The relation between AS and Qjinj¢ is shown
in Fig. 5(b).

Furthermore, by assuming the relative phase between the
microwave sources is stable during a short period of time, we
may correct the phase noise manually. We fit every sequen-
tially measured Ng, data points to a line by minimizing the
total distance between each point to the line, and then align all
fitted lines to obtain the corrected data distribution, as shown
in Fig. 5(c). We find that the smaller the Ny is, the more the
squeezed data points distribution like an ellipse. The AS value
for data after phase noise corrections is calculated. Appar-
ently, the measured squeezing level of 2.23 dB value may be
obtained.

To confirm the problem of phase noise, we measure the
phase noise with different brands of microwave sources. We
find that the phase noise level of two microwave sources with
same clock source is better than the microwave sources with
different clock source. Then we use the same clock sources,
and check the phase noise. The worst results are measured on
two microwave sources with different brands (the test instru-
ments are Keysight-PSG E8257D and Sinolink-SLFD-D). The
better results are obtained with two same brand microwave
sources (Keysight-PSG E8257D). The best results are mea-
sured with two channels of one microwave source (Sinolink-
SLFD-D).

Then we measure another JPA sample fabricated with
the same fabrication process in another dilution refrigerator.
The pump and local microwave signals are generated from
two output channels of one multi-channel microwave source
(Sinolink-SLFD-D). In this case, the phase noise between the
two channels is minimized. The measured data are shown in

Fig. 6. We find that in the squeezed state data points dis-

tribution is more like an ellipse. We calculate the measured
squeezed level by using Eq. (7) and find that AS is about
—0.0997 dB. The squeezing level appears to be smaller than
those obtained in Fig. 5(c). We suggest that the possible rea-
sons are the lower gain value for this JPA device and the higher
noise temperature of this measurement system. Nevertheless,
by assuming a 7, value of 2 K (the noise temperature of the
cryogenic HEMT amplifier used in this work), we calculate
the actual squeezing level by using Eq. (8) and obtain that S is
about 1.635 dB.

S. Summary

We have fabricated broadband JPAs by using a process
that used Nb film and Al Josephson junction. By growing nio-
bium film on silicon substrates instead of growing aluminum
film on sapphire substrates, the process can omit the step of
preparing Au marker. Also, the niobium film is physically
harder and chemically more stable than aluminum film. This
can improve the device yields. The broadband JPA fabricated
exhibits a gain value of 15 dB with an amplification band-
width about 400 MHz and a near-quantum-limited noise per-
formance. We use the JPA in multi-qubit measurement, which
improves the qubit readout SNR significantly. We also use
the device to show squeezing of vacuum fluctuations, and a
squeezing level of 1.635 dB is obtained.
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